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Abstract

This project characterised four potential SERS substrates and then developed these
substrates further for application based uses. The first substrate (gold nanoparticles) was
deemed unsuitable for most applications due to the strong bands originating from the
cross-linker. The second substrate was chosen for suitability with optical fibres. Optical
fibres are ideal for remote sensing in biomedical applications as they are biocompatible,
minimally invasive, readily available and affordable. Optical fibres can be used as
miniaturised probes suitable for in vivo applications. However optical fibres, when
coupled with a Raman spectrometer, are a complex optical element which needs to be
investigated and fully comprehended in order to determine the ideal parameters needed
to address biomedical applications. This project determines those parameters so that
future work can be undertaken to customise the probe to sense a specific biological

compound of interest.

Standard telecom fibres were investigated as they are readily available and
affordable. Multiple fibre types with different numerical apertures (NA), core sizes,
mode structure and core/cladding materials were compared as probes. All fibres used in
the comparison were manufactured as probes using OAD and thiophenol as a test
analyte. Cladding modes were removed by bending each fibre and placing index
matching gel on the bend. This was done in an effort to ensure that the mode structure
was repeatable for each fibre. Otherwise the cladding modes can interfere with the mode
structure in unexpected and random ways, making comparison difficult. This work
determined SMF28 had the largest signal to noise ratio when the spectrometer was
operated at a wavelength of 514.5 nm with a slit width of 62.5 pm. It was also
determined that matching the microscope objective numerical aperture with that of the

fibre was not necessary for maximum collection efficiency.

The other two substrates investigated were variations on black silicon (nano-textured,
light absorbing silicon) for use as a bacterial identification platform. The substrates
were fully characterised for surface chemistry and structure before being implemented

as a bacterial sensor. It was determined that the height of the black silicon structures

xviii



was not tall enough to fully impale bacteria for reproducible measurements. However,
the viability of using an impaling substrate in order to excite the internal constituents of
a cell was shown. This will prompt further work into developing an improved technique

capable of sensing bacteria.
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Chapter 1: Introduction

Chapter 1

Introduction

The overall aim of this research was to develop a miniaturised fibre optic probe and a
sensor capable of detecting biological compounds with minimal preparation and fast
acquisition times. The currently employed techniques require tagging to identify
compounds and thus destroy the sample. A promising alternative is Raman
spectroscopy, which does not require tagging. Chapter 1 explores background theory
relevant to the project, starting with an explanation of Raman spectroscopy. Surface-
enhanced Raman spectroscopy is discussed in detail as this enhancement technique is
beneficial for detecting biological compounds. Optical fibres are also discussed as they
have potential to be used as remote sensing devices. Finally, some theory on bacteria is
presented to tie together all of the necessary information required to understand the

research conducted and its significance.
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1-1 Raman spectroscopy

Raman spectroscopy is a spectroscopic tool which utilises the process of Raman
scattering to identify materials. It is important to first discuss the scattering process
before the spectroscopic technique can be explained. Raman scattering describes the
inelastic scattering of photons induced by a change in the polarisability of a molecule
with respect to its vibrational motion [1]. Raman scattering was first observed by C.V

Raman [2] in 1928.

An energy level diagram (Figure 1-1) illustrates the difference between Raman
scattering, Rayleigh scattering and infra-red (IR) absorption. During Raman scattering,
a molecule absorbs energy (E) from an incoming photon (Ejcizen) Which excites the
molecule from the ground state (g0) to a virtual excited vibrational state (Eyiprasion,
depicted by the dotted line). The molecule then relaxes to the first excited state (gl) and
emits a photon (Escurerea).- The energy of the emitted photon is smaller than the exciting
photon as energy was lost during the absorption process [1]. The emitted photon energy

reflects vibrational bonds in the molecule that were excited (Equation (1-1)).
E scattered Encident - AE vibration ( 1 - 1 )

The Raman process described above is referred to as the Stokes process and is more
commonly occurring than anti-Stokes. Anti-Stokes occurs when a molecule starts in the
first excited state, is excited to a virtual excited state then relaxes to the ground state and

emits a photon. The Stokes process is of relevance for this project.

During Rayleigh scattering, an incoming photon also excites a molecule from the
ground state, to a virtual excited state. However, the molecule relaxes back down to the
ground state so the emitted photon energy is the same as the exciting photon. This

process of scattering (Equation (1-2)) is more likely than the Raman scattering process.

(1-2)

scattered ~ E'im‘ident

IR absorption is a direct process which leaves the molecule in the first excited state

in contrast to Raman scattering which requires a two-step process of absorption and
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emission. This implies causation in IR absorption requiring a much lower energy to
reach the first excited state. IR absorption does not scatter, instead all the energy is
converted into vibrational energy (Equation (1-3)). IR absorption can occur when there

is a permissible change in the dipole moment of the molecule [3].

E;neident = Aijibration ( 1 _3)

excited
vibronic
states

- o e e = s virtual
- - - R B states

gl

Y

Stokes  anti-Stokes Rayleigh IR
Raman  Raman scattering  absorption

g0

Figure 1-1 Energy level diagram showing various absorption and emission processes.

It is important to note that the Raman process involves a change in the polarisability
of the molecule that leads to an induced dipole moment. This is in contrast to IR
absorption which directly changes the dipole moment. An induced dipole moment
allows transition between vibrational states which form the basis for Raman

spectroscopy.

Since its discovery in 1928, Raman spectroscopy has become a widely used
vibrational spectroscopy technique, capable of identifying any polarisable molecule and
is regarded as a fingerprint analysis technique. This means that every molecule has a
unique Raman spectrum, even where the composition is almost identical, as in glucose
and galactose (Figure 1-2). This occurs as Raman scattering originates from the bonds
in a molecule and each Raman-active vibrational mode is reflected in the Raman

spectrum as peaks.
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Removed due to copyright

Figure 1-2 Glucose and galactose have almost identical chemical structures; however Raman spectra of
the molecules are distinctly different (illumination wavelength of 532 nm).

Reproduced from Lyandres et al. [4]

Raman spectroscopy has become a powerful tool since the development of the laser
and the implementation of notch filters [5] which remove the strong Rayleigh scattering
that otherwise might swamp the Raman signal. The implementation of CCD detectors
has also been beneficial due to their increased sensitivity and multiple sensing elements.
Raman scattering is a very weak process where approximately 1 in 10 million scattered
photons are scattered due to the Raman process. Therefore it can be helpful to enhance

the scattering in some practical applications.

Many specialised techniques have branched out, enabling increased sensitivity and
signal strength from problematic samples. These include, but are not limited to, Raman
optical activity (ROA), surface-enhanced Raman spectroscopy (SERS), tip-enhanced
Raman spectroscopy (TERS), coherent anti-stokes Raman spectroscopy (CARS),
stimulated Raman spectroscopy, transmission Raman spectroscopy and hyper Raman
spectroscopy [6].A notable technique for providing up to 10° signal enhancement is
surface-enhanced Raman scattering. This technique will be exploited as part of this

dissertation.
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1-2 Surface-enhanced Raman scattering spectroscopy

SERS is a technique which enhances the Raman scattering cross section by adsorbing
the test analyte onto the surface of a nanostructured noble metal [7]. It was originally
believed that the enhancement occurred due to additional surface area created by the
roughened metal resulting in a greater number of molecules in the area [7]. Later it was
discovered that the increase in signal was caused by an interaction between the analyte
and the electromagnetic field. The electromagnetic field is increased due to the
generation of localised surface plasmon resonances when a molecule is in close contact
with a nanoscale metal particle [8]. The metal layer must be nanoscale rough and not a
continuous film to allow the generation of localised surface plasmon resonances.
Surface plasmon resonance occurs when surface electrons on a material are stimulated
by incident light which has the same frequency as the surface electrons. Todays, it is
widely accepted that the SERS enhancement occurs from two main mechanisms, an

electromagnetic and a chemical effect [9].

Smooth surfaces allow non-radiative plasmon waves to propagate in a direction
parallel to the surface. In contrast, a roughened metal surface allows a localised
resonance that radiates in both a parallel and perpendicular direction. Roughened
surfaces allow for incident photons to excite the metal’s plasmon resonance which
results in scattering. The plasmon excitation caused by incident photons creates a large
increase in the electric field within about 2 nm of the metal surface. The adsorbate-
electric field interaction is the cause of the increased scattering observed in SERS
(Figure 1-3). Hotspots can also occur which are intense localised electric fields formed
in the vicinity of nanogaps between particles or protrusions from the metal surface.
These localised electric fields are due to a difference in the dielectric constant between
the roughened surface and surrounding media. The plasmon field decays exponentially
from the metal surface, decreasing to about 10% of its peak value at a distance 2 nm
from the surface. The electromagnetic effect is present for all molecules regardless of

the adsorption method (chemisorbed or physisorbed).
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Removed due to copyright

Figure 1-3 Schematic diagram of electromagnetic effect SERS process, reproduced from White [10].

The chemical effect occurs when a molecule is adsorbed by forming a chemical bond
directly onto a noble metal surface. The enhancement is not present for all molecules
and it occurs alongside the electromagnetic effect. The adsorption produces a larger
Raman cross-section than when the molecule was free due to a charge transfer between
the molecule and the surface, altering the polarisability of the adsorbed molecule. The
molecules adsorb onto the metal surface and create an adsorbate-metal complex which
allows for a ready transfer of electrons to and from the adsorbed molecule. This
enhancement is dependent on the molecule being adsorbed onto the metal. Therefore the
enhancement experienced is reduced exponentially as a function of molecule-metal

distance and is confined to a region of about 2 nm.
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The electromagnetic and chemical enhancements should be considered when
fabricating a substrate. SERS relies on adsorption and scattering from the surface which
can be affected by the size and shape of the structures. Raman scattering can only occur
from an induced dipole moment, so if the particles are too large they will create
multipoles which are non-radiative. On the other hand, if the particles are too small they
will not be conductive and hence will not enhance the electric field. A substrate should
also be highly uniform and produce a high enhancement. To take advantage of the

added chemical effect, the surface should promote binding for the analyte to be tested.

Enhancements to the Raman signal on the order of 10® can be achieved with a
successfully roughened surface and appropriate metal layer [11]. Gold, silver and
copper are the most enhancing metals and a thickness of approximately 100 nm is
usually sufficient. These enhancements to the scattering in Raman spectroscopy have
allowed for analytes which have a small scattering cross-section to be investigated in
greater detail [12]. It has also allowed for low concentrations to be detectable and single

molecule detection can also be achieved [13].

1-3 SERS substrates

There are many practical considerations to take into account when designing a suitable
SERS substrate [14]. The substrate must be reasonably enhancing yet more importantly
it must be reproducible and have limited variability across the surface. Commercial
substrates such as Klarite have highly ordered structures yet even they are susceptible to
variability [15]. One explanation is that highly ordered structures can create intense
localised electric fields which can easily interact with neighbouring structures and cause
heating that drives surface diffusion. Randomly roughened surfaces appear to have a
higher level of reproducibility and can have similar enhancement factors to highly
ordered surfaces [15]. Examples of successful SERS substrate fabrication techniques

arc:

e Etching a surface to produce pyramids or conical shapes which are then covered
with a metal [16];

e Depositing metal over a layer of nanospheres [17];
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e Blasting a surface with sand to produce a rough texture before coating [18];

e Depositing metal on a substrate using oblique angle deposition (OAD) [19]
which creates metal island films or nanorods depending on deposition time; and

e Using a femtosecond laser, writing a rippled structure [15] onto a substrate and

then coating with metal.

When designing a SERS substrate it is important to select a noble metal that will be
compatible with the analyte and will create the highest enhancement factor. A
theoretical plot modelled by Schatz [20], shown in Figure 1-4, clearly shows the
wavelength regions in which various metals are ideally used. Silver has a high
enhancement over the visible region (Figure 1-4) and is fairly cheap which is why it is
routinely chosen over gold. It should be noted that the model in Figure 1-4 is based on
colloidal particles. Although it shows useful trends, they may not translate exactly to

nanostructured substrates.

Removed due to copyright

Figure 1-4 Calculated Raman enhancement vs wavelength for various SERS metals. Reproduced from

Schatz, Fig 4 [20].

1-3-1 Nanoparticles as a SERS substrate

Strong electric field enhancement near Au nanoparticles is actively employed in SERS
to detect and identify biological and chemical species of interest in “in vitro” [21-23]
and “in vivo” [24] geometries. However, there is the concern of toxicity for most

commonly used fabrication techniques [25, 26]. The toxicity of the nanoparticles
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originates from reducing agents used during fabrication which results in surface
contamination. This contamination also has contributing Raman bands which can
swamp the analyte signal [27]. New techniques for creating nanoparticles are currently
underway which do not require the stabilising citrate layer responsible for toxicity. One

example of such a technique is ultra-pure laser-ablated nanoparticles[28].

1-3-2  Silver-island films as a SERS substrate

Silver-island films can be created by a few methods; however the most notable is
oblique angle deposition [19]. This method relies on evaporation of silver onto a sample
where the angle between source and sample is 86°. This causes the growth of nanoscale
islands when thicknesses (measured on an equivalent planar surface at normal
incidence) of around 100 nm are deposited and nanorods when thicknesses of upwards
of 200 nm are deposited. These substrates have proven to be highly repeatable SERS
platforms with moderate enhancement factors. The fabrication process is reasonably fast

and inexpensive.

1-3-3  Black silicon as a SERS substrate

Black silicon is a by-product of dry etching silicon which results in the surface strongly
absorbing visible and infrared light and having low reflectivity, thus appearing black.
The dry etching process causes sharp needles to grow from the silicon. As this surface is
also a semiconductor, black silicon has been successfully used for sensing techniques.
Black silicon has been used for such sensing techniques as surface-enhanced Raman

spectroscopy (SERS) [29], terahertz [30] and solar cells [31-34].

Black silicon structures can vary from high aspect ratio needles [29] to small aspect
ratio pyramidal shapes [35]. Both of these structures have been used in this work to

create SERS substrates by coating them with thin films of gold.
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1-4 Optical waveguides

1-4-1 Introduction to optical fibres

Common telecommunication fibres are composed of silica with dopants in the core or
the cladding. Generally, the core is doped with germania, phosphorus pentoxide or
aluminium oxide which increase the refractive index [36]. Alternatively the core can be
kept pure and the cladding doped with either fluorine or boron (this lowers the refractive
index of the cladding) or both core and cladding can be doped. This meets the condition
of total internal reflection (n.,>n. where n is the refractive index of the core (co) and
cladding (c/)) so that if light is coupled into a fibre, it will propagate along the core
(Figure 1-5). Normally, there are some rays that will leak into the cladding and
propagate, though these modes will decay given enough distance (typically around 2 m,

but up to 20 m may be required to ensure the complete removal of cladding modes).

]

Core: ngg

Cladding: ng|

Figure 1-5 Optical fibre schematic showing core and cladding modes.

Optical fibres are attractive for use in Raman spectroscopic probes due to their
remote sensing capability, thermal and chemical passivity, and compact size [37]. In
order to implement SERS in biomedical sensing applications an optical fibre SERS
probe could potentially be used to perform measurements in vivo with minimal
invasiveness. Optical fibres are ideal candidates for probes due to their ability to analyse
compounds remotely. This feature is valuable for the biomedical, security and biohazard
industries due to the relatively non-contact and non-invasive nature of an optical fibre
probe. Optical fibres are also biocompatible which makes them attractive for biosensors.

Optical fibres, when coupled with Raman spectrometers, create a complex optical

10
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element which needs to be completely understood in order to create the most efficient
SERS probe. Optical waveguide theory provides the necessary equations to model and
explore the complex system in more detail. The main reference for the following

discussion is Snyder and Love [38]. Unless stated otherwise, all equations are sourced

from Snyder and Love.

1-4-2  Step index weakly-guiding fibres

The refractive index profile of a fibre is a useful way of classifying different fibres
based on their structure. Two standard ways of constructing fibres exist; the refractive
index can have a sharp discontinuity at the core-cladding boundary (step index) or the
refractive index can vary smoothly over the core (graded-index). This is shown

diagrammatically for clarity in Figure 1-6 where r is the distance across the fibre.

Step-Index Graded-Index

nt n 4

[&1]

”t'! H{.lf H{.If /\ H”r

Figure 1-6 Refractive index profiles for step-index and graded-index fibres.

Weakly-guiding step index fibres form the majority of commercial glass fibres. A
fibre is weakly-guiding if n,, is very close to n.. This approximation will be used as it
greatly simplifies the waveguide analysis for step-index fibres. There are a few
important optical fibre parameters that must be defined prior to attempting to solve the

wave equations for modal analysis.

Numerical Aperture (NA)

The numerical aperture describes the light gathering capability of the fibre. It can be
thought of as a cone of collection angles where any light outside of the cone cannot be

propagated in bound modes. The NA can also be defined by the difference in refractive

11
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index of the core and cladding as seen in Equation (1-4) where the incident beam is in a
medium of refractive index n before entering the core.

NA=\n,2~nS =nsin@__ (1-4)

co

Another way of visualising the light gathering capability of a fibre is known as the
solid angle. To convert the NA to solid angle (€2), Equation (1-5) was used with n=1 in

air:

Q=2r(1-cos(@,,,))

- (1-5)
0.« =sin" (NA)

Fibre Parameter/Normalised Frequency (V)

The fibre parameter is a measure of the number of allowable modes a fibre can
propagate. However, not all light that is accepted into the fibre propagates solely along
the core. Some rays leak into the cladding and propagate for 2-20 m before decaying.
The fibre parameter (V) is defined in Equation (1-6) where p is the core radius and 4 is

the source wavelength.
2
V= %” NA (1-6)

Modal Propagation Constant ()

The propagation constant is a fundamental modal property. Every mode / will have its
own propagation constant which is determined by solving the eigenvalue Equation
(1-7) . In order to determine f;, Equation (1-7) must be solved either numerically or

graphically.

JuU) _ WK,

(1-7)
JU) U KW)

U and W are transverse components of the wave vector in the core and cladding

respectively. J;(U) and K;(W) are Bessel functions of the first kind and modified Bessel

12
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function of the second kind respectively. The equation must be plotted as a function of

U where the LHS and RHS are plotted separately and the intersect points are solutions

to the equation (Figure 1-7). Thus U can be found and then f; and W can be calculated

from Equations (1-8) - (1-11) if V' is known.

V=NU*+W*
U= p(nk*=p)"

W= p(B =)

Graphical Solution to Eigenvalue Equation

(1-8)

(1-9)

(1-10)

(1-11)

Figure 1-7 An example of graphically solving the eigenvalue equation showing the intersect between

the left hand side (blue curve) and the right hand side (green curve) of the equation. Parameters /=0,

A=1.55 um, NA=0.14, p=4.1 um were input into Equations (1-7) - (1-11). The dotted lines represent the

asymptotes. Starting from m=1 in the lower pane, each blue curve represents an integer value of m.

13
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Mode Intensity Patterns

In the weakly-guiding approximation fibre modes are referred to as linear polarization
modes (LP;,). Modes are characterised based on the azimuthal and radial distributions /
and m respectively. The fundamental mode occurs at LPy;. A visual guide to the mode
profile of a fibre can be determined by calculating the intensity using Equation (1-12).
This representation is useful as it shows clearly the mode structure that would be
exciting any sample at the end-face. The intensity must be calculated for each LP,

mode that the fibre can sustain.
I,=J} (ﬂj cos’ (I4)
o,

1, _[Kl(W)j K; ( P jCOS ()

(1-12)

where 1., and [, refer to ¥<p and r>p respectively.

The mode profile differs greatly for different /m combinations as seen in Figure 1-8.
The physical meaning of / and m also become clear: m is the number of maxima along
the fibre radius and / is half the number of maxima around the circumference. Visually
it can be seen that increasing m means increasing the number of concentric rings,

whereas increasing / increases the number of angularly distributed lobes.

14
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Figure 1-8 Mode profiles showing the differing structure for various /m combinations. Profiles

simulated using code created by Peter Cadusch.

A standard telecommunication fibre, SMF28, was used as a model for simulating the
intensity patterns at non-standard wavelengths. SERS is performed at visible or near
infra-red wavelengths, while standard telecommunication fibres are designed to operate
in the infrared (1310 or 1550 nm). Therefore, while SMF28 is designated a single mode

fibre at 1550 nm, it will not be single mode at 514 nm (common SERS wavelength).

The mode profile for SMF28 was simulated with the following input parameters
using MATLAB:

A= 514 nm

p=4.1 ym

neo=1.47

neg= 1.4633

NA=0.14

The simulation resulted in two modes, LPy; and LPy, as shown in Figure 1-9. As
expected, no cladding modes appear in the simulation due to the assumption of
equilibrium in the modal equations and no length dependence. Therefore, this simplistic

approach is not suited to short lengths of fibre (25 mm). Simulating short lengths of
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fibre to include non-equilibrium modes is beyond the scope of this thesis. The simplistic
approach presented here is useful for confirming mode patterns at non-standard
operating wavelengths which are relevant to SERS.

SMF28 Mode Intensity Profile LPO1 with wavelength 0.514 um  SMF28 Mode Intensity Profile LP02 with wavelength 0.514 um
6 6

Figure 1-9 Mode intensity profile over the core (distance in um) for SMF28 using an excitation

wavelength of 514 nm.

1-5 Optical fibre SERS probes

1-5-1 Optical fibre selection

In general, the use of optical fibre probes in Raman spectroscopy can be categorized as
“extrinsic” or “intrinsic” [39]. Where the fibre is simply used to link the spectroscopic
instrumentation to the sampling point, it is referred to as an extrinsic probe. In intrinsic
probes, the waveguide itself plays a role in the measurement process. For example,
hollow waveguides can be used for the measurement of gaseous or liquid analytes, with
long path lengths being possible if the analyte solution has a higher refractive index
than the hollow-fibre material [39, 40].

Intrinsic sensing approaches are attractive for SERS, where a nanostructured metal
surface is required to generate the enhanced scattering signal. The SERS substrate can
be drawn into the core of a hollow fibre [41, 42], or can be deposited directly on the
end-face of a solid core fibre in an optrode configuration [18, 19, 37]. In either approach

a single fibre can be used for both excitation and collection from the analyte.
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These different modes of sensing have a major bearing on the potential for
miniaturising Raman probes. Normal Raman scattering is a relatively weak effect that
scales with the sample volume. This favours high throughput probes based on large-
core, high-NA fibres. However, these fibres generate additional Raman background,
which may swamp the signal if it is not removed by bulk optical filters. Consequently
the smallest reported extrinsic Raman probe has a diameter of 600 pm [43]. Recent
work has shown that the filters can be removed by using a hollow-core photonic-crystal
fibre to deliver the excitation with reduced background [44], while fibre Bragg gratings
can be used in the collection fibres to remove the Rayleigh scattering [45]. In this way

the probe diameter could in principle be reduced to less than 400 um.

In contrast to normal Raman, SERS can provide significant signal amplification (on
the order of 10° — 10%) for analyte molecules adsorbed on a SERS-active metal surface.
When combined with the single-ended optrode sensing approach, the size of intrinsic
SERS probes could potentially be significantly reduced. Indeed, the potential for
miniaturisation has been demonstrated by the recent progress in tip-enhanced Raman
scattering [46]. However, TERS generally relies on high NA microscope objectives to
collect externally scattered light and remains a highly specialized technique that is best
suited to applications requiring high spatial resolution. Thus there remains a need for
robust and alignment-free miniaturised SERS probes in a broad range of chemical and
biological trace sensing applications [47]. Miniaturised SERS probes have particular
potential for biomedical applications, including remote testing for cancer [48], or for

minimally invasive continuous glucose measurements [49].

Despite these important potential applications, there have been relatively few studies
on the optimal characteristics of optical fibres for SERS optrodes. The relationship
between SERS intensity and fibre NA, core size and material must be optimized to
achieve the best sensing performance. The importance of matching the source area and
solid angle (étendue) to the spectrometer entrance slit has been appreciated for extrinsic
Raman probes [50]. Recent work on the collection efficiency of an intrinsic SERS probe
based on multi-mode telecommunication fibre has suggested that the numerical aperture

of a fibre should be matched to the NA of the excitation/collection objective (Figure
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1-10), while the fibre core size should match the projection of the spectrometer slit onto
the fibre [51]. The throughput of the combined optical fibre-spectrometer system can be
described by:

Q . 027 a
ﬁoc(iJJ-J-ff(rﬁ,z)rdm’Hdz (1-13)
I Qob/' 000

dir

a) Direct b) Remote

-

SERS active
tip A
Y

SERS active tip
Figure 1-10 Fibre collection geometries: a) direct and b) remote SERS measurements.

where /., 1s the intensity of the scattered light collected through the optical fibre, /;; is
the intensity collected directly from the SERS substrate, with both quantities normalized
against the respective excitation powers at the SERS substrate; € is the solid angle of
the fibre/objective, a is the radius of the spectrometer entrance pinhole projected onto
the fibre core of radius p (the source) and the integral of /{7, 0, z)rdrdfdz defines the
overlap between the collection region of the objective and the distribution of scattered
light [51]. The cylindrical coordinates (7, 6, z) represent the radial, azimuthal and
vertical coordinates of the fibre, with positive z inside the fibre. However, this model
does not explicitly account for out of focus rays which can broaden the cone of signal
collected from the sample. This must be considered in the optical fibre case as the
sample is transparent. Therefore the integral must be altered to account for these out-of

focus components in the z plane [52] as follows.
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1! £(r,0,2)rdrddz = (%jzfg(z)dz (1-14)

0

S =38

Q 2
Lrew oo | 220 (QJ [g(2)dz (1-15)
1, Qobj PJ) o

The integral of g(z)dz is the signal contribution from out-of-focus rays. This modified
version of the model is more suited to the applications in this project involving
transparent substrates. In principle this ratio can exceed unity, due to the additional
enhancement that arises in reverse excitation due to the recently proposed Fresnel
mechanism, where boundary matching conditions cause an increase in the electric field

for excitation through the dielectric [53].

In previous studies of extrinsic probes [43, 54, 55], the spectrometer slit was made
sufficiently large that the fibre core projection was not restricted. However, these large
slit sizes may reduce the resolution of the spectrometer and are not indicative of the slits

used in practical applications.

From the preceding discussion, there is a lack of reliable data regarding fibre
selection for miniaturised SERS optrodes. Therefore, this work explores the SERS
collection efficiency of silica-based fibres with core sizes ranging from 3.0 to 62.5 pm.
Although it is known that silica fibres tend to produce less background than other fibre
materials, this hasn’t been systematically tested for smaller core fibres in the SERS
optrode configuration [18, 43]. Therefore, a comparison of low- and high-doped fibres
will be presented. Furthermore, to investigate the relationship between core size and
fibre Raman background, this work used a slit width that is relevant to practical
applications (i.e. corresponding to 1 cm™ spectral resolution). This allows fibres that
have a range of different NAs to be characterized with a range of microscope objectives

in order to confirm the effects of fibre NA and core size on SERS probe performance.

1-5-2 SERS substrates

Optical fibres also provide a unique challenge for creating appropriate SERS substrates.

If the substrate is on the tip of the fibre in the optrode configuration, only one fibre is
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required for both excitation and collection, which eliminates any alignment issues [37].
However, the substrate must be reasonably transparent otherwise it may act as a mirror

and the analyte will not be excited efficiently [37].

There have been many different methods explored for fabricating nanostructured
surfaces on the tip of an optical fibre. Viets and Hill [18] have attempted a range of
techniques to determine the most enhancing substrate available on optical fibres. They
compared an evaporation method, dry coating method and sandblasting method for
durability, enhancement and repeatability. The parameters and results are shown in
Table 1-1. Fibres were cleaved and no cleaning was performed prior to substrate
preparation as this was shown to have no effect. The enhancement was similar for each
method, although the evaporation technique had the lowest relative standard deviation
(RSD) and the highest ratio of remote to direct signal collection. This method therefore

proves to be the superior choice for performance and convenience.

Table 1-1 Comparison of fibre optic SERS substrate techniques from Viets and Hill [18].

Technique Method RSD | Durability | Remote/Direct
Evaporation | 5 nm silver deposited on tip at a 20 %
rate 0.006 nm.s™'
' ' ] ] Island films 5x
Dry coating | Dip coated in alumina nanospheres. | 42% casily enhancement in
. -1
2 nm chromium (10-03 nm.s") then detachable | remote geometry
75 nm (0.2 nm.s™) silver
evaporated directly on alumina.
Sand blast Silicon sand blast for 1 min, 38% 3.6 x
diameter 135 pm, pressure of 4 bar. Highest i .
) . . T enhancement in
Chromium and silver deposition as durability
above. remote geometry

Jayawardhana et al. [19] also investigated using an evaporation method to create
SERS substrates on the tips of optical fibres. The procedure consisted of a 2 nm
chromium layer sputtered directly onto the tips, and then 100 nm of silver was deposited
using oblique angle deposition (deposition rate of 0.05 nm.s™'), where the angle between
the tips and the source was 86°. This angle provided the largest enhancement factor and
100 nm was chosen as it created metal island films instead of rods. Rods occurred at

larger thicknesses, which resulted in reflection losses when exciting remotely.

20



Chapter 1: Introduction

Optical fibres, due to their unique structure, have the added benefit of exploring
angle substrates simply by polishing the tip at an angle prior to substrate fabrication.
This has been shown to increase the enhancement by up to 20 times [56]. Viets and Hill
tested multiple angles with the same three techniques as shown in Table 1-1 and
determined that the largest enhancement occurred at 40° with the dry coating technique.
They show good reusability and durability and can even be used to sense thiophenol

with a fibre length of up to 17 m [56].

Conically etched tips [57] take the angled tip idea one step further by etching steep
sides on either side of the core. An angle of 10° provided the highest enhancement due
to laser light reflections within the cone. The tips were etched with 40% hydrofluoric
acid. Then the substrate was prepared by depositing 75 nm of silver onto the core. These
fibre probes are reusable and the angle of 10° makes these fibres more enhancing when

compared to non-angled tips (three times enlarged signal).

Another technique of preparing a SERS substrate on a fibre tip is photochemical
modification [58]. A fibre is dipped into a silver salt solution and light from a 514 nm
laser is coupled into the polished core. Silver nanoparticles form on the dipped end of
the core in concentric rings, thereby creating the SERS substrate. The laser power,
exposure time and area illuminated all contribute to the final pattern. The largest
enhancement, comparable to silver island films, occurred after a short deposition time of
4.5 mins. This makes the photochemical modification technique a fast, cheap and

controlled method of deposition.

Nanoimprinting the tip of an optical fibre is a novel way of creating a SERS substrate
[59]. The method involves imprinting a pattern from a shim onto a fibre using a curable
polymer layer on the tip. This technique could be implemented with a wide range of
patterns. A promising new pattern has been created using black silicon [29] which could

be transferred to a shim and then an optical fibre tip.

Optical fibres have been shown to be highly flexible platforms for creating SERS
substrates. A single fibre could be used to remotely detect biological and chemical

agents in a safe non-invasive and non-contact controlled environment. They are highly
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enhancing when used remotely due to the Fresnel near field effect [53] and have a
reasonable repeatability. It is for these reasons that optical fibres have been investigated
in this project as a potential application-based sensing probe. The OAD technique was
implemented in this work due to high repeatability, cheap production and reasonable

enhancement.

1-6 Bacterial identification

Unless otherwise stated, the following discussion refers to the text Bacteria and Viruses

[60].

1-6-1 Introduction to bacteria and bacterial identification

There are two basic cells which are the basis for all living organisms: eukaryotic, which
contains plants and animals, and prokaryotic, which contains bacteria and archaea. The
main distinction between the two types of cells is the location of the genetic material;
eukaryotic cells separate the genetic material from the rest of the cell by enclosing it in a
nuclear membrane, where as prokaryotic cells have no separation. Prokaryotic cells are
simpler in design than eukaryotic cells (Figure 1-11). They do not require specialised
structures to perform functions (i.e. organelles to store genetic information, to convert
light and chemicals to energy and to digest nutrients). The genetic information in
prokaryotic cells is simpler and their ribonucleic acid is an exact copy of the genes (not
modified). This simpler design and lack of specialised structures allows for fast growth

and division of cells.
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Figure 1-11 Schematic of prokaryotic and eukaryotic cells. Reproduced from Boundless [61, 62].

Bacteria are prokaryotic microorganisms which can be either symbiotic or
pathogenic. Most bacteria are useful and can aid in digestion, protect the intestine from
invasions by pathogenic bacteria, protect skin from infections, break down waste
material and provide nutrients for soil. There are pathogenic bacteria which cause harm
to the host resulting in food poising and wound infections. As bacteria are unicellular
they will often group together and form a biofilm that is able to protect the cells from
attack. Bacteria are extremely diverse, from their shape, what they eat, where they live

and their effect on plants or animals.

The identification of bacteria species is important for a range of fields, including
medicine and food safety. Routine tests are performed to check and control for bacterial
infections in hospital patients, GP clinics and the agriculture industry. Contamination in
food production can have dire consequences, potentially infecting thousands of
consumers. Quick and accurate identification is sought after to ensure the safety of
produce and water supplies. The following sections describe the common identification
techniques currently used, techniques that could be more beneficial when identifying

bacteria and a model bacterium for study (Escherichia coli).
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1-6-2 Differential testing

A common method for identifying bacteria is differential testing. This involves a range
of culture-based techniques aimed to eliminate and narrow down the possible species. It
usually takes at least 24 to 72 hours to prepare a sample and run through the possible

tests to gain a positive identification.

The first test normally undertaken is a gram stain. There are two types of cells: gram
positive and gram negative. When cells are dyed with crystal violet, treated with iodine
and decolourised, only positive cells retain the dye. The cells are then counter-stained
with safranin which will only stain negative cells. The difference between gram positive
and negative cells is the thickness of the cell wall, which is made of the molecule
peptidoglycan. Gram positive cells have a thicker wall which retains crystal violet even
after washing. However the gram negative cell wall is very thin and does not retain the

dye.

Bacteria can have rod, spherical or curved shapes which can be used to further
narrow down species. The way cells group is also an indication of the species; some

species group in pairs, cubic structures or chains.

Other stains can also be used for identification such as capsule stain, flagella stain,
acid-fast stain and spore stain. These stains will highlight differences inherent to certain

types of bacteria.

Another test can be performed by growing the bacteria on different types of media.
Bacteria species prefer specific food and growing conditions so this can be used to see

which media promoted growth.

As it can be seen, there are many culture based tests to be utilised to determine which
bacteria is present. This can require growing bacteria to view the colony formation and
the environment they prefer. Growing the bacteria prior to testing also ensures that they
are in a specific life state. Spore forming bacteria only reach the spore state after a
specific life time. Also, it is important to have live healthy cells as the dyes may not

work correctly if the cell is damaged. This results in long preparation times and multiple
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procedures needing to be undertaken for identification. Once cells have been dyed it is
difficult to perform other tests. Due to these issues, faster and non-destructive

techniques are sought after.

1-6-3 Alternative identification techniques

Alternative bacterial identification techniques exist which promise to provide faster
results with less preparation time. Some examples of rapid microbiological analysis [63]
are gas chromatography, mass spectrometry, Fourier transform infrared spectroscopy,
Raman spectroscopy, polarised light scattering and fluorescence lifetimes. This thesis
focuses on the use of surface-enhanced Raman spectroscopy as it promises to increase
sensitivity and identify bacterial species in a non-contact, non-destructive environment

with limited sample preparation required.

Raman spectroscopy has been used to identify bacteria [64]. During excitation, the
laser beam is focussed on an entire cell. Due to the inherent scattering volume and
penetration associated with Raman spectroscopy, the signal collected originates from
the entire cell. This includes the RNA/DNA, lipids, proteins and carbohydrates, which
allows for fingerprint identification as each bacterium has slightly different internal

concentrations and compositions of these components.

However, surface-enhanced Raman scattering only obtains signal from analytes that
are adsorbed or very close to the roughened metal surface. If a bacterium is on a SERS
surface, the spectrum obtained would be characteristic of the cell wall. This would not
result in a reliable identification as the cell walls between bacteria are relatively similar
in composition. In order to use SERS to distinguish between bacterial species the
roughened metal surface must be inside the cell, allowing for excitation of the
RNA/DNA, lipids, carbohydrates and proteins which can provide a more precise

“fingerprint” identification.

1-6-4 Model bacterium: Escherichia coli

Escherichia coli (E. coli) are a gram negative rod-shaped bacterium generally

measuring 2 pm in length and 0.5-0.8 pm in diameter. E. coli is present in the intestines
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of most warm-blooded organisms. They are normally harmless and aid in digestion and
protecting the gut from pathogenic bacteria. However, some pathogenic strains of E.

coli exist and are normally consumed from undercooked or contaminated food.

Some E. coli strains are used as a laboratory standard as they are well characterised,
have lost their ability to thrive in the intestine, can be used to pass genetic information
to other bacteria and can represent food borne illness bacteria. They are routinely used
in microbiology laboratories as a standard bacterium. Some laboratory strains are still

able to create biofilms and are used in the study of biofilm production.

E. coli is identified in differential testing by testing positive for indole and methyl red
tests. E. coli tests negative for Voges-Proskauer, citrate, hydrogen sulphide, urease and

phenylalanine deaminase tests [65].

1-7 Applications

This project will investigate two SERS substrates which can be used for specific
applications. The next two sections discuss some examples of the types of application

each substrate can be used for.

1-7-1 Optical fibre SERS probe applications

The miniaturised probe design used in this project is ideal for areas that are difficult to
access and where space is a priority or where minimal invasiveness is preferred. A
probe with a maximum diameter of 125 um is ideal for biomedical applications as well
as assessing dangerous and possibly volatile situations. For example, TNT is a
commonly used substance in explosives. SERS has been shown to be a successful
technique for label-free detection of TNT [66, 67]. If a miniaturised probe is utilised,

the sample can be measured by insertion through a small opening.

Biomedical applications are important to discuss further as they impact a large
percentage of the population. Miniaturised probes could be utilised during operations to
identify unknown growths or bacterial infections. SERS has been shown to successfully

identify cancerous tissue without the use of radioactive labels [68]. A miniaturised
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probe would allow minimally invasive procedures to test a suspicious growth and

determine if it is cancerous prior to removal.

A potential application that could be used on a daily basis and impact millions of
people would be a continuous glucose sensor. Currently the standard glucose meter uses
a chemical reaction on a test strip that is inserted into an electrical meter. This method
relies on the patient pricking their finger multiple times a day to administer the test.
This results in low compliance and often a patient will only test their glucose levels a
few times a day or if they feel unwell. Ideally, a continuous measuring device should be
used which can warn the patient when their glucose levels are rising high or dropping
low before they reach dangerous levels which result in them feeling unwell. It should be
noted that continuous glucose monitoring devices do currently exist [69]. They utilise
interstitial fluid to obtain readings which classes them as minimally invasive. However,
interstitial fluid is much slower to react to changes in glucose levels than blood. Also,
the currently available systems may only be used for up to a week at a time and require

daily calibration with standard finger prick tests.

1-7-2  Black silicon applications

Black silicon is a versatile platform to use as a SERS substrate for sensing. It can simply
be used as a platform for adsorption of test samples [35]. It could also be incorporated
into a microfluidic chamber for testing of fluids [70]. Most impressively, it has been
shown to impale bacteria [71], which could provide an exciting method of introducing
SERS-active spots inside cells for internal and hence differential identification. SERS
originates from an analyte-metal interaction; normally cells residing near a hotspot
would only provide a SERS signal from the cell wall. Bacterial cell walls tend to be

relatively similar whereas the internal composition allows for differential identification.

1-8 Motivation for the project

A complete understanding of optical fibre properties when used as an intrinsic sensor is
required to design and implement a successful miniaturised SERS probe. Previous work
has appreciated NA matching between fibre and objective, but a thorough investigation

was not undertaken [51]. Miniaturisation is important for biomedical applications (see
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Applications section). Confidence in the repeatability and reliability of a probe must be
high if it is to be successfully used in the medical industry. Therefore, an understanding
of the underlying mechanisms is a highly important first step in creating a miniaturised

SERS probe.

SERS probes are a useful avenue to explore due to the wide breadth of applications
that could benefit from their implementation. SERS is a promising technique to identify
molecules in the chemical and biological world due to its chemical sensitivity and
specificity. Not only is SERS a fingerprint analysis technique, but it is also non-
destructive, does not need labels added and is not hindered by the presence of water.
This results in a spectroscopic technique that can measure samples in their natural state
with no preparation and has potential to measure in vivo. Miniaturisation of SERS
probes enables the technique to be used in difficult-to-access regions. This adds to the
viability of using SERS to identify compounds in vivo without the need to remove and

prepare the sample.

Understanding the complex nature of optical fibres will provide the necessary insight
required to advance the probe design to a state where they can accurately measure low

concentrations of target molecules.

Bacterial identification conventionally requires long preparation times and
destructive measurement techniques. The ability to quickly and easily identify bacteria
without destroying the sample would be beneficial to the medical community. If an
optical fibre can be used to remotely measure bacterial infections on implants, this

might avoid the need to remove the implant to treat the infection.

The work presented in this thesis involves the characterisation of a range of
substrates and a discussion on their suitability to be used as SERS probes. The
substrates considered here include laser-ablated metal nanoparticles, oblique angle
deposition and two forms of black silicon. Then two applications were applied to the
two platforms selected for further investigation. OAD was chosen to characterise a

range of optical fibres due to its ease of deposition on fibre tips and its repeatability.
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Black silicon was chosen for SERS bacterial identification due to its ability to create

hotspots inside the bacteria.

The methodology and instruments used to collect the experimental results are first
described in Chapter 2. Chapter 3 presents the characterisation of substrates, while
Chapter 4 shows a comparison of ten different optical fibres which were created into
SERS probes using OAD and thiophenol as a test analyte. A range of collection
objectives were used to determine if NA matching to the fibre core provides a benefit to
signal collection. Chapter 5 presents bacterial identification using black silicon
pyramids to pierce the cell and introduce gold nanostructures inside the bacteria. This
allows for a SERS signal to originate from inside the cell and this potentially allows for
a new method to analyse bacteria. Chapter 6 provides conclusions of the work presented

and describes further work which can build on this thesis.
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Chapter 2

Experimental Methods

This chapter describes the methods implemented when preparing and characterising
samples. The standard operating procedures followed when using instruments are also
summarised, along with common instrumental parameters. Experiment specific
parameters are outlined in the appropriate chapter. Optical fibre handling and
preparation, SERS substrate thermal evaporator procedures, scanning electron
microscopy, transmission electron microscopy, energy-dispersive X-ray spectroscopy,
X-ray photoelectron spectroscopy, atomic force microscopy, chemical handling and
Raman spectrometer operation are presented. Where SERS substrates have been
supplied by other researchers, a brief description of the procedures used has been
provided. All experimental procedures, sample preparation and sample characterisation

were performed by the author, unless otherwise stated.
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2-1 Optical fibre preparation

Optical fibres are composed of glass and consequently care must be taken when
cleaving fibres as shards of glass can fly in any direction. It is advisable to always wear
protective eye wear and gloves when handling fibres. Ensure that the location of fibres
and off cuts is known and be careful to check clothing for shards when leaving the

laboratory.

Table 2-1 List of fibres used in the project and the associated suppliers.

Fibre model Supplier
S405 ThorLabs
Hi 1060 Flex Corning
780HP ThorLabs
Hi 980 Corning
Pure Silica Core Sumitomo
F-SBC Newport
SMF28 Corning
SM1500 Corning
MMF (62.5) Corning
MMEF (50) Corning

The fibres (see Table 2-1) were stripped of their protective jacket using 125 um fibre
strippers (Clauss, Fiberoptic stripper, CFS-2). Lens tissue paper with a small amount of
ethanol was used to remove any remnants of the jacket and to ensure the fibres were
clean. A fibre optic cleaver (Fitel model number S323, the Furukawa Electric Co. Ltd,
Figure 2-1) was modified to include a micrometer attachment (Mitutoyo, Figure 2-2)
which allowed the length of the fibres to be set to 25 + 0.5 mm. A uniform length was
desired to ensure measurements were comparable between fibres as the mode pattern
differs with length. The cleaver operates by clamping a fibre in place, then a blade is
used to nick the surface and tension is applied to create a flat break. The fibres were

cleaved at both ends and retrieved carefully.
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Figure 2-1 Left: Fitel cleaver. Right: Cleaver micrometer attachment.

Figure 2-2 Fitel cleaver with micrometer attachment connected. The micrometer can be set to the
desired length. A fibre is then placed in the channel and butted up against the end of the micrometer.
After the fibre is clamped in place and nicked with the blade, the micrometer must be wound out. This
ensures that the fibre does not press hard into the micrometer and become damaged when tension is

applied.

Each section of fibre was imaged using a microscope to inspect the end-face for
unsatisfactory cleaves. The core must remain clear and the surface reasonably flat. A
thermoplastic adhesive (Crystalbond, 509) was melted across the width of a mounting

block and the fibres were carefully mounted ensuring that 1 mm of fibre protruded from
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the block at both ends (Figure 2-3). The block was then immersed in ethanol and placed

in an ultrasonic bath for 1 minute to ensure that the ends were clean.

Figure 2-3 Aluminium block with channels used for mounting 25 mm length fibres. The mounting
block base is at an angle of 4° so that when the block is placed under the evaporation source, there is an

angle of 86° between the fibre tip and the source (see Section 3-2).

2-2  Thin film deposition

The Emitech K975X (Figure 2-4) is a deposition system which can create silver-island
films with SERS functionality. There are two deposition modes available in the system,
sputtering and evaporation. Sputtering occurs when a metal target is bombarded with
Ar" ions and metal atoms are consequently ejected or sputtered onto a substrate.
Sputtering requires a partial vacuum and argon gas is normally bled into the chamber to
provide the bombarding atoms. Evaporation is the process of heating a wire basket that
contains metal shots until the metal becomes so hot it evaporates and then condenses on
the substrate. Evaporation can only occur in a vacuum as this allows a free path for the
metal to reach the substrate and condense. The system has a removable glass chamber
that must be cleaned after each deposition. When replaced it must be centred so the lid
can form a seal to create a vacuum. An implosion guard is attached around the front of

the chamber.
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Figure 2-4 Emitech K975X evaporator system.

The sputtering mode is first used to coat a 2 nm thick film of chromium onto the tips
of the fibres. The fibres are mounted vertically directly under the target head and the
distal end of the fibres was covered in aluminium foil to prevent any stray metal vapour
from contaminating the surface. The system evacuates the chamber and pumps down to
a vacuum of approximately 810~ mbar. Argon gas is then bled into the chamber using
a valve at the back of the system until the pressure reaches 7x107 mbar. The target head
is connected to a high voltage supply which provides a negative potential while the
sample is grounded. The argon ions accelerate towards the target and the ejected metal
particles are sputtered onto the fibre tips below. The tips were 30 mm below the target
head. In order to deposit a 2 nm thick film of chromium the system was set to have a

current of 60 mA for a total of 60 s.

The sputter head was removed by unscrewing point 1 and unplugging the high
voltage at point 2 in Figure 2-5. The fibres were then placed horizontally at an angle of
4 degrees beneath the evaporation basket so the tips were directly in line with the
basket. The basket was filled with silver shots (Sigma Aldrich, >99.99% 1-3 mm shots)
and a shield placed around the source. A shutter was manoeuvred into position under
the source. The chamber was pumped down to a vacuum of 1x10™ mbar and then the

current was manually increased until the metal basket was heated enough that the metal
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started to melt. The shutter was removed to start the evaporation process at a rate of

0.05 nmys.

Figure 2-5 Evaporator annotated to show main components.

The thickness of the metal was monitored using a quart crystal microbalance. As the
microbalance was positioned away from the sample (Figure 2-6) a tooling factor was
used to calculate the effective thickness read on the microbalance for a specific
substrate thickness (Equation (2-1)). Once an effective thickness was reached the

current was turned to zero and the deposition system vented to atmosphere.

TF:(L—'"] x( | j 2-1)
H sin(&)

where TF is the tooling factor, L,, is the distance from the source to the film thickness

monitor, H is the height from the source to the sample and O=sin" (z/L.,) where z is the
distance from the source to the stage. The actual thickness can then be determined by

Equation (2-2),

T,=T,-TF (2-2)
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where 7 is the thickness that would be measured on an equivalent planar surface at

normal incidence and 7, is thickness recorded on the microbalance.
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Figure 2-6 Diagram of film thickness monitor in relation to source and sample.

2-3 Scanning electron microscopy

A scanning electron microscope (SEM) is able to produce images of nanoscale samples
as it utilises a focused electron beam to raster across the surface. The resolution of an
SEM is typically better than 1 nm. An image is produced when the electrons interact
with the atoms in the sample, producing secondary electrons and back-scattered
electrons. An SEM can be run in high or low pressure mode which allows wet (non-

conducting) samples to be imaged.

Optical fibres are made from a dielectric material (glass) which is not conducting.
Therefore the samples were prone to “charging”. Charging occurs when the electrons
have no path to ground and hence build up charge on the surface of the material. This
results in the image appearing saturated, out of focus and the sample seems to move.
This limited the magnification that was viable for imaging the silver island film used for

SERS fibre probe studies.

2-3-1 Zeiss Supra 40VP

The fibre tips were imaged using a Zeiss Supra 40VP SEM (Figure 2-7). This

instrument was operated in high vacuum mode with an Everhart-Thornly detector
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(ETD). The accelerating voltage was set to 3 kV. The tips were imaged directly so the
silver-island film could be seen in detail. Silver is a conducting material, though as the
thickness was less than 20 nm and the film was not continuous there were still charging
issues due to the underlying dielectric material. Therefore, a magnification of 50,000-
90,000 x was used with a working distance (distance from sample to bottom of the SEM
column) of 6 mm. The fibres were imaged immediately after the deposition process to
limit oxidation. Once there was confidence in the metal film repeatability between
fibres the SEM was no longer used. This was to limit the amount of adventitious carbon
contaminating the silver film and oxidation of the film prior to chemical

functionalization.

Bacteria samples used the same settings as above. Bacteria samples were sputter
coated with gold using the Emitech K975X immediately after incubation as the Zeiss
Supra 40VP was not set up for variable pressure mode. Gold was sputtered using a
current of 35 mA for 30 s with the stage rotating at 138 rpm. Images were collected

with and without a stage tilt.

Figure 2-7 Zeiss Supra 40VP SEM where numbers are indicating 1: electron column, 2: sample

chamber, and 3: EDS detector.
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2-3-2 Nova NanoSEM

The Nova NanoSEM (Figure 2-8) was used to obtain images of black silicon as it was
available at the RMIT microscopy and microanalysis facility (RMMF) to use in
conjunction with other characterisation techniques. The Nova NanoSEM is able to
operate in partial vacuum mode, which can help to eliminate charging of non-
conducting samples by adding pure water vapour. It also has a field emission gun (FEG)
which provides high resolution image so the curvature of the black silicon tips can be
estimated. The SEM was operated in high vacuum with a working distance of 5 mm and
the ETD installed. Surface charging was a slight issue, but high vacuum mode was used
regardless, as it provides a higher resolution than partial vacuum mode. In general, the
spot size was 3.5 and an accelerating voltage of 5 kV was used as this produces less
surface penetration. Operating the instrument at 15 kV initially resulted in ghostly
looking structures due the deep surface penetration. The stage was tilted to provide

images from different angles so the structure could be fully appreciated.

Figure 2-8 FEI Nova NanoSEM in the RMMF where numbers are indicating 1: electron column, 2:
sample chamber, 3: stage controls, 4: stage tilt, and 5 EDS detector.
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2-3-3 FEI Quanta 200 ESEM

The FEI Quanta 200 (tungsten filament) ESEM (Figure 2-9) is an environmental SEM
and a part of the RMMF. This SEM was able to be used in low vacuum mode which is
ideal for imaging bacteria without sample preparation which has the potential to damage
samples. In a conventional SEM the bacteria must be chemically fixed, dry and gold
coated prior to imaging which destroys the sample for other characterisation techniques.
Low vacuum mode operates by allowing pure water vapour into the chamber to lower
the pressure after pump down. Images were collected with and without stage tilt.
Working distance for this instrument is 10 mm, an accelerating voltage of 10 kV was

used with a spot size of 3.5.

Figure 2-9 FEI Quanta 200 ESEM in the RMMF where numbers are indicating 1: electron column, 2:
sample chamber, 3: stage controls, 4: stage tilt, 5 EDS detector, and 6: cryoSEM sample prep.

2-4 Transmission electron microscopy

Transmission electron microscopy (TEM) is a microscopy technique where electrons

pass through samples of less than 100 nm thickness. The transmitted electrons create an
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image of the sample as they interact with the sample when passing through. TEM can

also be used to obtain diffraction patterns of thin samples.

The emission source in TEM can be either a tungsten filament or a lanthanum
hexaboride (LaBg) source (small single crystals). High voltage is applied to the filament
which creates an electron beam. A TEM requires a high-vacuum to ensure there are no
collisions with particles and to prevent arcing. The electron beam is focused using

magnetic fields to create a lens.

TEM grids are used to hold samples. The grids are normally a ring of diameter 3 mm
with a thin meshed grid (<100 pm) in the centre (Figure 2-10). Copper is a common
grid material. Samples can be investigated using bright field imaging, electron energy
loss spectroscopy, high resolution imaging or mapped with energy dispersive
spectroscopy (EDS). This project utilised bright field and high resolution imaging and
EDS mapping.

Figure 2-10 TEM grid viewed under SEM.

Bright field imaging occurs when electrons pass through a sample and the
transmitted electrons are collected by a detector. As the electrons must pass through the
sample, the brighter portions of the image originate from thin sections of the sample
while dark portions originate from thick areas of the sample. Bright field was the basic

technique used to collect transmission images.
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Scanning transmission electron microscopy (STEM) is a mode of operation that
collects images by using a small focus point to raster scan across the sample. This mode

makes EDS mapping possible on the TEM.

High resolution TEM (HRTEM) is capable of atomic level resolution. This allows
the crystal structure of a sample to be determined provided that the sample is uniform in
thickness. The instrument is operated under TEM mode with a large field detector

mserted.

Figure 2-11 Jeol 2100F TEM in the RMMF where numbers are indicating 1: cold trap, 2: sample load

lock, 3: viewing screen, and 4: EDS detector.

The Jeol 2100F (Figure 2-11) is a part of the RMMF and uses a field emission gun
with 200 kV accelerating voltage. The sample must be inserted into the sample load
lock and then pre-pumping occurs before the sample can be fully inserted into the

chamber. Samples and the sample holder must be handled with gloves to prevent

42



Chapter 2: Experimental Methods

contaminants from entering the chamber. The TEM requires liquid nitrogen for a cold
trap. The cold trap is connected to a copper ring that is near the sample which causes
any contaminant to be attracted to the ring as opposed to the column. The voltage is
increased using a controlled ramp over a period of 45 mins until it reaches the desired
value of 200 kV. Then the filament is slowly wound up until a green glow of emission
is seen. Alignments must be undertaken involving positioning apertures, correcting
shifts, tilts of the electron beam, removing astigmatism and several other lens

alignments. Then the system is ready to obtain images.

Black silicon samples were investigated in the TEM. Sample preparation consisted of
scraping off a small section of the sample into a beaker with a few drops of ethanol
(Sigma Aldrich, 200 proof, anhydrous, >99.5%.). The solution was extracted with a
pipette and placed on a mesh copper TEM grid. Standard TEM mode was used to
collect bright-field images. High resolution TEM mode was used to determine crystal

structure.

TEM measurements were obtained with assistance from Edwin Mayes, duty

microscopist for the RMMF.

2-5 Energy-dispersive spectroscopy

Energy dispersive spectroscopy (EDS) is a spectroscopy technique capable of
determining elemental composition of a sample. EDS has a deep interaction volume of
approximately 3 um and is used for bulk sample analysis. EDS is normally coupled with
an SEM (Section 2-3) or a TEM (Section 2-4). However the spatial resolution of EDS is
approximately 1 um. EDS measures the number and energy of X-rays emitted from a
sample after excitation with an electron beam source. Collisions can cause an inner shell
electron to eject and leave an electron hole. If an outer shell electron fills the hole, an X-
ray can be emitted from the energy difference between shells. The X-ray energy is
characteristic of the element’s atomic structure and can be used to determine the
element. It can be difficult to detect low atomic weight elements (anything below

boron), especially in low concentrations.
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Figure 2-12 Philips XL30 SEM with EDAX attachment for EDS where numbers are indicating 1:

electron column, 2: sample chamber, 3: stage controls, 4: stage tilt, and 5 EDS detector.

The Philips XLL30 SEM (Figure 2-12) is located in the RMMF. The XL30 was used
to determine elemental composition of the core and cladding of test fibres. The XL30 is
equipped with a LaBg filament and an EDAX attachment for EDS. EDS is most
efficient if the sample is at a working distance of 10 mm. The focus was set to 10 mm
and then the sample was brought into focus using the height control on the stage door. A
dead time percentage of 25 -35% is optimal for collecting EDS spectra. Dead time is the
time after each count where the system is not able to record another count. This is
altered by the spot size, accelerating voltage, gun tilt and the count amplify time. This
instrument has an infrared camera which is used to view the chamber. This must be

turned off prior to EDS otherwise it will interfere with measurements.

A backscatter detector was used in order to clearly differentiate the core and the
cladding of each fibre for correct positioning of the sample widow. An accelerating
voltage of 30 kV was used with a spot size of 5.7. Once a spectrum is collected, peaks
can be assigned from a list of possible elements. EDS requires prior knowledge of the
sample composition to correctly assign peaks as many peak positions overlap. The

composition can be quantified from the peaks but this is not always reliable. There are
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issues with beam spread, so the sample area can be larger than anticipated. If the
electron beam drifts due to sample charging, the selected area can change position,
possibly to an unwanted area. Charging itself can also cause errors which will affect
quantitative measurements. This can be checked by ensuring that spectra decay to zero
at the excitation energy (30 kV). EDS, under ideal conditions may provide reliably
quantitative results. Boron sensing is also problematic as the detector has a boron

window.

The theory and procedure for EDS is similar for the other SEM and TEM used in this
project. The Nova (Section 2-3-2) was operated in EDS mode (Oxford SDD EDS
detector model X-max") to map the contaminants of the black silicon samples (same
operating parameters used as during image collection). The Jeol 2100F (Section 2-4)
collected elemental maps of black silicon in scanning TEM mode using an Oxford SDD

EDS detector model X-max" with an electron probe size of 1.5 nm.

2-6 X-ray photoelectron spectroscopy

X-ray photoelectron spectroscopy (XPS) is a semi-quantitative technique used to
identify chemical elements. XPS is surface sensitive with a probe depth of
approximately 0-12 nm. Therefore, it is a useful technique to analyse elemental surface
composition and possible contaminants with atomic numbers larger than 3 (lithium) at
parts per thousand sensitivity. XPS provides complementary elemental composition
information to EDS. However, where EDS quantifies elemental composition, XPS can

analyse bonds and hence determine species.

An XPS spectrum is a plot of the number of electrons hitting the detector against the
binding energy of the electron. Every element has its own characteristic binding energy
determined by the electron configuration. Therefore the peaks in a spectrum represent
the chemical species formed by specific elements. Ultra high vacuum is used to
eliminate error as the detector is positioned relatively far from the sample. As the
energy of the electrons is measured it is necessary to eliminate any collisions with

residual gases that could alter the energy before the electrons reach the detector.
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XPS can only obtain data from the surface of the sample. X-rays irradiate the sample
and photoelectrons must escape from the sample to reach the detector. The
photoelectrons can have inelastic collisions, combine or become trapped inside the
sample which limits the number that can escape. Escape becomes unlikely from depths

greater than 10 nm but it is dependent on the element.

Figure 2-13 The Thermo Scientific KA XPS system in the RMMF.

The Thermo Scientific K-Alpha system (Figure 2-13) is a part of the RMMEF. It has
an aluminium K-alpha X-ray (AlKa) source which has photon energy of 1487.6 eV and
15 eV pass energy. The AlKa X-rays are created by diffracting and focusing a beam of
X-rays onto a thin disc of natural crystalline quartz with a <1010> crystal orientation.
High resolution scans can obtain peak widths of 0.4-0.6 eV. The spot size available on
the system is 400 pm and the measurement area can be chosen for multiple samples
(plate size 60x60 mm). A depth profile can also be obtained by ion milling the sample
during collection (ion gun energy range 100-4000 eV).

The system has a flood gun which can provide the target area with a steady flow of

low-energy electrons and Ar' ions which remove charge build up on the surface. The
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flood gun option can be used depending on sample charging effects. If the sample is

prone to charging it is necessary to use the flood gun.

Samples are loaded onto a plate (Figure 2-14) and locked down with pins. Gloves
must be used to handle samples and plates as finger grease can contaminate the ultra-
high vacuum system. The plate is inserted into the load lock which is pumped to a rough
vacuum before a valve is opened to the main ultra-high vacuum chamber, into which the
sample plate is transferred. The sample is focused by control software which alters stage
height until counts are detected and then the height is optimised for maximum counts.
Areas to be investigated can be chosen and a queue of measurements can be set to run
automatically. Survey scans run the full energy range to find elements or specific ranges

can be selected to scan at higher resolution to obtain chemical binding information.

Figure 2-14 Sample plate for XPS with samples loaded.

2-7 Atomic force microscopy

An atomic force microscope (AFM) can be used to image and measure a surface at the
nanoscale. It can have a resolution on the order of fractions of a nanometre. This type of
scanning probe microscope can provide vital topographical and roughness measures of a

surface, which is useful to characterise SERS substrates.

An AFM operates by probing the surface with a sharp tip attached to a silicon or
silicon nitride cantilever. The probe tip usually has a radius of curvature on the order of
nanometres. When the tip probes the surface it is deflected according to Hooke’s law.

This deflection is measured with a laser spot which is reflected from the top surface of
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the cantilever. There is a feedback mechanism which adjusts the distance between the
tip and the sample. This protects the tip/sample from damage and keeps the force
applied constant across the sample. An AFM can be used in contact mode or tapping
mode (non-contact where the cantilever is vibrated). In contact mode the tip is dragged
across the sample to map the surface contours directly. In tapping mode the tip is
oscillated at the fundamental resonance frequency. Changes in the oscillation frequency

are used to map the sample’s contours.

AFM does have limitations which can affect the image. Artefacts can occur when the
topography is steep or overhanging. Artefacts can make structures appear wider if the
tip has a large radius of curvature compared to the structure. Very tall structures (few
microns) can also be problematic. The structure or the tip can break while attempting to

probe tall needle structures.

Figure 2-15 Nanoscope D3100 AFM in the RMMF where numbers are indicating 1: sample stage, 2:

scanning head, and.3: optics for alignment.

The Veeco Nanoscope D3100 (Figure 2-15) is a part of the RMMEF. It was operated
in tapping mode with a TAP300-G tip with a resonant frequency of 300 kHz and force
constant of 40 N/m. This AFM uses a laser to deflect off the cantilever and provide

deflection measurements. The sample is loaded under the tip and the sample is slowly
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brought into focus. Once in focus a tuning check is performed. This ensures that the tip
is mounted correctly and aligned. A scan area can be chosen and the scan size
determines the resolution of the image. The same number of points is collected

regardless of area, so a smaller area will result in higher resolution.
2-8 Analyte preparation

2-8-1 Thiophenol

Thiophenol was used as a standard test analyte for characterising SERS performance for
different optical fibres. It was chosen as it forms a stable monolayer [18, 19] on silver,
which allows for a quantitative comparison between samples. It is also effective in
displacing adventitious carbon on the surface. A monolayer is essential as this ensures
that the same volume of analyte will be present on each sample. A non-monolayer
forming analyte would have an unknown concentration present and so changes in
intensity of SERS signal could not be attributed to the substrate alone. Thus the use of
thiophenol allows comparison of samples that have the same metallic surface area; i.e.

share the same preparation conditions.

A 10 mM thiophenol solution was used during all SERS measurements. As
thiophenol is a potentially carcinogenic substance, care was taken during handling. A
well-ventilated fume hood, a lab coat, splash goggles and nitrile gloves were used

during all handling procedures.

The solution was prepared by diluting 103 pL of thiophenol (Sigma Aldrich, >99%)
in 100 mL of high purity ethanol (Sigma Aldrich, 200 proof, anhydrous, >99.5%). Glass
beakers and bottles were used as thiophenol can react with plastic. Used gloves and

pipette tips were placed in a sealed plastic bag prior to being disposed.

Immediately after the fibres were coated with silver-island films, the fibre tips were
carefully placed in the 10 mM thiophenol/ethanol solution for 10 mins. Next they were
placed in pure ethanol for 10 mins and lastly they were left to dry in a well-ventilated
fume hood for 1 hour. Leaving them to dry for an hour minimised the fumes let off

during SERS measurements.
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2-8-2 Rhodamine 6G

Rhodamine 6G (R6G) is a red dye commonly used as a test analyte in Raman
spectroscopy. A stock solution of 10 mM R6G in water was diluted using milliQ water
to concentrations of 1 uM or 4.3 uM as required. Nitrile gloves, lab coat and glasses
were worn as protection. Fortunately, R6G does not produce fumes though care should

be taken to not allow skin or clothing contact as it will stain and be difficult to remove.

2-8-3 Escherichia coli

The culture of E. coli was prepared by collaborator Mya Hlaing due to her expertise in

microbiology, using the following procedure for growing E. coli cultures:

1). E. coli ATCC 25922 from -80 °C stock was isolated on a nutrient agar plate (Becton

Dickinson, Difco nutrient broth) for approximately 12 hours.

2). A single E. coli colony was then inoculated from the plate into 20 ml of nutrient

broth media and then incubated at 37 °C, with orbital shaking at 200 rpm overnight.

3). The total biomass of overnight culture was detected using optical density

measurements at A= 600 nm with a spectrophotometer (Agilent, Varian, Cary 50).

4). The overnight culture of E. coli was adjusted to approximately 1.4x10° cells/ml

(OD600 nm ~ 1.4) with fresh sterile nutrient broth.
When incubating E. coli on substrates, the following procedure was used:
1). Overnight culture was adjusted to have OD600 nm of 0.3.

2). The E. coli planktonic cells were washed three times by centrifugation at 12,000 rpm
(Centrifuge 5804 R, Eppendorf) for 2 min).

3). The washed calls were then resuspended in low strength minimum medium

(Dulbecco A, phosphate buffered saline (PBS)).

4). 100 pL of solution was pipetted onto substrates and left to incubate for 1 hour on the

bench or covered in solution and incubated at 37 °C overnight for 18 hours.
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For SEM imaging of the bacteria, the substrates were washed 3 times with milliQ water,
allowed to dry and then immediately sputter coated with gold using the Emitech K975x
(operating current 35 mA, sputter time 32 s, stage rotate 138 rpm and vacuum of

1x10” mbar ). Substrates were stored in a desiccator cabinet until imaging was

performed.

For SERS or normal Raman analysis, the substrates were washed 3 times with milliQ
water and allowed to dry prior to spectrum collection. Substrates stored in PBS at 4 °C

while not in use.

2-9 Live/Dead staining and fluorescence microscopy

In order to determine the live/dead state of bacteria, live/dead staining was
implemented. Live dead staining relies on two fluorescent dyes which interact with the
cells in very specific ways. The first dye (SYTO 9) is able to penetrate all cells and stain
them to emit green fluorescence. The second dye (propidium iodide) is only able to pass
through compromised membranes associated with dead cells. The dye is then able to
interact with the DNA where it emits red fluorescence. Appropriate ratios of the two
dyes provide green/red fluorescent images indicative of the live/dead state of the

sample.

The culture and incubation procedures described in Section 2-8-3 were used. After
the incubation was completed the staining procedure was implemented with Invitrogen
Live/Dead BacLight Bacterial Viability Kit L7012. This kit contains SYTO 9 dye
(green fluorescence) 3.34 mM and propidium iodide (red fluorescence) 20 mM. The

staining procedure was as follows:
Equal volumes of both dyes were mixed thoroughly in a tube.

1) A ratio of 3 pL of mixed dye to 1 mL of bacterial suspension was used. The mixed

dye was added to the bacteria sample on the substrate and mixed.

2) The substrate was incubated at room temperature in the dark for 15 minutes.
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3) The staining solution was pipetted off the substrates and then a 10 pL drop was
placed on a microscope slide. A cover slip was placed over the drop and then the slide
was mounted cover slip side down over the objective for imaging. The slide was not

allowed to dry. The solution was stored at 4 °C when not in use.

4) Substrates were washed 3 times with milliQ water then mounted upside down on a
microscope slide for imaging with epifluorescence. The substrates were not allowed to

dry. Samples were stored in PBS at 4 °C when not in use.

An Olympus epifluorescence microscope (IX71 inverted microscope) was used to
collect live/dead images of substrates. A water immersion 60x magnification objective
was used to collect images. A droplet of water was placed on the objective prior to
placing the sample on top. There are two filters used to collect live/dead images with a
mercury lamp source; U-MNIBA2 blue excitation narrow band gives green emission
(live) and U-MWIG2 green excitation wide band gives red emission (dead). Images
were collected in quick succession between filters to limit sample drift. The same
exposure time was used so the strength of fluorescence could be compared between live

and dead stains.

2-10 Raman Spectroscopy

The Renishaw inVia system (Figure 2-16) is comprised of the system unit, which is a
lockable section which houses all the sensitive optics; a Leica microscope used to focus
on the sample to be investigated; and a CCD camera. There are also multiple lasers

coupled into the system unit to provide excitation of the sample.
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Figure 2-16 Renishaw inVia system.

There are 5 distinct wavelengths available on the system. Each wavelength must be

paired with a compatible grating as shown in Table 2-2. The grating determines the

resolution of the spectrum, the more lines per millimetre (I/mm) the higher the

resolution. This may result in slower acquisition times as the more I/mm the shorter the

wavenumber range (static scan) available to acquire over without rotating the grating

(extended scan).

Table 2-2 Renishaw inVia Raman laser/grating compatible combinations.

Wavelength (nm) 1200 I/'mm 1800 I/'mm 2400 I/mm
457 X X yes
488 X X yes
514 X X yes
633 X yes x
785 yes X X

Prior to using the instrument an appropriate laser/grating combination must be setup

and a Rayleigh filter must be inserted that matches the laser line. A schematic of the

optical components is shown in Figure 2-17. Only the Rayleigh filter and gratings

should be changed, altering the alignment of any other component is not advisable. The
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highest resolution available for the laser is recommended. If time is a factor the low
resolution 1200 I/mm grating can be used to accelerate data collection. This can be
beneficial when collecting numerous points to map a surface. Mapping is possible as the
sample stage is fully automated and coordinates can be programmed in for line and area

scans.
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Figure 2-17 Schematic of Renishaw inVia optics.

The main laser used in this thesis is the Ar™ 514 nm line which requires an hour to
heat up and stabilise prior to use. It is important to check that the cooling fan is housed
properly as misalignment of tubing and fan can cause the laser to overheat. The
protective screen should be placed around the sample once it is on the stage to stop

reflected light from potentially damaging eyes.

Once the laser has stabilised, the system must be calibrated and aligned to provide
accurate results. Due to temperature and humidity changes the optics are able to shift
positions slightly which can result in misalignment and therefore lower than usual
efficiency. In order to obtain repeatable and comparable results on a day-to-day basis,
the calibration must be checked, optical path optimised, and reference spectra obtained.

A detailed guide to the calibration procedure can be found in the Appendix.
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Fibre considerations

The fibres were analysed as soon as the thiophenol treatment was complete. This was in
an effort to limit contaminants from the atmosphere, as well as general degradation of
the sample. Therefore, all measurements for a fibre run (usually consisting of 10 fibres)
were completed in one day. Spectra were collected from the tip of the fibre directly and
remotely by coupling through the core. As the optical fibres are higher than most
samples the stage was moved to the lowest point of its travel. Long working distance
objective lens were used in order to protect the fibre tips from accidently being
damaged. Due to etendue considerations the microscope objectives chosen for fibre
work were low magnification (5, 10, 20, 50x%). This is contrary to conventional Raman
work where a larger magnification high NA objective provides increased signal
detection due to the large collection angle. The signal from the fibre material is many
orders of magnitude larger than the analyte SERS signal so it is easy to swamp the

detector. Therefore, low power (1-10% of 13 mW) was used.

Fibre storage

The fibres were stored on the mounting block in a nitrogen cabinet to prevent
degradation. Once measurements on the fibres were complete, and the mounting block
was required for other experiments, the fibres were carefully removed and stored in the
nitrogen cabinet in case of future need. They were removed using acetone on a lint free
tissue to carefully remove the crystal bond. Tweezers were used to move fibres from the
block to a case. The case consisted of a piece of cardboard, less wide than the fibre
length, with a piece of carbon tape along the centre. This secured the fibres and kept the

tips from touching any surface and becoming damaged.

2-11 Summary of techniques

A summary of how each of the techniques will be employed can be found in Table 2-3

below.
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Table 2-3 Summary of how each technique will be employed in the project.

Technique

Task

Optical fibre preparation

Used in Chapter 3 and 4 to prepare fibres for use as an optrode
sensor

Thin film deposition

Used in Chapter 3 to deposit silver-island films onto fibre tips
and a glass slide for characterisation. Used in Chapter 4 to
deposit films onto the fibre tips for use in a comparison study
for fibre optimisation.

SEM: Zeiss Chapter 3 to image silver-island films and determine
repeatability.
Chapter 5 to image bacteria impaled on black silicon.
SEM: Nova

Chapter 3 used to image black silicon for height and radius of
curvature measurements

SEM: Quanta 200

Chapter 5 used to image bacteria without destroying samples

TEM Chapter 3 to determine chemical composition of black silicon
needle tips
EDS Chapter 3 to determine dopants in the core and cladding of
optical fibres and to identify contaminants on black silicon.
XPS Chapter 3 to determine chemical species on black silicon and
silver-island film substrates.
AFM Chapter 3 to determine surface roughness and film thickness of
silver-island films
Thiophenol Chapter 3 and 4 used on silver-island films for characterisation
and comparison studies.
R6G Chapter 3 as a test analyte on gold nanoparticles to determine
biocompatibility of a SERS substrate
E. coli

Chapter 5 for incubating E.coli on black silicon to test a SERS
bacterial sensor.

Live/Dead staining and
fluorescence microscopy

Chapter 5 to check the live/dead state of bacteria after
incubation on black silicon

Raman spectroscopy

Chapter 3, 4, 5 to collect Raman spectra of analytes in either
the remote or direct configuration
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Chapter 3

Substrate Characterisation

This chapter investigates three potential methods for creating SERS substrates, namely
laser-ablated nanoparticles, OAD and black silicon. A range of characterisation
techniques were used to analyse the characteristics and performance of each substrate
including SEM, XPS, EDS, TEM, AFM and Raman spectroscopy. OAD was found to
provide the best combination of enhancement, ease of fabrication and reliability in the
context of SERS fibre probe development. The OAD procedure was analysed to
determine if it was accurate and reproducible when producing films on fibres mounted
on the custom block. The results provided confidence to complete further studies
focused on comparing different optical fibre platforms. Black silicon was found to have
a complicated chemical composition at the surface. It was also found to have very sharp
tips which make this substrate useful for bacterial sensing. Some of the results from this
chapter have appeared in International Journal of Nanomedicine [28] (Section 3-1),

Annalen der Physik [29] (Section 3-3) and Proceedings of SPIE [35] (Section 3-4).
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3-1 Laser-ablated nanoparticles

Gold nanoparticles with a size of 15 £ 10 nm were created using laser ablation by
colleagues in Pessac, France [28]. Ultra-pure laser-ablated nanoparticles were
considered for use as a SERS substrate as they are biocompatible (produced using ultra-
pure water) and do not require a citrate layer to stabilise each particle. Citrate is

cytotoxic and could produce its own Raman signal [27].

Initially a piece of silicon wafer, with dimensions of 1 % 1 cm, was cleaned using
some ethanol on a lint free tissue. Once the ethanol had evaporated, a drop of gold
nanoparticle aqueous solution was placed on the wafer and left to dry. Then a drop of
4.3 uM solution of Rhodamine 6G (R6G) in water was placed on the wafer and left to
dry. R6G was chosen as it is a common SERS active dye and as it is water soluble it

was used to mimic a biochemical analyte.

Viewing the sample under the microscope revealed a ring of gold around the
circumference of where the drop was placed on the wafer (Figure 3-1, Figure 3-2 ).
SERS was attempted on the gold band and other areas across the surface using 633 nm
and an 1800 I/mm grating; however no signal was obtained. SERS was attempted again
with the gold nanoparticles and R6G in aqueous form; however this also did not
produce any signal. Therefore, it was determined that a cross-linker would be required

to attach the nanoparticles to the silicon wafer and uniformly cover the surface.
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Figure 3-1 Optical microscope image of dried drop which was placed on surface.

Figure 3-2 Optical microscope image with increasing magnification of gold band formed when a drop

of gold nanoparticles dried on the silicon wafer surface

SERS samples were prepared using a mercaptosilane cross linker to attach the gold
nanoparticles to the oxidized surface of a silicon wafer. This was used to form an even
layer of nanoparticles on the surface and prevent highly concentrated groupings, thus
allowing reproducible measurements [72]. The silicon wafer was sonicated for
10 minutes in detergent Decon 90 (Bacto Laboratories Pty. Ltd.), rinsed with deionized

water and dried with pure nitrogen to ensure a clean surface prior to treatment. An oxide
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layer was then deposited onto the surface using an ozone machine. The wafer was
immersed in a 10 mM solution of 3-mercaptopropyl trimethoxysilane (95%, Sigma-
Aldrich) in ethanol (99.5%, Sigma-Aldrich) and allowed to functionalize overnight. The
wafer was rinsed thoroughly with ethanol and dried with pure nitrogen prior to
immersion in a solution of Au nanoparticles for 24 hours. The nanoparticles were
sonicated for an hour before immersion to resuspend them. The sample was then soaked
in a 4.3 uM solution of R6G in water for 15 minutes, after which it was rinsed with

deionized water.

SERS spectra were collected using an inVia Raman microscope (Section 2-10) with
an excitation wavelength of 632.8 nm and a holographic grating with 1800 lines/mm.
The power exciting the sample was approximately 0.4 mW. A 50% long working
distance lens (NA 0.5) was used for excitation and collection of spectra. The spectra
were collected with three acquisitions of 10 seconds each. Multiple spectra were taken

over the sample to assess reproducibility.

No agglomeration of colloidal nanoparticles was observed with an optical
microscope at a resolution of ~1 pm; if surface anchoring was not used, clustering of
Au nanoparticles occurred and was discernible under optical observation. Spectra were
analysed with Matlab (Math Works, Natick, MA, USA). The multiple reference and
R6G spectra were averaged. The averaged reference was subtracted from the averaged
R6G spectrum. However, due to a sample-induced change in the Raman background,
the reference spectrum was shifted and warped slightly to provide a close fit for the
subtraction. The background-corrected R6G data were smoothed with a Savitzky-Golay
filter using a window size of 15 and a third-order polynomial. This method of
smoothing is suitable as it minimally affects the shape and height of the peaks, yet

significantly improves the signal-to-noise ratio.
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Figure 3-3 (a) Comparison of SERS spectra obtained from gold nanoparticles treated with

mercaptosilane cross linker with mercaptosilane and R6G. (b) The same sample showing peaks for

4.3 uM R6G after subtracting the mercaptosilane background.
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The immobilized Au nanoparticles were expected to act as a SERS substrate [73].
When the nanoparticles were exposed to the R6G solution, the SERS spectrum clearly
showed the R6G signature peaks with a small shift from those in solution [74] at:

611 cm™ (614 cm™ in solution), 773 cm™ (774 cm™), 1124 cm™ (1129 cm™),

1185 cm™ (1183 cm™), 1312 em™(1310 cm™), 1364 cm™ (1363 cm™), 1506 cm’
(1509 cm™), and 1645 cm™ (1650 cm™) as shown in Figure 3-3a. Change of spectral
positions of the peaks by +(7—10) cm™' corresponds to 1.24 meV or 0.12 kJ/mol and is
expected for adsorbed molecules. The spectrum (Figure 3-3b) clearly reveals R6G and

demonstrates the feasibility of using laser-ablated Au nanoparticles for SERS sensing.

Unfortunately, even though it is feasible to use gold nanoparticles for SERS sensing
in general, it is not feasible to use them for weakly scattering biological molecules. The
cross-linker produces a strong Raman background signal which covers most of the
commonly used wavenumber shift range. This would swamp the signal from weakly
scattering biological materials. Combined with an optical fibre probe, where the signal
can be swamped from the silica core, it would be difficult to detect a signal from the
analyte. Also, the cross-linker could cause issues with biocompatibility. Therefore, laser
ablated gold nanoparticles are not considered suitable for optical fibre biochemical

sensing.

3-2 Oblique angle deposition

Oblique angle deposition has been used in conjunction with optical fibres to produce
optrode sensors [19]. This well-established technique promises to be reasonably
enhancing, reproducible and suitable for an optrode configuration. The repeatability of
the fabrication procedure was analysed and the surface characterised using a range of
techniques. The SERS repeatability was also examined in an effort to assure the
comparability of different samples. This provides necessary information for optical fibre

probe applications which appear in Chapter 4.

3-2-1 SEM analysis of repeatability

The fibres were prepared according to the procedure of Section 2-1. The films were

created using the Emitech evaporator to deposit 100 nm of metal at an angle of 86°
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(Section 2-2). The films were imaged in the Supra SEM to check film structure and
repeatability (Section 2-3-1). Figure 3-4 shows several examples of the 100 nm silver
films deposited using the OAD procedure on a batch of optical fibres. Each image is
from a different fibre in the batch and the similarity in microstructure demonstrates the
repeatability of the procedure. Unfortunately low magnifications were used due to
charging of the sample. As the silver film was not continuous on the glass fibre, charge
was not able to dissipate and consequently the charge built up on the surface and made

imaging problematic at higher magnifications.
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Figure 3-4 SEM images of 100 nm silver films deposited on multiple fibres
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The islands in Figure 3-4 can be described as randomly sized particles with an
average diameter of 40 £5 nm (12% RSD across the batch of fibres). The diameter was
determined using MATLAB to plot intensity values as a function of distance across
each image. The RSD between fibres is small, compared to other reported values
(Driskell et al. [75] obtained a RSD of 30% for similar structures using OAD), and this

shows the islands are reasonably repeatable.

3-2-2 Nominal and actual film thickness

The nominal film thickness as determined by the quartz crystal balance was 100 nm.
However, as the substrate was created with an 86° angle between source and sample, it
is well known [19] that the island thickness is much smaller. For the purposes of
characterisation of the silver-island film a more convenient substrate is required. Glass,
due to its similarity to the silica based optical fibres, is considered to be a suitable
substitute and is expected to produce a film of very similar microstructure and as such
was used in place of the optical fibre for some of the characterisation of the silver-island

thin films.

For an independent measure of film thickness, the silver film was deposited onto a
glass slide. The slide was sonicated in ethanol for 2 minutes. Three permanent marker
dots were placed along the slide. A 2 nm chromium adhesion layer was sputtered
directly onto a glass slide and then 100 nm of silver was evaporated at an angle of 86°.
The dots were removed with ethanol and then an AFM (Section 2-7) was used to
determine step height. The step height was determined by positioning the AFM tip near
the edge of the removed area. A line scan was used to measure from the film side to the
dot void (Figure 3-5). This provides a measure of the height difference between the film
and glass slide. It was determined that the height of the film, including Cr layer, was
17 = 3 nm. This thickness is suitable to allow for excitation in the remote configuration

[76].
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Agt+Cr film Line scan

Film removed

Figure 3-5 Diagram of AFM step height scan across film and void.

3-2-3 Surface roughness

To measure the surface roughness, the silver island films deposited on a glass slide
substrate were used. AFM, as described in Section 2-7, was not able to be performed on
a fibre tip as there is limited space under the probe to position a fibre accurately and due
to lateral fibre movement. Therefore the film deposited on the glass slide substrate was

used to determine surface roughness (Figure 3-6).

Figure 3-6 AFM images of glass slide with silver island film and a chromium adhesion layer.

AFM was performed ina 2 pm % 2 um grid to show the surface roughness of silver
island films. The AFM tip used is not able to recreate the exact topography due to its
size relative to the structures. However, a general representation of the roughness can be
visualised. Roughness values were obtained in Gwyddion analysis software where the

film has an average roughness of 1 nm and a peak to trough height of 5.5 nm. The
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difference in film thickness determined by step height (17 nm) and peak to trough

height (5.5 nm) is due to AFM probe tip limitations (size of probe tip compared to

nanostructure gaps).

3-2-4 Surface chemistry

The XPS system has a large collection area (400 pum spot) and a low magnification

camera which makes it unrealistic to attempt to collect spectra from a fibre. Therefore,

the OAD films on the glass slide were used instead. The flood gun was turned on for

this study as charging otherwise prevented useful signal from being obtained. This is

due to the very thin films that are not continuous and therefore not conductive. XPS was

performed as described in Section 2-6 and the results can be seen in the subplots of

Figure 3-7.
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Figure 3-7 XPS elemental plots for silver-island films with a chromium adhesion layer.

The XPS analysis of the silver island films (peaks fitted with Avantage data systems,

Thermo Scientific software) shows the presence of silver in its elemental form at
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374 eV and 573 eV [77]. There is a strong formation of Ag,O (368 eV and 532.3 eV
[78]) and Cr,O3 (530.7 eV [79], 586.6 eV and 576.4 eV [77]). The large presence of
Ag>0 does not necessarily mean that there is less metallic silver present. Metallic silver
is more likely to be buried under a layer of Ag,O where XPS is less sensitive. This is
also the case for Cr and Cr,Os. The main Ols peak (530.7 eV) is normally attributed to
oxygen [78] but can also be attributed to Cr,0Os [79]. The samples were stored in

nitrogen when not in use in an effort to limit oxidation.

Amorphous carbon (284.4 ¢V [80]) is also present with a contribution from C-Oy
(287.2 ¢V [81]). This indicates contamination of the surface. Carbon contamination is
unavoidable on any sample or surface. There are a few factors which can increase the
amount of carbon contamination and will be discussed in relation to the OAD procedure
(Section 2-2). The deposition system is kept vented which allows for contamination of
the chamber. The system must also be vented to change from sputtering to evaporation
mode which allows carbon to attach to the sputtered chromium before silver is
evaporated. There can be impurities evaporated off the silver when it begins to heat.
Therefore, the shutter was placed underneath the source for 1 minute to boil off any
contaminates prior to deposition. Samples were kept as clean as possible but

adventitious carbon contamination is unavoidable.

Raman spectroscopy was performed (Section 2-10) to determine if the surface
chemistry will produce background signals that could interfere with measurements. A
wavelength of 514 nm with a 2400 I/mm grating was utilised and the signal was
collected with a 20x objective (NA 0.4). Spectra collected on the surface of a fibre
before and after modification with thiophenol (Section 2-8-1) are shown in Figure 3-8
(normalised for acquisition time, all other parameters were consistent). It should be
noted that silver is not polarisable and should therefore have no Raman spectra. The fact
that a spectrum was obtained from the surface, as seen in Figure 3-8, indicates that the
surface has been contaminated. This is due to atmospheric carbon, which is consistent
with XPS results [82, 83]. Fortunately, after modification with thiophenol there is no
indication of the contamination. This is probably due to thiophenol bonding strongly

with silver and displacing carbon contamination. Silver contamination could be
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problematic with weaker bonding molecules or biological materials. Other substrates

should be investigated for use with these analytes.
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Figure 3-8 Top: Raman spectrum of as-produced silver thin-island film. Bottom: SERS spectrum after

functionalization with thiophenol.

3-2-5 SERS repeatability

The Renishaw inVia Raman spectrometer was used to determine the relative standard
deviation (RSD) between fibres. The fibres from Section 3-2-1 were prepared with
thiophenol as in Section 2-8-1 and were investigated using the Raman spectrometer as
described in Section 2-10. A wavelength of 514 nm was chosen as thiophenol and silver

may have a resonance near this wavelength [84]. A high resolution grating with
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2400 I/mm was used. A 20% long working distance lens (NA 0.4) was used for
excitation/collection. The exposure time was 10 s and three acquisitions were normally
acquired. The laser power at the sample was 0.1 mW. All data were normalised for the

laser power, exposure and acquisition time used during collection.

Ten measurements were obtained across the face of each fibre. The SERS signal was
quantified by taking the average intensity of the four major thiophenol peaks at 998,
1022, 1070 and 1572 cm™ The average was used in calculating the relative standard
deviation of a fibre. The relative standard deviation between different fibres was also
calculated (Table 3-1). These results indicate that the signal collected across a fibre face
is repeatable (among the best reported for random island films [76]) and comparable to

other fibres in the same batch.

Table 3-1 Relative standard deviation across single fibres and over the batch of fibres.

Fibre # Peak height RSD %
(counts/s/mW)

1 3272 11.0

2 3374 15.3

3 4055 5.6

4 3333 10.4

5 3685 4.1

6 3546 4.6
Batch of fibres 3544 8.2

3-2-6 Substrate SERS aging test

The lifetime of a probe is important as the longer a probe can work efficiently, the less
often probes are required to be replaced. The degradation of signal with age is also an
important factor in quantitative analysis. The fibres prepared and analysed in Sections
3-2-1 and 3-2-5 were stored for one month in a nitrogen cabinet. They were analysed
using the Renishaw inVia Raman microscope under the same parameters as well as

under a high confocal setting. The results can be seen in Table 3-2.
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Table 3-2 Silver island film analysis after one month of storage. The RSD and average peak height is

compared for standard and high confocal settings.

Fibre # Peak height RSD (%) Peak height RSD (%)
(counts/s/mW) standard (counts/s/mW) confocal
standard confocal
1 309 56 79 44
2 300 61 97 48
3 355 49 102 38
4 353 68 97 36
5 343 48 - -
6 256 50 - -
Batch of fibres 319 12 94 10

The relative standard deviation between fibres is larger after one month of storage
than when the fibres were freshly prepared (Table 3-1). The RSD is slightly larger in the
standard confocal mode compared to the high confocal setting. The overall intensity is
reduced to 10% after one month of aging. The intensity of the peaks is lower in the high
confocal setting compared to standard confocality. Using high confocal mode reduces
the number of out-of-focus rays reaching the CCD. The intensity of signal from the
analyte is also heavily reduced, which is detrimental to remote sensing probes,
especially if the analyte is a weak scatterer. The standard confocal mode benefits large
core projections, allowing more of the core area to reach the CCD. Therefore, standard
confocality is the preferable choice for optrode analyte detection. Storing fibres

significantly reduces signal intensity so it is preferable to use fresh fibres.

3-2-7 Summary of silver-island films as a sensing platform

The silver-island films were characterised for structure, surface roughness, surface
chemistry, SERS repeatability and aging. It was shown that the structures formed are
repeatable enough for the project’s purpose (RSD of 12% across a batch of fibres) and
that the SERS performance is also repeatable (RSD of 8.2% across a batch of fibres) but
deteriorates to 10% of originally intensity over time. The atmospheric carbon on the

surface is displaced when functionalising with thiophenol. Therefore, these films appear
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to be ideal for applications where SERS performance is to be compared across different

samples.

As mentioned in Section 1-6-3, access to the internal constituents of bacteria is
necessary for differential identification of bacterial species. Silver-island films are not
able to pierce bacteria and so the SERS interaction volume is limited to the cell wall.
Also, due to the strong carbon bands overshadowing weak analyte signal (common to
biological materials), biological applications are not advised with silver-island films and
so alternative substrates have been investigated for these applications (black silicon

needles and pyramids).

3-3 Black silicon needles

Black silicon with a needle-like surface structure was created using a dry reactive ion
etching technique (RIE) (Table 3-3) by colleagues in the Melbourne Centre for
Nanofabrication (MCN) [29]. It was desirable to characterise the needles in depth for
their structure and chemical composition prior to implementation as a SERS platform.
This was in an effort to understand the different structures that could be fabricated (see
also Section 3-4) and how the fabrication process affected the samples. SERS

applications using black silicon can be found in Chapter 5.

Table 3-3 Parameters for fabrication of black silicon needles.

Parameter Needles (MCN)
Instrument Oxford PlasmaLab 100
ICP380
SF; gas flow rate 65 sscm
O, gas flow rate 44 sscm
Process pressure 0.047 mbar
Power 100 W
Etching time 25 minutes

3-3-1 Needle structure

The Nova NanoSEM (Section 2-3-2) was used to collect SEM images of the needle

sample. The substrate shows promise as a highly enhancing SERS substrate due to the
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needle like protrusions from the surface (Figure 3-9). Unfortunately, the needles have
random tips being pointed, forked or multi-pronged. Also, it can clearly be seen that the
structures have different sizes and spacing in the micron scale and so positioning of the
focus can have a substantial influence on the excitation area. A typical microscope spot
size is approximately 1 pm in diameter. This area, depending on position, could include
mostly empty space, lots of prongs or a part of a prong and part empty area. This could
cause a large variation in signal for SERS measurements if signal strength is to be
compared. However, this should not have a large impact on bacteria as signal strength

comparisons are not as important as identification. Low signal to noise may be an issue

for biological samples.

Figure 3-9 SEM images of black silicon nanoneedles with top-down view (left) and with 20° angle

(right).

The radius of curvature of the tips of the needles was determined to be 5.4 + 1.6 nm.
This value was determined by measuring the sharpest point on a needle using ImageJ
(National Institute of Health, USA). This was completed for approximately 40 needles.
The height and width of the needles was also determined using ImagelJ by measuring
approximately 45 needles. The height of the needles is 4.1 £ 0.3 um and the width is
239 + 75 nm. This height is significantly larger than the diameter of E. coli and the tips
are reasonably sharp. Theoretically these structures should be able to pierce the bacteria,

although the bacteria are smaller than the gaps between the needles.
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200 nm

diserdered ordered

Figure 3-11 a) HRTEM image of a needle highlighting the section to be used for increased

magnification. b) increased magnification of a) showing ordered and disordered crystal structures.
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TEM was used to further investigate the structures (Section 2-4). TEM shows that
there is a coating which thins towards the tip (Figure 3-10). The HRTEM image (Figure
3-11) shows ordered and disordered crystal structures for an area that encompasses the
exposed needle and the coating. The ordered section is indicated by the presence of
lattice fringes whereas the disordered section appears as random structures. Further

analysis with EDS mapping can identify the elemental composition of these areas.

3-3-2 Chemical analysis

Elemental mapping was conducted using STEM mode and an EDS detector inserted in
the Jeol 2100F (Section 2-4). The elemental map can be seen in Figure 3-12 with a

STEM image of the needle and scans for Si, O and F (no other elements were detected).

I 250nm

1
250nm
Figure 3-12 STEM EDS map of needle tip.

EDS revealed that the needle has an oxide and fluoride coating on the base which
thins to reveal a silicon tip (Figure 3-12). Some oxygen is still present on the tip as it is
unlikely that silicon will remain pure when exposed to atmosphere. This is supported by
the HRTEM image (Figure 3-11) which showed lattice fringes on the thinned section of
needle indicating an ordered crystal structure (Si) and a disordered crystal structure for

the coating section (most likely Si0,). It is possible that etching with HF could remove
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the oxide layer from the main body of needle though this could add more fluorine in the

process. This could also alter the tip geometry and may not be beneficial to sensing.

Surface contamination was investigated using XPS as this technique is sensitive to a

wide range of elements and is able to determine chemical species. The samples were

mounted following the procedure in Section 2-6. The flood gun was turned on as

charging was deemed to be problematic during a test scan. A survey scan was used to

determine all elements present on the surface. Then high resolution scans for Si, C, S, O

and F were obtained as these elements were found to be present on the surface.

The presence of Si, S, C, O and F were all expected as these elements were

accounted for during the fabrication process. The high resolution scans of note can be

seen in the subplots (Figure 3-13). Sulphur is excluded as the intensity is relatively low

and no useful information was obtained from a high resolution scan.
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Figure 3-13 Subplots of elemental species analysis for black silicon needles using XPS.
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Each high resolution scan was fitted using Avantage to determine the locations of all
peaks contributing to the spectra. It is interesting to see the structure of silicon in high
resolution. The main peak positions indicate the presence of Si(99.4 eV) and a probable
overlap between SiO, [85] and SiF at 104 eV [86]. The sub peaks under silicon at
99.3 eV and 100 eV correspond to the 3/2 and 1/2 spin states respectively. The spins
under the SiO, + SiF peak are not able to be accurately discerned due to broadening of

the peak and the superimposed contributions of the oxide and fluoride species.

The largest contribution from the sample was found from the Ols scan where the
peak position (532.7) can be attributed to SiO, [77]. The atomic percentage (At. %) of
Si0; is 30 At. % from the Ols scan and 33 At. % from the joint SiO,/SiF peak, whereas
the atomic percentage of silicon in its elemental form is 28 At. % and the combined F-
O-Si peak is 2 At. %. This shows that the majority of the silicon is forming SiO, which
is consistent with the EDS mapping results in Figure 3-12 where only the very tip of

each needle was close to pure Si.

The fluorine scan revealed a F-O-Si peak centred at 687.1 eV which is comparable
with a similar silicon etching experiment conducted by Tomita et al. [87]. The carbon
scan revealed a graphitic/amorphous carbon peak (284.8 eV) with a small C-Oy
(287 eV) contribution. These carbon peaks have previously been reported in the

literature for fluorinated carbon species generated by use of plasma [81].

The XPS elemental species analysis has confirmed that the pure silicon needle
(28 At. %) is mostly covered in a SiO; layer (approximately 47 At. %). There is also
some contribution from SiF (approximately 17 At. %), F-O-Si (2 At. %),
graphitic/adventitious carbon (4.5 At. %) and C-Ox (1.5 At. %). It is interesting to note
that for this fabrication process graphitic carbon or adventitious carbon could form. To
ensure that this carbon is not problematic, the sample was investigated under Raman

spectroscopy.

Raman spectroscopy (Section 2-10) was used to check if the surface contamination
would affect the Raman background during sensing. A wavelength of 633 nm with an

excitation power of 9 mW at the sample was focused with a 0.4 NA objective. Three
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accumulations were collected and the data were then normalised for laser intensity,
accumulations and exposure time. As shown in Figure 3-14 the only background
generated by black silicon needles is silicon. Silicon is widely used as a reference to
calibrate Raman spectra due to its high intensity, narrow peak at 520 cm™. Usually, this
is the only peak that is visible due to its relatively large intensity compared to its second
order peaks. The second order optical [88] and second order acoustic peaks [89] can
become visible depending on the excitation wavelength used and the area of collection.
Black silicon has quite visible second order peaks as the needles create a larger surface

volume to be collected from.
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Figure 3-14 Black silicon reference showing sharp peak at 520 cm™ attributed to silicon. A restricted

Y range has been implemented to show second order peaks clearly.

The needles were also tested to determine if the surface was hydrophilic or
hydrophobic. The surface had a contact angle of 91° (droplet shown in Figure 3-15)
which is classed as a hydrophobic surface (hydrophobic is a contact angle > 90°). This
could be due to the high-aspect ratio needles or perhaps the surface chemistry of the

sample.
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Figure 3-15 Contact angle measure for black silicon needles.

3-3-3 Summary of black silicon needles

The black silicon needle sample has been characterised for structure and chemical
composition. It has been shown there is a Si0; layer covering the majority of the needle
along with an F-O-Si and SiF contribution. The very tip of the needle is mostly Si with
a very thin oxide layer on the outside. Regardless of the complex surface chemistry, the
Raman background is dominated only by silicon. This should result in background-free
measurements for the majority of the fingerprint region though care should be taken
around 520 cm™ to avoid saturating the detector. The needle surface had a contact angle
of 91° which is classed as a hydrophobic surface. It is uncertain whether if this large
contact angle is due to the high-aspect ratio or the surface chemistry. This could pose

problems in sensing due to attachment of bacteria which prefer a hydrophilic surface

[90].

As mentioned in Section 1-7-2, bacterial impalement is critically important in SERS
for differential identification of bacterial species. The high aspect-ratio of the black
silicon needles should be able to [71] completely pierce the bacteria and allow access to
the internal constituents. However, the hydrophobicity of the surface may inhibit

attachment. The effect this will have in biological sensing will be tested (see Chapter 5).
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3-4 Black silicon pyramids

Black silicon pyramids [35] were created by colleagues in the NanoLab at Swinburne as
an alternative to the needle structures created in MCN. Table 3-4 shows the parameters
used for the pyramid structures and the needle structures for comparison. As chamber
geometries varied between instruments, different flow rates and pressures were
experimented with when fabricating the black silicon pyramids. RIE was assisted by
inductively coupled plasma (ICP) for fabrication of pyramidal black silicon. The
pyramid structure was determined to have potential as a SERS platform and thus was
characterised for comparison with the MCN sample. It was desirable to characterise the
pyramids in detail for their structure and chemical composition prior to implementation
as a SERS platform. This was in an effort to understand the different structures that
could be fabricated and how the fabrication process affected the samples. SERS

applications using pyramidal black silicon can be found in Chapter 5.

Table 3-4 Parameters used in fabrication of black silicon pyramids and needle structures for

comparison.
Parameter Pyramids (NanoLab) Needles (MCN)
Instrument RIE-101iPH (SAMCO Inc.) Oxford PlasmalLab 100

ICP380

SF; gas flow rate 35 sscm 65 sscm

O, gas flow rate 45 sscm 44 sscm
Process pressure 0.01 mbar 0.047 mbar
Power 15 W RIE 100 W RIE

150 W ICP

Etching time 15 minutes 25 minutes

3-4-1 Pyramid structure

The Nova NanoSEM (Section 2-3-2) was used to view the structure of the black silicon
pyramids top-down and at an angle of 20 degrees. The top-down view (Figure 3-16)
shows “cloud-like” structures sitting on top of the pyramids. The pyramids appear to be
more closely packed than the needle structures, though there are still areas where two

peaks join so it appears that there are multiple tips on some pyramids.
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Figure 3-16 Top down view of black silicon the NanoLab sample. Cloud-like structure can be seen on

the tips of pyramids.

Tilting the sample to 20 degrees provides a clearer view of the pyramid structure and
the “cloud” structures (Figure 3-17). It is clear from these images that the NanoLab
black silicon has a pyramid structure which is closely packed and in some cases two
pyramids are not completely separated. Unfortunately the “cloud-like” structures
contaminating the surface are widespread and would be problematic for SERS sensing.
Measurements obtained may not be reproducible as the nanoscale roughness
contributing to the SERS effect would be significantly different if the objective was
aligned and focused on a cloud structure, on bare pyramids or in between. Sample
cleaning was attempted using sonication in ethanol but this was ineffective. Sample
cleaning was also attempted with oxygen/hydrogen plasma but this did not remove the

“cloud-like” structures either.
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Figure 3-17 Black silicon pyramids at a 20 degree angle to better visualise the “cloud-like” structures.

The radius of curvature of the tips of the pyramids was determined to be 10 + 2.4 nm.
This value was determined by measuring the tip of the pyramid using ImageJ. This was
completed for approximately 40 pyramids in a contaminant-free zone. The height and
width of the pyramids was also determined using ImageJ] by measuring approximately
30 pyramids. The height of the pyramids is 185 + 30 nm and the full width half
maximum is 54 = 10 nm. This height is significantly smaller than the diameter of an E.
coli cell (500 — 800 nm). Gold coating the sample with 200 nm of gold increased the
height to approximately 300 nm but this still smaller than E. coli. Thicker gold coatings

produced a continuous film which is not suitable for SERS [35].

The pyramid structure is quite different to the needles created at MCN. However, it
is possible that there is also an oxide layer on the outside and inside is a sharp silicon
needle. This could be easily proven with TEM if the samples were suitable. However
the samples were not suitable for TEM analysis as the pyramids tended to agglomerate
and TEM is only viable for thicknesses less than 100 nm. Milling them to a suitable
thickness would result in damage due to their small size. Unfortunately the internal

structure of the pyramids could not be determined in this study.
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3-4-2 Chemical analysis

The Nova NanoSEM (Section 2-3-2) was used to create an elemental map of the
pyramid sample in an effort to identify the distribution of elements across a section
which was populated with clear tips and cloud-covered tips. The map can be seen in
Figure 3-18. The elements detected included silicon, oxygen, fluorine and aluminium.
The cloud-like contamination in the SEM image appears lighter in colour than the bare
pyramids. Fluorine is mostly concentrated on the contaminated areas. There is a slight
increase in the concentration of aluminium on the clouded area as well. Silicon and
oxygen do not exhibit a discernible difference across the area. In order to determine the

species fluorine and aluminium are forming, XPS analysis was performed.

SEM image

Figure 3-18 Elemental mapping of black silicon pyramids.

XPS (Section 2-6) was used to determine the chemical species present on the black
silicon pyramids. A survey scan was undertaken to determine which elements were
present. Higher resolution scans were then completed for Si, F, O, Al and C (Figure
3-19). The oxygen scan was omitted in the subplot as it had the same position and shape
compared to the oxygen peak of the needles (Figure 3-13) as well as almost identical

atomic percentages (29 At. % for pyramids compared to 30 At. % for needles). There is
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aluminium present on the pyramids which was absent on the needles. The presence of

aluminium can be explained by the use of two holders inside the etching chamber made

of AL,O;s. It is possible that Al molecules were etched and settled on the surface of the

silicon during the etching process.
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Figure 3-19 Subplots of potential chemical species identification of black silicon pyramids using XPS.

The silicon high resolution scan has the same peak positions as for the needle

sample; however, the pyramid sample has a different Si:SiO, +SiF peak ratio. This
could indicate a higher percentage of SiF formation which shares the same peak
position as SiO; [86]. Also, the atomic percentages of Si (17.2 At. %) and SiO, +SiF (20
At. %) are significantly lower (approximately 10 At. % less) in the pyramid sample
compared to the needle sample. Any difference in signal intensity between the two
samples needs to be considered in terms of microstructure differences. The high-aspect
ratio needles will have less sample volume available for XPS compared to the small-

aspect ratio pyramids which are also closely packed. Considering the needles are 4 um
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tall, it is clear that photoelectrons from the base of the needle would be blocked by the
tips. Therefore it is difficult to make accurate comparisons between the two samples due
to sample volumes available for collection. Nonetheless, due to the greater volume of
silicon exposed to the beam in the pyramid sample it was expected that the silicon
signal would be higher. However, due to the widespread surface contaminants, it is

possible that the signal is being skewed towards the composition of the contaminants.

The atomic percentage of the F-O-Si peak (16.3 At. %) is significantly larger than
that of the needle sample (2 At. %). There is also a contribution (0.8 At. %) from F-Si
(684.5 eV) which was absent on the needle sample but is common for this sort of
fabrication process [87]. Again, it is difficult to accurately compare signals from the two
samples due to the sampling volume. However, the significant presence of F-O-Si can
be partially explained by the prevalence of the surface contaminants which fill a large

portion of the available sampling volume on the pyramids.

Fluorine was also found forming AlF; (75.7 eV [77]) which can be explained by the
etching gas interacting with an unused aluminium holder and forming AlF; which has
bonded to the surface. AlF; is contributing 8 At. % of the surface chemistry in the
pyramid sample but is missing from the needle sample due to a different chamber set up

which does not require the second holder to remain inside the chamber.

The carbon scan revealed identical peaks for graphitic carbon/amorphous carbon and
C-Ox (4.4 and 1.4 At. % respectively) with a small (0.7 At. %) addition of a C-Fx
species (289.4 eV) [81]. This suggests that increased levels of fluorine may allow the

formation of this carbon species from adventitious carbon in the chamber.

The XPS analysis has determined that the “cloud-like” structures are most likely due
to the formation of AlFs, F-O-Si, F-Si and C-F. This contamination is widespread and
contributes to the majority of the signal, swamping signal from the silicon structures.
Raman spectroscopy was performed to check if the contaminants produced any
background signal. The same parameters were used as in Section 3-3-2 and as can be

seen (Figure 3-20) the only contribution is from silicon.
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Figure 3-20 Black silicon pyramids tested under Raman showing a sharp peak at 520 cm™ that was

attributed to silicon and two second order silicon peaks.

The contact angle for the pyramid structures could not be measured as the drop
immediately dispersed once it touched the surface. Therefore it was determined that the
contact angle was zero and that the pyramid sample is hydrophilic (0-90° contact angle)

which may prove beneficial for biological sensing.

3-4-3 Summary of black silicon pyramids

The black silicon pyramids were randomly covered in large areas of “cloud-like”
contamination. The contaminants were not able to be removed using standard sonication
or plasma cleaning methods. They were however identified using a combination of EDS
mapping and XPS. The contaminants formed are AlF;, F-O-Si, F-Si and C-F. The
sample exhibited strong hydrophilic behaviour which may be beneficial for biological
sensing. The tips of the pyramids are not as sharp as the needles and they have a small
aspect-ratio. The hydrophilic surface should be favourable for bacterial attachment [90];
however the small aspect-ratio pyramids may not be able to completely impale the
bacteria. This will affect the depth of penetration of the SERS active hot-spots inside
bacterial cells and may not allow for differential identification of bacterial species. The

effect this will have in biological sensing will be tested (see Chapter 5).
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3-5 Conclusion

This chapter has investigated three different substrates and their suitability for

application based SERS. A summary of the substrates and properties has been provided

in Table 3-5 below.

Table 3-5 Summary of SERS substrates favourable properties and limitations.

Substrate

Favourable Property

Limitations

Laser-ablated nanoparticles

Require cross-linker to attach
to substrate harming
biocompatibility; and

Strong cross-linker bands in
fingerprint region.

Silver-island films

Reproducible
structures;

Low RSD;

Allows remote
excitation;

Can be deposited
directly onto a fibre
tip;

Suitable for optrode
devices; and
Suitable for
comparison studies.

Strong carbon background
would swamp biological
analyte signals; and

Thin films not able to
penetrate bacteria so SERS
would only originate from
cell wall.

Black silicon needles

High aspect ratio and
sharp radius of
curvature should
pierce bacteria;

Only silicon
background Raman;

Hydrophobic surface may
not be amenable for bacterial
attachment;

Opaque so not suitable for
remote excitation;

Requires imprinting into a
curable layer on a fibre tip to
create probe.

Black silicon pyramids

Hydrophilic;
Only silicon
background Raman.

Small aspect ratio may not
pierce bacteria completely;
Pyramids covered in
contamination;

Opaque so not suitable for
remote excitation;

Requires imprinting into a
curable layer on a fibre tip to
create probe.

Laser-ablated nanoparticles appear unsuitable for most real world applications due to

the strong cross-linker bands covering most of the fingerprint region. The cross-linker
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also harms the bio-compatibility of this substrate and therefore the nanoparticle

substrate was not investigated further.

The silver-island films created by OAD were successfully fabricated on the tips of
optical fibres. A strong signal from atmospheric carbon was observed though it was
displaced when functionalising the tips with thiophenol. This substrate would not be
suitable for use with biological samples because of the strong atmospheric carbon signal
and it is not able to pierce bacteria. However, the films were shown to be reproducible
and the SERS signal has a relatively low RSD between samples. Therefore, the OAD
technique is suitable for a study which compares signal strength between different
fibres. The low RSD imbues confidence in the comparability of results obtained from
different samples. The silver island films will be used as they are sufficiently thin to
ensure that sufficient laser power will excite the sample in the remote configuration.
Standard confocality is preferable as the slit does not limit the core projection onto the
CCD. Standard confocal is also beneficial as more signal from the analyte is able to
reach the CCD. These findings will be useful for a study optimising signal collection
from an optrode sensor. Therefore, silver-island films will be exclusively used in the
comparison study (presented in Chapter 4) to determine which fibre parameters are

required for an efficient remote sensor probe.

The two black silicon samples show promise as potential bacterial sensors due to
their sharp tips and spikey structures. The surface chemistry did not contribute to any
unwanted Raman bands; however, it is uncertain how the chemistry will affect bacterial
attachment and growth on the surface. The contaminants were not able to be removed
and so application based testing with bacteria will need to be performed to examine the
effect these “cloud-like” structures have. The difficulties in fabricating an optrode
sensor using black silicon as the SERS substrate precludes black silicon from being

assessed as part of the optrode optimisation study (Chapter 4).
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Chapter 4

Optimising Optical Fibres as Probes

A range of optical fibres with surface-enhanced Raman scattering functionalized tips
have been evaluated for use as micro-scale sensing devices. In order to optimize the
sensitivity of the optical fibre probe, the relationship between SERS intensity and
different fibre parameters was investigated. Parameters of interest include numerical
aperture, core size, mode structure and core material as well as the numerical aperture of
the microscope objective. In order to provide a consistent SERS substrate to control for
differences between fibres, silver-island films were utilised as they can be fabricated
with ease and provide a repeatable and reproducible substrate (low RSD between fibres,
see Chapter 3). Pure silicon is opaque to 514.5 nm excitation wavelength which
prevents the use of black silicon as a remote SERS substrate. Some of the material from

this chapter has appeared in Applied Optics [91].
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4-1 Test parameters

Ten different commercial fibres were compared as they are easily available and
relatively low cost. The fibres had a range of different core sizes, NAs and V-numbers
as shown in Table 4-1 which are based on the manufacturer’s specifications where
available, or data on the spool. The V-numbers at 514 nm were calculated from the NA

and core diameter [36].

Table 4-1 List of fibres tested where (m) is a measured value.

Fibre ID NA Solid Core Diameter V-Number
Angle (sr) (num) (at 514 nm)
S405 0.12 0.04 3.3 2.4
Hi 1060 Flex 0.14 0.06 3.4 2.9
780HP 0.13 0.05 4.4 3.5
Hi 980 0.21 0.14 3.5 4.5
Pure Silica Core 0.10 (m) 0.03 7.6 (m) 4.6
F-SBC 0.16 0.08 6.6 (m) 6.4
SMF28 0.14 0.06 8.2 7.0
SM1500 0.30 0.29 4.2 7.7
MMF 0.195 0.121 50 60
MMF 0.272 0.237 62.5 103

The dopants were determined by performing EDS (Section 2-5) on each fibre as this
information was not in the specifications provided by the manufacturer. Each fibre
listed in Table 4-1 was investigated with EDS using the Philips XL30 to determine the
composition of the core and the cladding. Unfortunately, the instrument has a boron
window and so if the cladding was doped with boron (a common cladding dopant) it
would not appear on the spectrum. Two fibres were found to have a pure silica core but
there was no detectable cladding dopant. There is a possibility that boron, or perhaps
fluorine, is present. A fluorine peak would be very close to the strong oxygen peak and
if the percentage is small in comparison it may not have been detected. Two fibres had a
visible trench surrounding the core. The detected elements for all fibres are shown in

Table 4-2 where the percentages are quoted as atomic percent.
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Table 4-2 Composition of core for each fibre measured in atomic % with the Philips XL30 SEM in

EDS mode.
Fibre ID Core Composition
S405 Pure SiO,
Hi 1060 Flex Si0,-GeO,
Ge: 4.3%
Ge in trench: 2.2%
780HP Si0,-GeO,
Ge: 2.1%
Hi 980 Si0,-GeO,
Ge: 4.6%
Pure Silica Core Pure SiO,
F-SBC Si0,-GeO,
Ge: 4.2%
Ge in trench: 0.7%
SMF28 Si0,-GeO,
Ge: 1.8%
SM1500 Si0,-GeO,
Ge: 7.9%
MMF50 Si0,-GeO,
Ge: 6.9%
MMF62.5 Si0,-GeO,
Ge: 13.1%

Four different NA and magnification microscope objectives were used in order to
test the dependence of solid angle on collection efficiency for each fibre. The objectives

are listed in Table 4-3.
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Table 4-3 Microscope Objective Specifications.

Magnification NA Solid Angle (sr)
5 0.12 0.04
10 0.25 0.20
20L 0.40 0.52
50L 0.50 0.84

4-2 Procedure

4-2-1 Fibre probe design

The single-ended optrode approach does not allow the fibre Raman background to be
filtered out [37]. Therefore short fibre lengths of about 25 mm were used in this study to
minimize the background. These short lengths are of interest for transcutaneous
biosensing [92]. Each of the test fibres shown in Table 4-1 were prepared and glued to
the test block as described in Section 2-1 (Figure 4-1 shows mounting and sensing

geometries).

Direct Remote

SERS active
tip A
Y

SERS active tip

Figure 4-1 (a) Samples and mounting block, showing the brass shim used to bend the fibres. (b) Direct

and remote sensing configurations.

Modes can propagate in the core and cladding of a fibre; however cladding modes

are normally undesirable as they are difficult to control. The polymer jacket surrounding
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the cladding is designed to attenuate any modes that start to propagate in the cladding.
Unfortunately, as the jacket is stripped from the fibres used in this work, cladding
modes are not adequately suppressed and can cause significant uncertainty in terms of
coupling efficiency [93]. Therefore index matching gel (Thorlabs, G608N, np = 1.4646
at 25 °C) was placed along the length of each fibre to remove the cladding modes.
However, this was not successful in stripping all of the cladding modes, as the index
matching gel does not exactly match the refractive index at the SERS excitation
wavelength (514 nm). A thin sheet of metal (brass shim, 0.2 mm thickness) was slipped
underneath the coated end of the fibres, providing an angle larger than the critical angle
in order to suppress total internal reflection in the cladding. The required bend angle
was determined by inspection of the transmitted light patterns. These efforts ensured
that the substrate was uniformly excited and allowed reliable comparison of different

fibre types.

4-2-2 SERS substrate fabrication

Silver-island films produced by OAD were utilised for the SERS-active tip of the test
fibres. The films were fabricated as described in Section 2-2. Note that this substrate
fabrication process was chosen to ensure good repeatability between samples (Section
3-2-5), rather than to achieve the highest possible SERS signal. Increased signal levels
can be obtained in thicker nanorod films [19], but at the cost of reduced transmission in
the remote geometry [76]. A number of more highly enhancing substrates are available
for future development of the probes [15, 94-96]. The tips were functionalised with
thiophenol (Section 2-8-1) as it is known to form stable and reproducible self-assembled

monolayers on silver [19, 51].

4-2-3 Experimental setup

A Renishaw inVia Raman microscope was used for coupling, NA testing and collecting
SERS spectra of the test analyte (Section 2-10). The stage has a hollow section where a
microscope slide can be mounted. The block (Figure 4-1a) was carefully placed on the
slide, allowing the fibres to protrude off the edge. When the laser light was coupled, the
transmitted light pattern could be observed underneath the stage. Visual inspection of

the transmitted light assisted in achieving reproducible coupling to each fibre.
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The spectrometer was operated with an excitation wavelength of 514.5 nm, a
holographic notch filter and a 2400 I/mm grating. The slit width was set to 65 pm,
which is a relatively relaxed setting compared to the confocal setting of 20 um. A range
of microscope objectives were used to couple light into the fibre (see Table 4-3).
Spectra were acquired for three accumulations of 10 s. All spectral data have been
normalized for excitation power at the SERS substrate and exposure time. For the
remote measurements, the excitation power was inferred from measurements of the
power transmitted through uncoated fibres. Laser powers in the range 1-5 mW were

used, depending on the particular objective and fibre background signal levels.

4-3 Cladding mode elimination

The transmitted mode pattern for each fibre was investigated before and after applying
index matching gel and introducing a bend greater than the critical angle. Some
examples of the results are shown in Figure 4-2. The mode structure was similar for all
objectives; the size of the pattern changed with different magnifications, but otherwise
the pattern was very similar. The examples shown here were chosen as they produced
the clearest images when photographed. It was challenging to photograph the cladding
modes as there is limited space beneath the stage. A tripod was used so the camera was
always in the same position. Identical camera settings were used to photograph the
modes. Settings had to be chosen so the majority of images were able to be seen without
oversaturating the camera. The clearest images which portray the general mode

structure for each fibre investigated are shown in Figure 4-2.

In general there was a significant improvement in mode pattern after mode stripping
and in most cases the cladding modes completely disappear, as demonstrated by the
lack of circumferential interference fringes after mode stripping. The improvement was
particularly significant for the small core fibres but there was no noticeable difference in
the coupling pattern for multimode fibres. Therefore, it is prudent to remove the

cladding modes in single mode fibres if reproducibility is desired.

The mode intensity profile simulation of SMF28 shown in Figure 1-9 is the same as

that observed after stripping the fibre of cladding modes. This confirms that the stripped
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mode pattern is the correct modal structure for SMF28 under normal operating
conditions (lengths of greater than 1 m) when using a short wavelength such as 514 nm.
As the fibres were used when the cladding modes were stripped, it is unnecessary to

delve into a complex modelling of cladding modes.

Fibre Before stripping After stripping
/NA

Obj/NA

SM1500
/0.3

10/0.25

Si0O,
/0.1

20/0.40

S405
/0.12

10/0.25
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HI1060
Flex
/0.14

10/0.25

F-SBC
/0.16

10/0.25

MMFs5,
/0.20

50/0.5

780HP
/0.13

10/0.25
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HI980
/0.21

10/0.25

SMF28
/0.14

10/0.25

MMF¢,
/0.27

10/0.25

Figure 4-2 Examples of projected mode patterns before and after stripping the cladding modes for
different fibre/NA, objective/NA combinations. The patterns appear oval as the camera was positioned
obliquely due to space constraints. Also note the angle and size difference in before and after images

which is due to the bend in the fibre needed for mode stripping. A scale bar is shown in the final image.
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4-4 Fibre probe performance

4-4-1 Direct SERS signal

Prior to remote probe analysis, the direct intensity obtained from the end of the fibre tip
as a function of solid angle should be checked to ensure that it follows the linear
progression as expected for these silver-island films [97]. As shown in Figure 4-3 the
direct intensity does indeed follow a linear relationship with increasing solid angle. The
linear fit (R? value of 0.98 indicates that a linear relationship is a reasonable
assumption) demonstrates isotropic scattering. This provides confidence that any non-
linearity or variation in NA dependence observed in the remote geometry is influenced
by the NA and core size of the fibre in question, rather than any anisotropy in the SERS

signal.
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Figure 4-3 Direct SERS trend with linear fit (error bars are smaller than data symbol when not

visible).

4-4-2 Subset of four fibres analysis

Initially four fibres were compared for simplicity. SM 1500, S405, SMF28 and
MMF62.5 were chosen as they provided an example of each type of fibre. SM1500 is

single mode with large NA, S405 is single mode with pure silica core and small NA,
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SMF28 is single mode, Ge doped with small NA and MMF62.5 is multimode with large

core and large NA.
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Figure 4-4 Comparison of remote measurements for a sub-set of four fibres. The lines show the main
thiophenol SERS peaks and the arrows show the most intense silica band. These peaks were used to

quantify probe performance.

The spectra which exhibited the largest SERS signal are shown for each fibre in
Figure 4-4. The SERS signal was quantified by taking the average intensity of the four
major thiophenol peaks at 998, 1022, 1070 and 1572 cm™ (indicated by the dashed lines
in Figure 4-4). Although different SERS peaks may in general be subject to different
levels of enhancement, no significant changes were observed in the relative peak
heights under the conditions of these experiments. This observation is in keeping with

previously reported SERS studies of metal-bound thiophenol [96]. Thus the average
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intensity value is regarded as a satisfactory measure of the overall substrate
performance. The fibre Raman background was quantified by taking the peak intensity
of the broad silica peak at about 430 cm™ (arrows in Figure 4-4). Insets with a
magnified intensity scale have been used to highlight the main thiophenol peaks for
each fibre. The magnified scale also highlights the fibre background in this range,
including some additional peaks (e.g. 1156 cm™ in SMF28 and 1590 cm™ in S405) that

have been attributed to the glass dopants.
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Figure 4-5 Average intensity of the thiophenol SERS signal measured in the remote configuration

where error bars are generally smaller than the data symbols.

In order to compare the basic performance of each fibre as a probe, the average
intensity of the remote SERS signal is plotted as a function of solid angle in Figure 4-5.
SM1500 delivers the largest SERS signal and shows that the intensity increases as a
function of solid angle. According to Equation (1-15), the signal would generally be
expected to become constant once the objective collection angle is larger than that of the
fibre. However, it is known that the mode structure can take up to 50 m to stabilize [22],
so it appears likely that the effective NA of these short sections of SM1500 fibre is
higher than suggested by the specifications in Table 4-1.
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The other fibres exhibit a more complex relationship, with the SERS signal peaking
at intermediate collection apertures before dropping slightly for the largest collection
angle studied here. MMF62.5 provides the lowest signal level for the largest collection
angle. This can be understood in terms of the area factor in Equation (1-15), (a/p)’ since
MMF62.5 has the largest core size of all of the fibres considered here. The size of the
entrance slit projected onto the fibre core is smallest for the highest magnitude
microscope objective, which corresponds to the largest solid angle. In contrast, the

small core fibres are mainly influenced by NA matching.
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Figure 4-6 Ratio of SERS signal to fibre Raman background.

Perhaps the most important feature of a probe is to have a high ratio of SERS signal
to fibre Raman background. This is indicative of the background noise level that the
fibre introduces to the SERS signal. According to this measure, SMF28, as seen in
Figure 4-6, has the highest ratio and therefore the best overall performance of the four
fibres. This good performance of SMF28 is largely due to the relatively low intensity of
the glass Raman spectrum, while the intensity of the SERS signal is comparatively
constant with solid angle (Figure 4-5). It has previously been reported that high NA
fibres capture more of the Raman scattering generated within the core [54]. However,

the high NA fibres should also capture more SERS signal from the tip, leading to no net
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disadvantage. Therefore the increased background of the high NA fibres may be due to
increased levels of Raman scattering from the more highly doped cores. This
explanation is indirectly supported by the fact that the glass spectra of the high NA
fibres (MMF62.5 and SM1500) are quite different to SMF28 and S405 (Figure 4-4),
which are themselves very similar to pure SiO, [98]. It should be noted that the fibre
background is highly fibre dependent. Motz et al. [50] reported that some low NA fibres
exhibited high fibre background due to the doping in the cladding.
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Figure 4-7 Ratio of remote to direct SERS intensities where error bars are generally smaller than the

data symbols.

The ratio of remote to direct SERS (Figure 4-7) gives an indication of how much
signal is lost or gained when performing a remote measurement through the fibre, as
opposed to a direct measurement from the SERS substrate. With close NA matching,
each fibre delivers a higher signal in the remote situation than in the direct geometry.
This phenomenon has recently been explained in terms of an additional enhancement
for the near field amplitudes that occurs due to Fresnel reflection and transmission at the
interface [53]. SMF28 (low NA fibre) has the highest intensity when NA matching and
the intensity drops at high objective NA where there is poor NA matching. However,

with SM1500 the ratio remains around 1 (or higher) due to a smaller mismatch with the
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high NA objectives. SM1500 has the highest capture efficiency and encouragingly
SMF28 (highest signal to background ratio) has an efficiency of approximately 1.5 at
the lowest collection angle. S405 follows the same trend as SMF28, although it has
slightly lower remote intensities (Figure 4-5). Once again, MMF62.5 performs poorly at
high collection angles due to a poor matching of the source and slit areas, in keeping

with Equation (1-15) and previous results [51].

4-4-3 Selective comparison of similar fibre types

Now a selective comparison will be presented of similar fibre types to the four

discussed so far.
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Figure 4-8 Selective comparison for single mode, large NA fibres SM1500and HI980 where error bars

are smaller than the data symbol when not visible.

In Figure 4-8 two single mode large NA fibres are compared, SM1500
(0.3 NA/0.29 sr) and HI980 (0.21 NA/ 0.14 sr). Due to the short lengths of fibre it can
be speculated that the fibres are able to support higher order modes than their
specifications suggest. It appears that the higher NA fibre (SM1500) does this to a
greater extent, leading to an overall increase in intensity as the collection aperture is

increased. The smaller NA fibre (HI980) peaks in intensity at 0.52 sr, which indicates
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that this fibre is also supporting higher order modes, but to a lesser extent. If the fibres
were performing to specification, it would be expected that the peak in intensity would

occur when the collection aperture and fibre NA matched.
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Figure 4-9 Selective comparison for pure silica core fibres s405 and pure silica.

A selective comparison for pure silica core fibres was undertaken for S405
(0.12 NA/0.045 sr) and for the fibre designated as pure silica core (0.10 NA/0.031 sr).
The comparison (Figure 4-9) shows a peak in intensity at 0.52 sr, indicating the
presence of higher order modes. The behaviour of the two fibres is similar due to
similar characteristics such as core material and NA. The core of the pure silica fibre is
larger; however, due to the larger slit opening the signal is not restricted and so
performance differences are not drastic. Slight differences in performance could be due

to slightly different levels of higher order modes being supported.
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Figure 4-10 Selective comparison for single mode low NA fibres HI1060flex, F-SBC, 780HP and
SMF28.

A selective comparison for single mode low NA fibres was undertaken for HI 1060
flex (0.14 NA/0.06 sr), F-SBC (0.16 NA/0.08 sr), 780HP (0.13 NA/0.05 sr) and SMF28
(0.14 NA/0.06 sr). The results (Figure 4-10) show that all of the small NA fibres have a
peak in intensity at 0.52 sr, except for F-SBC which peaks at 0.2 sr. F-SBC could be
exhibiting different behaviour due to different cladding dopants. It was not possible to
check the cladding dopants with EDS so it is conceivable that F-SBC differs in this
regard. It should also be noted that while conducting EDS a trench cladding surrounding
the core was visible. There was a low Ge content in this region indicating other dopants.
Whereas HI 1060 flex, which also has a visible trench, has a high Ge content in the
trench so it is unlikely this area has been doped. These differences could account for the
lower saturation point for F-SBC. It is unclear why SMF28 out performs other fibres in

its class.
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Figure 4-11 Selective comparison for multi-mode, large core and NA fibres MMF62.5 and MMF50.

A selective comparison for multi-mode fibres 50 (0.195 NA/0.121 sr) and 62.5
(0.272 NA/0.237 sr), which both have large cores and NAs, was undertaken. The results
(Figure 4-11) show a peak in intensity at 0.2 sr, then a dramatic drop of intensity for
both fibres. These low intensity counts at larger apertures could be due to under-
sampling of the core. Even though MMF62.5 has a larger core, the distribution of
intensity is not uniform with the concentration of intensity being in the centre. Coupled

with its larger NA, MMF62.5 is able to outperform MMF50.

4-5 Renishaw set-up considerations

The Renishaw inVia Raman spectrometer is purpose-built for high spatial resolution
spectral mapping. Therefore, it is important to note that the system is optimised for the
50x microscope objective. It was advised that the machine can also function with the 20
and 100x objectives. However, the 5 and 10% objectives are not normally used and the
system is not necessarily optimised for these low magnifications. This could be causing
the deviation from theory (max intensity at an objective NA larger than fibre NA)

observed in the results and requires further investigation.
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The collection area was determined for each objective by using a depth profile of
silicon. The results are shown in Figure 4-12. The 20 and 50x objectives follow the
expected trend for confocal optics, where intensity peaks when the surface coincides
with the focal plane and then decreases with depth in a Gaussian fashion. The 5x
objective has the same intensity regardless of depth and the 10x objective intensity
increases steadily where the highest measured intensity was at 40 um above the Si wafer
surface. These results show that the system exhibits good confocality when using the 20
and 50% objectives whereas the spectrometer has not been optimised for confocality
when using the 5 and 10x objectives. This design adds uncertainty to interpretation of
fibre performance. A full understanding of the fibre-Raman setup would be needed for

optimising the system.
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Figure 4-12 Comparison of depth profiles for 5, 10, 20, 50 x microscope objectives

There is also uncertainty caused in quantifying NA as the rear apertures (see Figure
4-13) of the microscope objectives are not always entirely filled by the laser beam,
which will alter the way the light is focused into the fibre core. The laser beam diameter
was measured without an objective in the system and then the objective rear apertures

were measured. The results in Table 4-4 show that only for the 50x objective does the
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laser completely fill the aperture. The 20 objective is slightly under-filled which
accounts for its reasonable profile in Figure 4-12. However, the 5 and 10x objectives

are significantly under-filled and this could be contributing to the unexpected profiles.

Removed due to

copyright

Figure 4-13 Diagram of microscope objective showing rear aperture. Reproduced from Murphy and

Davidson [99].

Table 4-4 Diameters of objective apertures and laser spot size.

Objective rear aperture/ Diameter
laser beam (cm)
5% 1.0
10x 1.1
20xL 0.82
50xL 0.45
Laser beam 0.63

4-6 Conclusions

These results suggest that lower dopant levels produce a higher signal to fibre
background ratio in the remote probe geometry. This implies that pure silica core fibres
may be attractive for use as SERS probes. Also, it has been shown that matching the
nominal NA of the optical fibre with the NA of the microscope objective is generally
not a critical requirement to produce the highest level of SERS signal. This is believed
to be due to the presence of leaky modes in these short lengths of fibre. Further analysis
of the fibre-length dependence of the NA should be considered in terms of the beam
propagation formalism in future work [100]. Note that a strong dependence on NA

would still be expected for longer fibres where the mode structure has stabilized,
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although the dependence would be expected to match the predictions of Equation (1-15)
more closely. However, there is still uncertainty as to whether this deviation in theory is
entirely due to higher order modes in these short lengths of fibre or if the optics in the
spectrometer are also contributing. It could be that the small NA fibres are not really
peaking for the 20 objective, but just appear to do so due to the spectrometer
arrangement. Future work would be needed for clarification of the trends in the smaller

NA fibres.

The highest overall intensities were obtained in the fibre with the highest NA.
However the large NA also has the largest levels of Raman signal from the fibre core
materials. A high signal to noise ratio is of more importance for applications than
highest overall intensity. Taking all of these factors into consideration, the ideal optical

fibre for use in miniaturised SERS probes should offer the following features:

* low dopant concentration in the core;
*  high NA; and

*  small core size.

There is no fibre design with all of these ideal characteristics currently available on
the market. Of the fibres studied here, SMF28 appears to offer the best combination of
properties. Note that the development of customized fibres for SERS probes would
allow further miniaturisation by reducing the fibre cladding diameter from the 125 um
fibres used in this work. Silica fibres can also be tapered by acid etching in order to

reduce the probe tip diameter down to the size of the core [101].

In terms of core size, single-mode fibres should provide more reproducible
performance than few-mode designs, because of the stability of the fundamental mode.
If a single mode fibre is selected, it should be single mode at both the excitation and
scattering wavelengths to ensure good coupling between the two intensity distributions.
While it is generally harder to couple light into small cores than large cores, high-
precision connectors have allowed widespread use of single-mode fibres (primarily
SMF28) in the telecommunications industry. Smaller core sizes are also beneficial in

allowing the entire signal to pass the entrance slit and enter the detector.
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Previous work has shown that fibre Raman background can be minimised using
hollow core fibres [44]. Although this provides an obvious means to reduce fibre
Raman background, the distal end of the fibre would have to be sealed for in vivo and in
vitro studies, adding to the complexity of the construction. Therefore further work

appears justified to identify improved SERS probe designs based on conventional fused

silica fibres.
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Chapter 5

Bacterial Detection Using SERS

This chapter builds upon the characterisation work completed in earlier chapters in
order to test a significant bioanalytical target, E. coli. A recent Nature Communications
publication [71] showed that spore forming bacteria are impaled on black silicon
needles when incubated on the surface. They used the same black silicon as
characterised in Section 3-3 so it is conceivable that the same procedure could be used
to impale E. coli for SERS sensing. When using SERS to study bacteria, normally only
the outer surface of the cell is excited and so it is relatively difficult to differentiate
bacterial species. It was hypothesised that impaling the bacteria on a SERS active
substrate would allow measurements of their inner constituents to be performed. If
successful, SERS could then become a differential identification technique. This chapter
investigates the potential to use SERS as a bacterial identification technique. Prior to
fabricating a black silicon based optical fibre optrode sensor, proof of concept was

demonstrated with the as-grown black silicon substrates in the direct configuration.

111



Chapter 5: Bacterial Detection Using SERS

5-1 Optimising incubation procedure for use with E. coli

5-1-1 Experimental outline for procedure optimisation

The procedure to impale spore forming bacteria on black silicon needles [71] was used
as a starting point to create a black silicon SERS platform for E. coli. The bacterial
preparation was outlined in Section 2-8-3. Initially 1 hour and 18 hour incubation times
were tested on the needles and the pyramids which had been sputter coated with 50 nm
of gold. These samples were investigated under an environmental SEM and a high

resolution SEM.

5-1-2 ESEM images of needle and pyramid samples

The Quanta 200 operating in low vacuum mode was utilised to non-destructively test all
four samples (Section 2-3-3). This was important in case further testing or staining was

to be performed later. Images were taken both at 0 and 30 degrees stage tilt (Figure 5-1).

As can be seen in Figure 5-1, the needle samples had no bacterial attachment. It
should be noted that this sample is hydrophobic and this could be the cause of the lack
of bacterial attachment. It is uncertain as to how Ivanova ef al. were able to have
attachment with this sample. Even though the same procedure was followed, no
attachment was observed with E. coli. This could be due to the strain of E. coli used
here and perhaps the bacteria Ivanova et al. tested were more amenable to the

hydrophobic surface.
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Needles 1 hour

Needles 18 hour

Pyramids 1 hour

Pyramids 18 hour

10 pm 2 um

Figure 5-1 Quanta 200 images of the needles and the pyramid samples when incubated with E. coli for
1 and 18 hours.
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The pyramid samples were covered in bacteria, more so for the longer incubation
time. The pyramid sample exhibits a hydrophilic nature and this appears to encourage
the bacteria to attach and potentially divide on the surface. In the pyramid 1 hour sample
the spiky structure of the surface was visible on screen, yet was not seen in the 18 hour
sample. In the 18 hour sample the bacteria were not able to be clearly resolved
indicating that perhaps there is a larger concentration of biofilm waste on the surface
making imaging difficult. The presence of a biofilm and cell groupings indicate that the
cells are dividing and are in fact thriving on the surface. The pyramid sample appears to
encourage cell growth which is the exact opposite of the needle sample which repels

attachment.

It 1s well understood that light elements will have a significantly deeper interaction
volume when considering secondary electrons in the SEM [102]. As such, a low
accelerating voltage is required to image light element samples such as bacteria. In
Figure 5-1 (Pyramids 1 hour imaged at 30°) the black silicon spikes are visible through
the bacteria. In order to ascertain how effectively the bacteria have been penetrated, a
low kV beam energy is required. However, a relatively high accelerating voltage of
10 kV had to be used due to poor contrast which is exacerbated by the low pressure
environment required to image these potentially volatile samples. This voltage is too
high, resulting in an interaction volume that extends through the bacteria thus revealing
spikes underneath. It must be determined if the spikes are really penetrating this far or if
it is an artefact of the high accelerating voltage. This can only be accomplished with
higher pressure which requires gold coating. The 1 hour pyramid sample was sacrificed

for this purpose.

5-1-3 Supra SEM images of 1 hour pyramid sample

The Zeiss Supra SEM (Section 2-3-1) was used as it has high resolution and
magnification in high vacuum mode. Prior to imaging, the pyramid 1 hour sample was
sputter coated with gold (see Section 2-8-3). The sample was then loaded into the SEM

and an accelerating voltage of 3 kV was used.
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Figure 5-3 High magnification image of two E. coli cells that show piercing from 1 hour incubation

on pyramid structures.
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Figure 5-4 High magnification image with a 30 degree stage tilt showing 1 cell that has collapsed onto
the pyramids and the other cells being pierced around the perimeter. Cells were incubated on pyramid

structures for 1 hour.

As can be seen from the image in Figure 5-2, most of the bacteria appear to be intact.
Some have collapsed and the spikes are clearly visible under the collapsed cell (Figure
5-3). Upon closer examination (Figure 5-4) it can be seen that the spikes are penetrating
around the edges of the cell. The cells edges would normally be more rounded so this
indicates that the underneath of the cells have been pierced and the top is holding
together as the spikes are not large enough to fully penetrate the cell. This could provide

SERS of the interior structure if the gold coated tips are in fact inside the cell.

5-1-4 Incubation procedure conclusion

It has been determined that the needle samples are unsuitable for E. coli attachment. The
pyramid sample showed suitable attachment and piercing of the cells and therefore this
sample will be optimised for SERS sensing. There were a large number of cells present
after 1 hour of incubation and less biofilm was produced at this time. The presence of
biofilm may produce conflicting SERS signals which are not desirable. Therefore, an

incubation time of 1 hour will be used for future experiments.
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5-2 SERS optimisation

5-2-1 Experimental outline for optimising the SERS platform

The next factor to optimise for E. coli sensing is the thickness of the gold coating. It
would also be ideal to understand how the cell piercing occurs as the samples exhibit
growth and yet they also appear to be pierced. Therefore, live/dead staining (Section 2-
9) was implemented along with more high resolution SEM images for gold coating
thicknesses of 50 and 200 nm. Finally, SERS from the inside of E. coli cells was
attempted.

E. coli culture, incubation, SEM and SERS preparation was completed following the
procedures described in Section 2-8-3. The cells were incubated for 1 hour on the
NanoLab pyramid samples which had been coated with 50 nm or 200 nm of gold. Three

replicates of each were created to assess the repeatability.

5-2-2 SEM confirmation of impalement

The Supra SEM was used to collect images across the samples at both 0 and 40° stage
tilt (Figure 5-5). There was some evidence of cells which have become hollow which is
a common problem when using high vacuum under SEM [103]. Unfortunately, due to
compromised cell membranes, the cells could not be fixed prior to gold coating. ESEM
would be ideal in this situation; however the resolution was not capable of
distinguishing the spikes. Therefore, the high vacuum Supra was used with the risk of

bursting cells.

The replicates had similar numbers of intact and pierced bacteria present. The 50 nm
and 200 nm thick gold coatings both showed pierced bacteria. The 200 nm gold coating
appears to have pierced the cells more effectively than the 50 nm thick coating even
though the spikes are no longer sharp. The collapsed cells really do appear to have been
pierced, as there are different levels present, with some cells remaining mostly intact
and others partially pierced, and only a few burst cells over the sample. Therefore,

200 nm thick gold coating can be used for internal SERS of the cells and this will
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hopefully eliminate most of the spectral background from cultural conditions and

increase SERS signal levels.

50 nm 200 nm

-“ )

£

Figure 5-5 Comparison of impalement for 50 and 200 nm gold coatings as viewed under the SEM.

Cells were incubated for 1 hour on the pyramid structures. The last row was taken at 40 degree stage tilt.

5-2-3 Live/dead confirmation

Duplicates of the samples prepared in Section 5-2-2 were stained for live/dead imaging
using the epifluorescent microscope (procedure described in Section 2-9). It appears that

for the 50 nm gold coated substrates there was an even amount of live/dead cells on
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each substrate. However, for the 200 nm gold thickness there were more cells which
were alive (Figure 5-6). This does not seem to correlate with the SEM images obtained.
It is possible that as the substrates are still wet the cells have not been fully impaled and
are still healthy. This is reinforced by the groupings and dividing cells which were seen
under SEM. If the cells were pierced immediately it is unlikely that so many cell
divisions and groupings would be present. The drying process could be responsible for
impaling the bacteria. The cells dry and then settle on the surface. The drying makes the
cell wall weaker and capillary forces in between the spikes draw the cells onto the
spikes to be pierced. Therefore, it can be concluded that the drying process aids in
piercing the cells and 200 nm gold thickness therefore may be suitable for use in SERS

of the interior of the cell.

50 nm _ 20 nm

Figure 5-6 Live/dead state of 50 and 200 nm gold coatings as viewed under epifluorescence.
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5-2-4 SERS of E. coli

SERS spectra were obtained from the 200 nm gold coated pyramid sample as this
should provide the largest SERS enhancement while still impaling the cells. An
excitation wavelength of 785 nm with a 1200 I/mm grating was used to limit fluorescent
background. The laser was focused with a 100x/0.85 NA objective. Power at the sample
was 150 mW and 10 seconds exposure was used for 3 accumulations. Data were

normalised for plotting as shown in Figure 5-7.
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Figure 5-7 Examples of SERS spectra obtained from 1 hour incubation of E. coli on 200 nm gold-
coated pyramid samples. Each spectrum represents a different cell on the sample. Collected under 785

nm, 150 mW, 10 second exposure time and 3 accumulations.

The data shown in Figure 5-7 represents a different cell for each spectrum. The
wavenumber range was altered in an attempt to find the fingerprint region for this
sample. Unfortunately all of the spectra obtained differed between cells, though some
peak positions are similar between multiple spectra. After a review of the relevant
literature it became apparent that SERS spectra of E. coli vary depending on the SERS
conditions/substrate and experimental setup [104]. Therefore, it is not surprising that
none of the obtained spectra perfectly match those published in the literature. However,
it was found that some of the peak positions of the obtained spectra corresponded to
peak positions published in various papers. The data have been re-plotted and lines have

been used to indicate the peaks which match with published work (Figure 5-8).
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Figure 5-8 Stacked plot of E. coli SERS spectra with lines indicating the position of peaks which
match with published results.

As can be seen in Figure 5-8 some of the peak positions clearly appear in multiple
spectra (peak positions 420, 893, 1001, 1285 and 1307 cm™). Spectrum 3 has a high
proportion of peaks matching published values. This is also the case for spectrum 5
which shares a few peak positions with spectrum 3. The peak locations and the value
they match from published results are shown in Table 5-1. It should be noted that there
are many small peaks which do not appear in the literature. This could be due to
molecules which would normally have a strong signal but have not been detected here.
These strong peaks would swamp any smaller peaks from being detected. It is
conceivable this is why many of the small peaks have not been seen in published
spectra. It is also possible that the unidentified peaks are due to how the metal particles
are being introduced into the cells. The spikes could be exciting specific molecules and
as such new peaks are detected that are normally swamped when all molecules in the

cell are excited.
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Table 5-1 Comparison of peak position between obtained data and published literature.

Obtained peak | Sengupta | Kahraman | Tamer Cui Wang
positions [105] [106] [107] [108] [109]
420 420
650 650 652
666 666
706 703
722 724
735 732
893 890
1001 1004 [110] 1002
1285 1283
1307 1310
1373 1370
1448 1451
1556 1558
1587 1587 1589

Cui et al. [108] conducted an antibacterial activity study with increasing
concentrations of silver nanoparticles inside E. coli. They observed that at increased
concentrations a peak at 736 cm™ appeared, indicating potential damage to the cells.
They noted that hypoxanthine, adenosine, adenine and guanosine are metabolic
footprints of bacteria. The intensities of these peaks decreased with increasing
nanoparticle concentration. At a large nanoparticle concentration all bands significantly
decreased or disappeared. Although gold nanoparticles may not have the same anti-
bacterial activity, this shows a strong relationship between the concentration of

nanoparticles and the bands present in a SERS spectrum.

The results and peak allocations of Cui et al. (Table 5-2) highlight that the majority
of the obtained peaks from this study are related to metabolic activity. Therefore the
strength of these peaks may also indicate how active the cells are. Therefore, the lack of
peaks in some spectra (spectrum 1 and 7) can be attributed to cells with limited

metabolic activity due to a large presence of metal particles residing in the cell. This
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finding is supported by the SEM images where it appeared that some cells were still
mostly intact where others were completely collapsed. Therefore, the variation in
spectra could potentially be partially attributed to some cells still showing strong

metabolic activity while other cells have died and ceased metabolic activity.

The differences between the spectra and the relatively few peaks per spectrum could
also be explained by the different impalement locations for the cells. SEM showed that
the cells are not impaled equally. Also, the pyramid height is smaller than the diameter
of E. coli. As SERS occurs within approximately 2 nm from an active metal particle, the
location of the metal particles could cause different macro molecules to be excited in
each cell and hence a different spectrum is obtained. To test this theory new substrates
would need to be fabricated which provide spikes which are higher than the cell

diameter. Such fabrication is beyond the scope of this thesis.

Table 5-2 Peak positions and preliminary allocations.

Peak position Preliminary allocation Reference
420 Carbohydrates [107]
650 Guanine, tyrosine nucleic acid [107]
706 Adenine from flavin [105]
722 Hypoxanthine [108]
735 Adenine [107]
1001 C-C aromatic ring stretching [110]

(phenylalanine)
1285 =CH in plane (lipid) or amide [105]
III (protein)
1373 Hypoxanthine or C-H bend [108] or [110]
protein
1556 CH, deformation [109]
1587 C=C (lipid) [105]

5-3 Conclusion

The preliminary results in this chapter show the potential for bacterial identification
with SERS on black silicon. It was clearly shown that the pyramid structures allowed a
substantial number of E. coli to attach and divide on the surface. All cells showed some
level of impalement, which could be further enhanced by using structures which are

similar to the cell diameter. Even though the MCN needles appear to be an ideal choice,
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the surface was too hydrophobic to allow attachment. Therefore, the structures must be
taller than the cell diameter but not so tall as to increase the hydrophobicity to a point of

discouraging attachment.

The SERS results support the hypothesis that the cells need to be uniformly impaled
in order to obtain reproducible results. A large dataset could be obtained and principal
component analysis performed. This would aid in explaining the peaks’ origins;
however, it would not aid in differential identification as many of the peaks would not
be unique between bacteria. Ideally the substrate should pierce all bacteria completely
so as to excite all the macro molecules present inside the cell and this should result in
reproducible spectra to differentiate between different species. This approach could also

be useful in studying the biochemical response of bacteria to their environment.

It has been shown, that with further work, the procedures used in this chapter could
result in a SERS platform capable of detecting and identifying bacteria. It should be
remembered that only one bacterial species was tested and once reproducible results are
obtained for E. coli, other species should be tested to ensure differential results. As E.
coli is gram negative and has a thick cell wall, theoretically the spikes should also be
able to pierce the weaker gram positive cells without difficulty. However some bacteria,
especially spore forming bacteria, may be much larger in diameter and so the substrate
chosen should be suitable for all sizes. This would require a lot of research and

fabrication to optimise the ideal structures needed to allow for differential identification.
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Chapter 6

Conclusions and Further Work

Chapter 6 concludes all the work presented in this thesis and proposes further work
which would extend what was presented here. This involves other methods for sensing
bacteria, fibre tip alteration, design of a portable spectrometer and more complicated

simulations which could explain the fibre mode propagation.
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6-1 Conclusions

The purpose of this work was to investigate various substrates for different SERS
applications. Firstly the substrates were characterised for surface chemistry and
structure. Then they were implemented in application-based scenarios. Silver-island
films were incorporated onto the tip of an optical fibre to characterise the suitability of
different fibres for remote biochemical sensors. Black silicon was used to impale
bacterial cells which introduced metal particles inside the cell. SERS was evaluated to

see if this could produce a differential identification technique.

6-1-1 Optical fibre biochemical sensors

Oblique angle deposition was successfully used to deposit a repeatable metal island film
across multiple fibres simultaneously. Depositing 10 fibres in one run cycle reduces the
amount of time preparing and handling samples. More importantly, it reduces material
costs. Every time the deposition system is run it depletes the silver in the evaporation
basket or uses more of the chromium target. Coating multiple fibres in one run reduces
the amount of material used and thus makes the OAD technique an efficient and

affordable method while still reasonably enhancing.

The surface was characterised and determined to be reasonably repeatable. The size
of islands was determined and the SERS performance was analysed across a fibre and
between fibres. The surface chemistry showed large levels of carbon which was also
present under Raman microscopy prior to functionalization. This result highlights the
importance of finding a SERS substrate with lower levels of carbon background as any
biological material would be swamped by the large bands. However, the substrate was
shown to be ideal for use with thiophenol as the chemical quenched the carbon signal.
Thiophenol is known to form monolayers on silver. Therefore the number of molecules
attached to the silver in a given area will be the same for all fibres and thus a
comparison of enhancement can be made with confidence. A range of standard telecom

fibres were compared using OAD and thiophenol.

The comparison study indicated that the ideal fibre is single mode at the excitation

wavelength, has a small core and a large NA, and is doped in the cladding. For a more
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expensive yet lower background probe, a hollow core fibre could be used. This would
result in the ability to use longer lengths without swamping the signal or to keep to short
lengths with a much higher signal to noise ratio. It appears that it cannot be assumed
that matching the NA of the fibre to the NA of the microscope objective will
automatically optimise collection efficiency. However, lower NAs (0.25 and 0.4) did
produce, on average, more signal collection across all fibres. This could be due to the
fibres having a larger effective NA that matches well with these objectives. NA is
normally measured with long lengths of fibre (20 m) that have stable mode structures.
The short fibres still have non-equilibrium modes present and could potentially have a
larger effective NA. It should also be kept in mind potential issues with the confocality

of the optics setup which could be altering NA trends.

The fibres were compared to investigate the effect of different optical parameters on
the remote signal collection. Insight into how optical fibres function as an intrinsic
sensor when coupled with a spectrometer provides necessary information required to
optimise a biological probe. This information will assist in the design and
implementation of optical fibres as miniaturised SERS probes in the biomedical

industry.

6-1-2 Black silicon bacterial impalement

Two different black silicon structures were characterised for surface chemistry,

structure and SERS performance. It was determined that the surface of both samples had
significant levels of fluorine present. On the pyramid structure this was one of the
causes of the “cloud like” structures sitting atop the spikes. Unfortunately this

contamination could not be removed by rinsing, sonication, plasma cleaning or etching.

The high-aspect ratio needles were not able to impale bacteria. It is believed that the
surface was not hydrophilic enough to encourage E. coli to attach. Fortunately, the
pyramid structures were extremely hydrophilic and showed strong bacterial attachment
and growth. It was shown that the pyramids were impaling the cells to differing degrees.

This was confirmed in the SERS results as all the spectra obtained showed different
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peaks. This is believed to be due to the impalement locations exciting different macro-

molecules inside the bacteria.

Black silicon was shown to have potential to be used to impale bacteria for SERS
sensing. Unfortunately, no conclusive results were able to be obtained with the present
samples. Once a black silicon sample has been fabricated that provides accurate and
repeatable SERS spectra of bacteria, then it can be incorporated into an optrode sensor

probe by replication in a polymer coating [59, 94].
6-2 Recommendations for further work

6-2-1 Beam propagation method

The beam propagation method (BPM) [100] is a powerful technique which is able to
calculate the mode structure under varying conditions. The input beam profile can be
simulated to accurately reflect the source. Points can be sampled along the length of the
fibre in order to view the change in mode structure as the wave propagates. Leaky
modes can be introduced to accurately reflect modes that leak into the cladding and
propagate for a distance before they decay. The mode structure is determined for the
core of the fibre. If the mode structure outside the core is required, it is a simple matter
of taking the Fourier transform of the core structure. It is recommended that the BPM be
implemented to more accurately simulate the mode structure inside/outside the fibre and

determine the effective NA. The BPM can be simulated in 3D for further accuracy.

6-2-2 SERS substrate

A highly enhancing yet reproducible substrate should be implemented to allow the fibre
probe to sense low concentrations of scattering molecules. The substrate needs to be
cheap to manufacture so silver is an appropriate option. However, the substrate must not
be easily contaminated with atmospheric carbon as this will swamp low scattering

signals.

A promising technique could be photochemical modification [58] where a silver
nanoparticle film is deposited directly onto the core of an optical fibre. An aqueous

solution of tri-sodium citrate and silver nitrate is prepared and the fibre tips are placed
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inside the solution. A 514 nm laser is coupled into the core of the fibre which induces a
chemical reaction that creates the nanoparticles which are then drawn to the tip of the
fibre. The particle size and shape is determined by the exposure time and power of the
laser. The particles form on the tip in a pattern representing the mode profile. Modifying
short lengths of fibre where there is a ring pattern formed by cladding modes will result
in the particles forming a ring pattern. This could be problematic as there will be nulls
where no analyte can attach and this will result in lower signal than if the whole core

was covered in particles/analyte.

This technique should be characterised and optimised for use with short lengths of
fibres. Care must be taken to eliminate cladding modes prior to modification. A possible
technique to eliminate cladding modes could be to create a mirror surface on the
cladding area [111]. This would stop any cladding modes from exiting the fibre and
interfering with core modes to create the ring pattern. The approach outlined in [111]
utilises a photolithography technique. The fibre is dipped in negative photoresist and the
core is exposed with an ultraviolet (UV) light source. The exposed section is masked
and the unexposed cladding area is removed with acetone. The cladding is then coated
with metal and the core mask is removed leaving the core exposed and the cladding
mirrored. This method of removing cladding modes has the benefit of a consistent
nanoparticle layer on the core using the photochemical modification technique. There is
the added benefit of removing the cladding modes without having to bend the fibre or

coat it in gel. This will aid in the miniaturisation and ease of use of a biomedical probe.

6-2-3 Fibre Raman background

Hollow core fibres could be an alternative to the conventional solid silica
telecommunication fibres. As the core is hollow there is less glass to generate Raman
background. This could result in longer probes that are easier to handle but still have a
manageable Raman background signal or, in the case of standard short fibres,
significantly reduced background resulting in stronger analyte signal collection.
Unfortunately, as the core is hollow there is the possibility of analyte entering the core
of the fibre. There is also a strong chance of contamination. Therefore it is advisable to

seal the ends of the fibre. Sealed ends also allows for mirrored cladding and
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photochemical modification to produce the SERS substrate. A method to seal the ends

of the fibres could involve photolithography [59]. The fibre would be pressed against a
mould of photoresist which would be exposed through the mould. The fibre could then
be removed from the mould by snapping the photoresist at the mould interface, leaving

the end sealed.

6-2-4 Bacterial identification

Further investigation is required to determine if SERS can be used to obtain
reproducible spectra of bacteria and if they can be used for species level identification.
A potential method to combat variability and test the theory of SERS due to different
piercing locations would be to use spikes which are larger than the cell diameter. This
would ensure that the SERS active metal particles are exciting the same macro

molecules for every cell and reproducible spectra should then be obtainable.

One other explanation of the variability could be due to some cells being dead and
others alive or partially dead. This could alter the SERS spectrum due to live cells still
showing metabolic activity. To test if this is the cause of the variability, a sample could
be heated in an oven to uniformly kill all the cells. If the spectra are sensitive to changes
in metabolic activity this method provides potential for studying bio-chemical changes

in bacteria in response to environmental factors.

If the spectra are still not reproducible, a large dataset could be obtained to see if
there are a number of spectra which are repeatable. Then principle component analysis

could be untaken and this may aid in understanding the variability in the spectra.

6-2-5 Impaling fibre tip

The work completed in Chapter 4 has shown the optimal parameters for creating remote
fibre probes. However the substrate used is not desirable for use as a biological sensor.
This is due to its low enhancing performance, strong carbon background and
bactericidal properties. Use as a bacterial probe also has the further complication of the
islands only exciting the cell wall. Therefore, it may be of interest to develop a

microbiologically-suited substrate on the fibre tip.
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Incorporating the black silicon pyramids, that were used for impaling, with an optical
fibre tip could produce a remote probe capable of using SERS to identify different
bacteria. This could be problematic as you cannot directly imprint into a fibre except at
temperatures above the glass transition (approximately 1475 K) or by using polymer
fibres which have a lower transition temperature [112]. A polymer would need to be
used between the fibre tip and a shim imprinted with black silicon pattern [35, 59]. The
background produced by a polymer layer has been shown to be negligible [59].
However, it is uncertain what effect it would have on the refractive index matching
(polymer to glass) when excited in the reverse geometry. While Kostovski ez al. [59]
have shown that imprinted fibre endfaces are feasible, additional characterization would
be required to establish whether the performance would justify the additional technical

challenge required to replicate the structures on a fibre endface.

If successful, incorporating the two platforms would have many potential application
in the medical industry, such as testing for bacteria in an implant or wound site. There
are also applications in environmental and food science. Water supplies could be tested
onsite for contamination with no preparation or tagging required. This requires a
suitable portable Raman spectrometer to be designed that would be compact, compatible

with optical fibres and have enough throughput to detect low concentrations.

6-2-6 Portable Raman spectrometer

A portable Raman spectrometer made completely from optical fibre components could
be built. Such a device would eliminate alignment errors, be compact and cheap to
produce. After a fibre probe has successfully been optimised and is able to sense
biological materials remotely, the next logical step is to incorporate it into a portable
device. If the device is small enough it can be used in the field for diagnostics or worn
as a continuous monitoring device on a person. In the case of a glucose sensor, the
device could be in a closed loop feedback system with an insulin pump. When blood

glucose levels rose above a certain value the pump could provide the necessary insulin.

A fibre-optic Raman spectrometer would benefit from the alignment free nature of

the optics. The components would initially be coupled together and then no more
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alignment is necessary. This eliminates moving parts and tedious realigning of
components. A diode laser would provide a cost-effective and reasonably powerful
excitation system that could be fibre-coupled into the system. A Bragg grating fibre
could be used as a notch filter to remove Rayleigh scattered light. An affordable high-
resolution spectrometer would be used to collect Raman spectra. A fibre probe would be

attached to the system, preferably hollow core to allow for longer lengths.

6-3 Summary

This project provides much needed technical information regarding optical fibres and
their suitability as a SERS probe. Optical fibres create a complex optical element when
coupled with a Raman spectrometer. Physical parameters of fibres, such as core size and
NA, impact the ¢tendue of the fibre-spectrometer system. The information presented in
this thesis will allow for further work to progress the development of an optical fibre

probe and a portable Raman spectrometer.

E. coli was successfully impaled on a black silicon sample. Unfortunately, SERS
results are currently inconclusive. After the successful completion of the further work
recommended, a high efficiency biological probe will have been created and analysed.
Such a probe will benefit the medical diagnostic world greatly as well as providing a

safe probing mechanism in volatile situations (explosives, biomedical hazards).
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Renishaw standard procedures and troubleshooting

1.

2.

3.

Using the 50x microscope objective to focus on a silicon sample.
Check the alignment of the laser spot to cross hairs on sample.

Alter position by using Tools>manual beamsteerer (left motors only). It takes a

little while for the laser to settle when altering position.

4.

6.

Tools>Calibration>Quick calibration.

Set up a static spectral acquisition using the following parameters:
Standard: 1s exposure time, 100% power

High Confocal: 10s exposure time, 10% power

Expand measurement in navigation pane>Right click on measurement child

tab>advanced setup.

10.

11.

12.

13.

14.

Right click on instrument>properties.
Microscope tab>pick 99%silicon>ok.
File>return to application.

Run acquisition.

Right click spectrum>tools>curve fit.
Click on the peak.

Right click spectrum>start fit.

Check tolerances (Table A-)- allow 10% variation.
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Table A-1 Tolerances for Renishaw inVia 514 nm laser laser.

Mode Location Width Height
Standard 520 4.15 45,000
confocal 520 3.4 25,000

15. If the intensity is too low it may be prudent to perform an auto slit align and CCD
auto align. Only perform these alignments if no logical reason for low intensity can

be found (i.e. laser power is lower).

16. If the intensity and width are within tolerances then experiments can be

performed.

Width of peak is too large in confocal mode

It is possible that the slit is not properly closing from 65 pum to 20 pm. In order to check
the size of the slit, enter Tools>System Configuration. NOTE: Do not alter values

unless you write a record of previous values as there is no undo. If the slit is still at

65 wm manually change it to 20 um in both instances.

Intensity is low in confocal mode

Perform a slit and CCD alignment.
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