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Abstract

Vibrational microscopy, specifically coherent anti-Stokes Raman scattering (CARS),
has emerged in recent years as a very powerful imaging technique. CARS provides
the user with a chemically specific, label free, means of imaging with three dimen-
sional spatial resolution at video rates, close to the diffraction limit. Although
increasingly promising, CARS is subject to two notable drawbacks, in addition
to it’s diffraction limit, hindering it’s ability to sense materials at the nanoscale.
Firstly, in the detection of CARS signal there is a significant non-resonant back-
ground contribution, and secondly there needs to be a large number of oscillators in
the focal volume to generate a detectable signal. This thesis explores a novel hetero-
dyne dual polarisation epi-detected coherent anti-Stokes Raman scattering technique
(eHCARS), in the vicinity of plasmonic gold nanorod structures, aimed at pushing
the resolution and sensitivity limits of this chemically specific label free technique
down to the nano scale, whilst suppressing CARS non-resonant background and
incoherent background.

Interferometric detection allows the shot noise limited CARS field to be detected
(amplitude and phase) separated from non-resonant contributions. The eHCARS
signal is measured from various sized silicone oil droplets, suspended on a glass
substrate, exploring the signal generation pathways resulting from the interfaces
of materials with differing linear and non-linear susceptibilities. Silicone on glass
chosen as the oil has a molecular resonance peak close to the molecular resonances
of biological materials.

The local surface plasmon resonance (LSPR) from plasmonic gold nanorods
(NRs) are investigated. Specifically of interest as they provide local field enhance-
ment in the vicinity of CARS, enhancing the CARS signal allowing the detection
of weaker CARS signals, meaning the detection of less molecular bonds in the focal
volume. As well as providing a significant enhancement to the CARS signal, gold
NRs behave as sub-diffraction limited volumes, enabling the detection of objects in
their vicinity that are smaller than the wavelength of light. Enhancement to the
eHCARS signal from silicone oil in the vicinity of bare gold NRs (bNRs), silica
coated NRs (sNRs) and nanorod dimers of various size was measured. bNRs provid-
ing a good signal enhancement of up x10 more signal at the bNR compared to the
surrounding silicone oil. However, bNRs were observed to be unstable during laser
exposures undergoing significant signal variation during the measurement timescale.
Concluding that the instability was a result of the bNRs being reshaped by the
laser, sNRs were chosen as it was believed that the silica shell would constrain the
shape of the NR. sNRs provided around x15 more signal in their vicinity compared
to the surrounding silicone oil, and were seemingly stable during the duration of the
measurements. Enhancement to the eHCARS signal in the vicinity of gold nanorod
dimers, fabricated by focused ion beam lithography, (FIB) of various length was
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measured, with up to a x100 enhancement measured for a dimer where the antenna,
and bonding modes align with the CARS, pump and Stokes wavelengths.
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Chapter 1

Introduction

In the past four centuries scientists have been deeply invested in developing optical
tools for resolving the microscopic world in more detail. Ironically, the invention
of the optical microscope in the early 17th century itself is unclear, with disputed
origins between the Dutch family of spectacle makers, the Janssen’s, and Cornelis
Drebbel. With an added dispute that Galileo himself might have been the founder,
directing an elongated telescope downwards towards smaller structures instead of
upwards towards the stars [5, 6]. The founders may have thought that microscopes
were a novelty at first, a scientific toy, with no accounts of significant discoveries
or work involving microscopes for some years to follow. The first significant work
involving the optical microscopes, in this case a microscope built by Galileo, were
Cesi and Selluti’s illustrations of insects in the book Apiarium. It was again some
years to follow before any other work was published, possibly due to the difficulties
at the time in lens making, accounted by Galileo in a letter to Cesi in 1924 [7, 8].
Hooke would later, in 1665, utilise his own water-lens microscope to discover the
small units of life, he called ’cells’ [9], made possible by the introduction of an il-
lumination source in his microscope. However, even though he wasn’t the first to
observe organisms with a microscope, Antonie van Leeuwenhoek, is often said to
be the father of microbiology, and the first true microscopist. He observed micro-
organisms, in 1675, for the first time, which he named ’animalcules’, utilising his
pioneering craft for lens design and manufacture; his small bi-convex lenses allowed
him to magnify up to x250, and avoided the common issues of aberration in com-
pound microscopes at the time [10, 11]. The ingenious, basic, technology of the
optical microscope has been used for hundreds of years, finding a use case in most
scientific fields; from drug discovery to microchip design.

There have been many techniques based on the conventional light microscope
improving image contrast. Phase contrast microscopy by Zernike [12] and differential
interference contrast (DIC) microscopy by Nomarski [13], both utilise the optical
path difference to create contrast in objects that would otherwise be transparent in
transmission. Light microscopy techniques are limited in resolution by the diffraction
limit. Described by Abbe [14], the smallest resolvable length, d, is limited by the
wavelength (\) and numerical aperture of the lens (NA) as follows,

A
d= 2N A

This means that the resolution of optical light microscopy is limited to a few hun-
dred nanometers in the visible part of the electromagnetic spectrum. Also to be

(1.1)
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Chapter 1. Introduction

considered is the Rayleigh criterion, Eq.1.2 for a diffraction pattern for a circular
aperture, where it states that the smallest possible resolvable angle between two
point sources is 0, D is a circular aperture diameter.

1.22\
[ P —— 1.2
= (12)
Meaning that two point sources can only be resolved if they are angularly separated
by angles > 0, or when the centre of the diffraction pattern of one source is overlap-
ping the first minimum of the diffraction pattern of another source [15].

One of the first techniques that would push the detection of nano-objects beyond
the diffraction limit was Zsigmondy’s Nobel prize winning work on the ultramicro-
scope [16]. The detection of the scattered light from Virginia, USA colloid nanopar-
ticles in this case is perpendicular to the excitation direction, with Zsigmondy being
able to detect particles as small as 4nm. In this case the technique resulted in
diffraction limited spots in the image, then from their scattered light and movement
Zsigmondy was able to calculate their size. Moving beyond the optical microscope
in the detection of nano-objects was the first scanning electron microscope (SEM)
[17], where beams of electrons are used to scan structures and subsequently the
scanning probe microscope (SPM) [18], achieving an atomic resolution, which is a
true spatial resolution improvement since these techniques do not use light. More re-
cently within light microscopy, cutting edge scanning near-field techniques utilising
an enhancement from the scanning tip, detecting a Raman spectrum during the scan
have recently been successful in providing nanometer resolution spectroscopic imag-
ing of 2D surfaces [19, 20, 21]. The near-field scanning techniques provide chemists
with an excellent tool for studying chemical mechanisms and interactions. However,
for a biological use case, the super resolution scanning techniques are restricted to
imaging very small regions of a fixed 2D surface, and take a long time to do so.
The requirement for fixed sample sites makes them unsuitable for most biosensing
applications of non-fixed molecules.

Typically biologists turn to fluorescence microscopy, providing excellent speci-
ficity of labelled structures, with contrast only from objects that fluoresce [22, 23].
Nanometer resolution is possible by single-molecule localisation fluorescence (e.g
PALM) [24]. To achieve such resolution in PALM, it’s crucial to utilise fluorophores
that have a switching behaviour with a large contrast between on and off states (e.g
photo-activated green fluorescent proteins). Due to the Nyquist criterion, it is also
necessary to use extremely high density of labels, which can cause over expression,
where tagged protein are modified. Staining procedures in general introduce an
outside influence that can cause organelles and membranes to undergo structural or
functional changes.

The caveat that holds for any super-resolution techniques based on single-molecule
localisation is that, to achieve high resolution (beyond the diffraction limit) it is nec-
essary to take many repeated measurements with single fluorophores being on and off
at different spatial positions, typically using higher power illumination fields. When
applied to biological samples, this means that with long experiment durations it is
impossible to image something living, that is moving faster than the timescale of
the measurement, and the high illumination/excitation powers inflict photo-damage
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or changes during the course of the measurement.

Multi-photon scanning microscopy, where nonlinear signal is generated only in
the focal volume where high photon densities are reached, has provided biologists
with an excellent tool providing more 3D resolution and contrast compared to wide-
field optical techniques [25, 26]. Fluorescence techniques lack in molecular speci-
ficity without tagging, providing no further information other than the positional
or 'on-off’ state of the fluorophore. Furthermore, microscopy techniques based on
the Raman effect were explored, as the retrievable spectral information provided
information unavailable in fluorescence [27]. Coherent Raman Scattering (CRS), a
non-linear multi-photon confocal vibrational microscopy technique, has shown great
promise over the last few decades to be the foundations of a high speed, resolution
and label-free chemically specific imaging technique [28, 29]. Unlike fluorescence
there is no need to tag specific molecules, as a unique signal is generated from each
different bond type by the Raman process [30]. CRS techniques, such as coher-
ent anti-stokes Raman scattering (CARS) [31, 32, 33, 34] and stimulated Raman
scattering (SRS) [35, 36] have been extensively used in lipid biology for a number
of different applications. CRS techniques allow for chemically specific detection of
cellular and sub-cellular environments, generating hyperspectral images where indi-
vidual components can be isolated [37, 38, 39]. CRS techniques are well suited to
lipid biology, taking advantage of the large number of CH bonds in lipid acyl chains
to generate signal.

In spontaneous Raman scattering, the detected signal is an incoherent superpo-
sition of fields generated by the number (N) of oscillators (molecules) in the focal
volume. The Raman intensity is proportional to N in the focal volume and the
incident field intensity (/;) as follows,

IR x N X Ii (13)

and provides a weak signal (owing to the small Raman scattering cross-section of
bio-molecules) containing a significant autofluorescence background, not suitable for
high resolution or sensitivity. However, by exciting the molecular bonds with short
high power laser pulses it is possible to coherently enhance the Raman scattering,
done so by interfering two optical fields (pump and Stokes, with intensity Ip and Ig)
to generate a beating frequency matching the resonance of the molecular vibrations,
that efficiently drives the oscillations. On a molecular level the electron cloud is
then oscillating at the difference in pump and Stokes frequencies, altering the optical
properties of the material. There is a periodic modulation of the polarisability, that
can then be probed by a secondary incident field, (in our setup we use the pump
again as our probe), which will be modified to give us the CARS emission. Here
the scattered light constructively interferes as there is a constant phase relationship
between the N oscillators, vibrating in synchronisation. The CARS intensity is
quadratically dependent of the number of oscillators in the focal volume,

Icars < N2IE1g (1.4)

allowing for higher sensitivity than spontaneous Raman and video rate acquisition
times. Detecting at the CARS optical frequency, given by

WCARS = 2wp — Ws (1.5)
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Chapter 1. Introduction

with wp and wg being the optical frequencies of the pump and Stokes fields respec-
tively. The signal here is free from excitation background, as wcags is well separated
from the excitation fields. CARS microscopes have developed significantly since the
first spatially scanning CARS microscope built in 1981, by Dr Michael Duncan [40].
Unfortunately, as Icagrs is typically detected, which is proportional to the modulo
square of the field Ecars and in turn of the non-linear susceptibility (x?), there is a
considerable background signal in conventional CARS microscopy. Originating from
the interference of the resonant and non-resonant parts of the 3 is an asymmetric
spectral lineshape of the resonant response, as well as a non-resonant background
contribution [41].

Another way of implementing CRS is to detect the signal at either the frequency
of the pump or Stokes excitation fields. This technique is called stimulated Raman
scattering (SRS), and it is a type of interferometric homodyning CRS technique. In
SRS the phase of the CRS signal is matched with the excitation fields providing an
amplitude and phase change to the excitation frequency detected. The amplitude
change is proportional the the imaginary part of the x® whilst the phase change is
proportional to the real part of x®. SRS detection is implemented by modulating
one of either the pump or Stokes beams and then detecting at the others frequency
using a lock-in detection. Detection in this way is necessary due to the excitation
field amplitude being much larger than the CRS signal amplitudes. SRS allows for
the non-resonant background to be separated as truly only the resonant part of the
susceptibility response is detected as an amplitude change of the incoming fields.
However, in SRS there are other contributions to the background signal with non-
linear origins. There is a nonlinear absorption arising from the sequential absorption
of pump and probe photons, which has an amplitude variation similar to the SRS
signal [42]. There is also nonlinear scattering which arises from a refractive index
change induced by one of the excitation fields and felt by the other. This cross-
phase modulation modifies the angular distribution of beams, causing an intensity
variation in the detection [43, 44]. Photothermal effects, such as, thermal lensing
can occur causing an intensity variation [45, 46]. The detection of SRS is free from
nonlinear background contributions [47], by exploiting the fact that the nonlinear
artefacts in SRS are symmetric under a sign change in the pump-probe frequency
difference, whereas the SRS signal is antisymmetric. When choosing whether to
use SRS of CARS the user must consider the fact that CARS is detected at a new
frequency but contains a non-resonant background and SRS is background free but
is detected by homodyning an excitation frequency. Therefore one might select SRS
where a more sensitive sensing is required (lower concentration of molecules) but
use CARS when there is an abundance of signal for the ease of implementation.

There have been many methods developed that compensate for the non-resonant
background in CARS. One of these, is to detect the CARS intensity over a large
spectral range, hyperspectral CARS [38, 48, 49], to retrieve the phase of the non-
linear susceptibility, using appropriate spectral transformations linking the detected
amplitude with it’s phase. Requiring a CARS measurement to be performed at
each frequency, it is not suited for video rate imaging. Hyperspectral CARS is an
extremely useful tool when wanting to identify specific molecular components in a
fixed cellular environment [50] but limited by imaging time. Frequency modulated
CARS (FM-CARS), where the frequency of the pump and Stokes beams are mod-
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ulated, and then the modulated CARS signal detected in a lock-in amplifier, has
been shown to suppress the non-resonant background whilst maintaining video rate
imaging [51]. Elliptically polarised CARS has also been shown to suppress the non-
resonant background, with a ~ x6 improvement to the signal to noise ratio [52]
done so by detecting the cross-polarisation component, assuming that the isotropic
non-resonant background has a specific co-polarisation direction. It is also possible
to separate the instantaneous non-resonant background from the resonant signal by
time gating [53, 54]. A novel way of detecting the CARS intensity is by measur-
ing two vibrational frequencies simultaneously. In this method, called Dual CAIRS
(D-CARS), the differential CARS signal can be detected free from non-resonant
background. D-CARS has been implemented utilising femto-second laser pulses,
and spectral focussing (using the dispersion from glass blocks) [55], to excite a pair
of CARS vibrations alternatively within the pulse train sequence, such that the sig-
nal from both vibrations are detected simultaneously. The differential CARS signals
are extracted with lock-in detection [38, 56, 57, 58]. SRS, D-CARS, and FMCARS
both offer a non-resonant background free CRS technique, capable of video rate ac-
quisition speeds.

Typically, CARS is detected in the forward direction (FCARS), where the detec-
tion is made in the same direction as the excitation. The radiation pattern of CARS
signal is dependent on the size of the scatterer, in the incident propagation direction
(axial dimension). When the axial diameter of the scatterer is larger than or equal
to the excitation wavelength the CARS signal is confined to the forward detection.
Whereas, for an object much smaller than the wavelength, the CARS emission is
symmetrically forwards and backwards emitted [59, 60]. FCARS is therefore lim-
ited by the CARS radiation pattern caused by its axial point spread function (psf)
(which extends approximately 1pum) and the bulk nonresonant background to de-
tecting objects that are close to the diffraction limit Eq.1.1 in size. However, in
epi-detection (backwards towards the excitation direction) it’s possible to resolve
objects that are much smaller than the excitation wavelength, due to their sym-
metric emission, separated from the forward-emitted bulk nonresonant background.
Epi-CARS provides an excellent tool for chemically specific imaging of objects, thin
layers such as lipid bilayers, and interfaces that are smaller than the PSF [61, 62, 63].

The latest reported revision of an interferometric CRS technique by Langbein et
al [64, 65], used and characterised in this thesis, is a dual-polarisation heterodyne
detection epi-CARS technique (eHCARS), with balanced photodiode detection. By
temporally and spatially overlapping the epi-CARS field with a reference beam,
that does not pass through the sample, and detecting the interference by balanced
photodiode detection the amplitude and phase of the CARS signal is obtained. Pre-
viously reported interferometric techniques utilised a reference beam at the sample
overlapped with both pump and Stokes beams, detecting the field amplitude by ho-
modyne detection (no frequency shift [66], and the first HCARS reported by Jurna
et al [67]. In these cases having the reference at the sample means that there is
no balanced detection to suppress classical noise, and there is more risk of sample
photo damage by the reference beam. In the case of the heterodyne-CARS tech-
nique explored in this thesis, the reference interferes with the CARS signal outside
the sample, and is detected by a balanced photodiode detector, leading to a sup-
pression of the non-resonant, and incoherent background without additional risk of
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Chapter 1. Introduction

photodamage. Furthermore, the reference power can be chosen to be dominant, such
that the signal is shot-noise limited. As the full CARS field information is detected
the amplitude and phase of the signal allows for not only distinguishing between
resonant and non-resonant responses, but also provides topographical information.
For small objects, such as thin layers, interfaces, and nanoparticles that are much
smaller than the axial psf, the epi-detected signal is resulting from the x?3 of a single
sub-diffraction limit object. This means that the phase of the epi-detected signal
can provide information regarding the axial position and height differences with
nanometer precision [64, 68].

In the eHCARS technique discussed, the technical realisations of heterodyne
interferometric detection suppresses any incoherent contribution, owing to it’s inter-
ferometric nature (only the coherent CARS field interferes with a phase-locked refer-
ence). Moreover, epi-detection provides topographical information as well as signal
from sub-diffraction limited scatterers by removing the bulk background. Therefore
in itself eHCARS is a promising new technique for label-free, chemically specific,
imaging of interfaces. However, it must be noted that the vibrational contrast is in-
trinsically much less than what is typically achieved in fluorescence. Single molecule
detection is possible in fluorescence [24, 69], whilst in conventional CRS, sensitiv-
ity has only been demonstrated down to ~ 100 oscillators so far, using specially
tailored Raman tags (while with endogenous biomolecules, the sensitivity limit is
typically 10%-10° vibrations in the focal volume) [70]. To achieve single molecule sen-
sitivity utilising a vibrational microscopy technique, the local field enhancement of
plasmonic materials has to be exploited. Single molecule detection has been demon-
strated in surface enhanced Raman scattering (SERS) [71, 72, 73] and in surface
enhance CARS (SECARS) [74, 75, 76]. By driving the local surface plasmon reso-
nance (LSPR) on a metallic nanoparticle (NP) at the CARS frequency a confined
enhanced field is generated in it’s vicinity. Meaning that biomolecules in the close
vicinity of the plasmonic NP will contribute to the enhanced field. The near-field
spatial distribution around the plasmonic NP’s does not follow the diffraction limit
Eq. 1.1, therefore sub-diffraction limited volumes generating signal within the en-
hancement region can be detected. NP’s providing local field enhancement (LFE)
to the eHCARS signal, will mean that the number of bonds required in the focal
volume to generate a detectable signal is lower, and will provide a sub-diffraction
limited volume allowing nanoscale sensing. In SE-eHCARS the detected signal vari-
ations are directly coupled to contributing factors to the signal at the nanoscale
region near the plasmonic nanoparticle, therefore nanoscale objects that enter this
region will provide detectable signal changes that aren’t diffraction limited; but are
limited to the size of the nanoparticle. Implementing SE-eHCARS should address
the two major downfalls of CRS, the requirement of a large number of oscillators
in the focal volume to generate a detectable signal, and the diffraction limit of the
PSF. Once implemented, SE-eHCARS will provide a low-concentration background
free, chemically specific, label-free, and topographically sensitive vibrational imaging
technique, capable of fast acquisition times (video rate) at laser intensities suitable
for biological imaging. Surface enhanced vibrational microscopy techniques could be
referred to as a label-free technique only if the nanoparticles aren’t placed internally
within the biological environment, so that’s only when the material of interest is
placed on top or near the nanoparticles. Once the nanoparticles are placed within
the biological environment the technique can no longer be considered label free as
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the environment is perturbed or modified by the gold nanoparticles presence. Even
placing the gold nanoparticles in the vicinity of the bio-environment there should
be consideration for any influence.

The scope of this thesis is to explore the eHCARS technique in the vicinity of
plasmonic nanoparticles, using a model system, to characterise and understand the
generated signals. The ultimate, ambitious, goal beyond this thesis is to utilise SE-
eHCARS to image biological systems such as lipid nanodomains and to detect lipid
rafts. The existence of lipid rafts is still debated by scientists, partly due to the
lacking of a tool capable of imaging such an object at video rates [77, 78]. The CRS
techniques that precede SE-eHCARS lack the nanoscale sensing and low molecular
concentration sensitivity to directly image lipid rafts in lipid bilayer systems. Due
to the nanoscale sensing advantage gained by utilising plasmonic nanoparticles in
the vicinity, one could place a lipid bilayer on top of a gold nanoparticle and sense
the eHCARS signal from the bilayer at the nanorod achieveing enhanced nanoscale
detection. The sensing of biological environments was not achieved during this thesis
as much difficulty was met when attempting to do eHCARS in the vicinity of gold
nanoparticles; due to gold nanoparticle heating and reshaping. The focus of this
thesis was driven towards characterisation of eHCARS and ensuring that a stable
SE-eHCARS signal in the vicinity of gold nanoparticles was achieved.
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Chapter 2

Theoretical Background

2.1 Non-linear vibrational microscopy

The motivations for exploring a vibrational microscopy technique stems from the
drawbacks associated with typical fluorescence and other widefield microscopy tech-
niques that rely on optical path length difference to obtain contrast. Fluorescence
in itself is a very powerful technique, with well established use cases for biological
imaging applications. The issue with fluorescence microscopy is that to obtain a
signal, the object of interest must either itself be capable of fluorescing under pho-
toexcitation or one has to tag the objects of interest with fluorescent probes. There
is a risk when introducing probes that tagged biological elements, such as proteins,
can be modified or over expressed within the environment. Stained organelles and
membranes can undergo structural and functional changes. Alternative imaging
techniques such as phase-contrast or differential interference contrast microscopy
don’t require the user to label the objects of interest. Contrast is obtained by the
techniques sensitivity to optical path differences. In this case the identification of
specific objects within the image relies on the user doing so in the analysis based on
the shape and thickness of objects observed, given the context of the experiment.
Vibrational microscopy, specifically Raman based, techniques provide a label free
and chemically specific option. Coherent Raman scattering provides a nonlinear
vibrational microscopy modality which will be exploited in this thesis.

A very simple way of introducing the nonlinear regime is to envisage a hydrogen
atom interacting with an E-field Fig.2.1. The hydrogen atom is represented by
a positive charge surrounded by a cloud of negative charges, Fig.2.1(1.). In the
presence of an E-field the negative charge cloud is distorted Fig. 2.1(2.), the distorted
atom can then be represented as a dipole Fig. 2.1(3.), with dipole moment,

u(t) = —er(t) (2.1)
For small displacements, r(t), there is a harmonic binding potential where the force
applied by the E-field causes a linear change in the displacement. The induced
polarisation, P(t), is given by the N number of electric dipole moments per unit
volume.

P(t) = Npu(t) (2.2)
The susceptibility, x, in the weak field, E(t), limit, which describes the degree of
induced polarisation in response to E(t), is related by

P(t) = eox E(t) (2.3)
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2.1. Non-linear vibrational microscopy

When the E-field is removed, the distorted cloud returns to its original state [79].
Eq. 2.3 shows that P depends linearly on an applied E(t). If the E(t) is oscillat-
ing over time, it’s expected that the displacement of charges will follow the same
oscillation in a linear fashion.

3. E@ A,

Figure 2.1: Hydrogen atom in the presence of an E-field. 1.) H-Atom in the ground
state, represented by a single positive charge surrounded by a cloud of negative
charges. 2.) In the presence of an E-field, E(t), the charge cloud becomes
distorted, negative charges moving away from the direction of the E(t). 3.)
Representing the distorted atom as a dipole with a positive and negative point
charge, dipole moment p(t). 4.) Removal of the E-field resulting in the atom
returning to its ground state.

From Eq. 2.3 we see that greater E(t) field strengths on the hydrogen atom model
results in a larger displacement of charges. For large E(t) we can no longer assume
the electron binding potential to be harmonic and must consider the fact that there
are anharmonic effects at play; such that P(t) is no longer linear dependent on E(t).
If we assume that the anharmonic contributions are small, it’s possible to express
the induced polarisation as a taylor series,

Pt) = eo[xVE®) + xPE*(t) + xPE* ) + ... + x\"WE™(1)] (2.4)

with n*" order nonlinear contributions. The first order, n= 1, is the linear regime,
the second order is n= 2 and so on.

In nonlinear microscopy typically ultrafast laser pulses in the pico to femto sec-
ond range are used to induce nonlinear optical effects that are related to the elec-
tronic polarisability of the material, owing to the high peak fields of short pulses,
while time-averahe powers can be kept to a moderate level (dependent on the pulse
repetition rate).

2.1.1 Raman scattering principles
2.1.1.1 Spontaneous Raman Scattering

When light interacts with a molecule, the incident light is either absorbed or scat-
tered. The phenomenon called Raman scattering, first observed by Raman in 1928
[30], occurs when light is scattered inelastically. The majority of light is scattered
elastically by Rayleigh scattering, but there is a small portion of the scattered light
that is shifted in energy, either gaining or loosing energy inelastically. The Raman
scattered light that looses energy is called the Stokes and the scattered light that
gains energy is called the anti-Stokes. In Fig. 2.2, the incident and Rayleigh scattered
light are shown in green, the Stokes in red and the anti-Stokes in blue.
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Consider a diatomic molecule, as shown in Fig.2.2, with incident light, F(t),
oscillating at the optical frequency w. The incident light field induces a dipole
moment in the molecule, p(t), given by

p(t) = eo(t) E(t) (2.5)
The molecular bond’s displacement oscillates sinusoidally by
x(t) = Acos() (2.6)

where (2 is the frequency of the oscillation and A is the amplitude. In this case
as the displacements are very small, the polarisability, «(t), can be described by a
Taylor expansion at a small perturbation from its equilibrium position.

alt) = ap + (gi)ox(t) (2.7)

Using the expression for the linear function of displacements, the dipole moment
Eq. 2.5 becomes,

0
p(t) = €9 Ep cos(wt) {ao + (82‘6> Acos(Qt)] (2.8)
0
which contains Rayleigh and Raman components and can be expanded to give [80],
Rayleigh = egag Ey cos(wt) (2.9)
E
Stokes Raman = EO(MQ&T)OOA cos (wt — Q) (2.10)
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2.1. Non-linear vibrational microscopy

60(80[/8%)0E0

2
where (wt —Qt) = wg and (wt + Q) = was. As shown in Fig. 2.2, the wg is red
shifted and wpg is blue shifted compared to the Rayleigh frequency w by the resonant
frequency €2 of the vibrational resonance.

anti-Stokes Raman = A cos (wt + Qt) (2.11)

2.1.1.2 Coherent Anti-Stokes Raman Scattering

The spontaneous Raman scattered light intensity, Ig, depends on the incoherent
superposition of fields generated by the IV oscillators in the focal volume oscillating
due to an incident field intensity I;

IR 0.8 NL (212)

The typically small Raman scattering cross sections of biomolecules result in a weak
signal strength, not suitable for detecting small concentrations of molecular bonds.
It’s possible to enhance the Raman scattered light by interfering two optical fields,
of pump w, and Stokes ws frequencies, to coherently excite the molecular resonances
at their frequency difference, 2, where

Q=wp — ws (2.13)

The beating frequency €2 is sufficient to drive large molecular vibration amplitudes
inducing molecular specific nonlinear polarisations when 2 approaches the resonance
of the specific molecule. It can be shown that an induced dipole in the presence of
an external field undergoes a force proportional to the field squared. Therefore the
driving force, generated by the interference of the wy and ws field is proportional to

E3(2,1) = ApArel K= (2.14)

where K = k;, — ks, k = 2w/ being the wavevector of light and z is the thickness of
the sample,and the resonant condition in Eq. 2.13 is satisfied [79].

wWp

cos(Qt) =
—\/\— / »
e

Wxg

Wg

—
=

Figure 2.3: Coherent Raman Scattering

The induced non-linear polarisation of N resonant oscillators, P = Np(z,t),
driven by Ej results in 4 different scattering components [80].

Coherent Stokes: P(wes) o< 2 () Age’ (22 ko) (2.15)
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Figure 2.4: Left: Coherent Stokes Raman scattering (CSRS), CARS and SRS vibrational
processes. Right: Output spectra of the CRS process, where either a gain to
wg, loss in wp, or wag is detected.

The CARS intensity is given by

sin(Akz/2) ‘2 (2.19)

2
foms v . [ 2%

where Ak = kas — (2kp, — ks). When Akz approaches zero, the phase matched con-
dition is reached [81]. For CARS processes we see that the intensity is proportional
to N QIIQ)IS, and providing a signal enhancement [79]. The increased signal is due to
the constructive interference of scattered fields that are being coherently driven.

When detecting CARS, not only is there a contribution from non-resonant pro-
cesses unrelated to Raman, such as fluorescence, there is also a non-resonant CARS
and four wave mixing CARS background present [80, 81].

(3)

Xnr

Icars ’ + ‘ng) ’2 +2xPR {X@} (2.20)

As shown in Eq.2.20 there are three contributions to Icagrs, a strong resonant
contribution, followed by a weaker non-resonant background and a term including
both a resonant and non-resonant contribution. The resonant and non-resonant
CARS contributions are shown in Fig. 2.5.
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a

Figure 2.5: Red box: Resonant CARS process. Blue box: Left shows CARS Non-resonant
background and right is a non-resonant contributions including a four-wave
mixing term enhanced by two-photon electronic transitions.

The mixing of resonant and non-resonant CARS is sufficient such that in the
detection of Icars the maximum intensity of the signal is shifted to lower wavenum-
bers compared to the resonance. As well as being shifted, the Icars peak has an
asymmetric shape due to the mixing non-resonant background term [80]. Stimu-
lated Raman loss (SRL) and Stimulated Raman gain (SRG), are both stimulated
raman scattering (SRS) processes, and are coherent. SRS can be detected as a re-
duction or gain in the ws or wy, excitation field intensity by modulating the opposite
excitation frequency. SRS is a homodyne interferometric technique and is free from
non-resonant background.

2.2 Metallic nanoparticles

2.2.1 LSPR

The optical properties of metallic nanoparticles (NP’s) are considerably different
from their bulk metal counterparts. The collective motion of free electrons driven
by an excitation field is known as localised surface plasmon resonance (LSPR)[82].
Plasmons are considered to be bosonic quasi particles, a cloud of electrons that are
displaced around a lattice of positive charges [83]. When a metallic object is smaller
than the wavelength of light, such as for NP’s, the incident E-field can penetrate
the surface and manipulate the surface conduction electrons, polarising the electron
cloud within the confines of the objects shape. The polarisation of the electron
cloud results in a dipole-like interaction with the confined positive lattice charges.
The coulomb interaction between the distorted cloud and lattice charges acts as
a restoring force to the polarisation. The excitation field and coulomb restorative
force then behave like a damped oscillator. The positive lattice charges act to restore
the polarised electron cloud back to it’s equilibrium position. A metallic material
such as gold is well fitted for plasmonic resonance applications. The collective mo-
tion of free conduction electrons, that do not interact with each other, around fixed
nuclei is described in the Drude model for such materials. There is no interaction
between free electrons, however, they do elastically collide with the stationary nuclei.

To arrive at the Drude model, one can begin with deriving the Lorentz model
of optical polarizability. The Lorentz model [84] considers a system where electrons
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orbit a fixed nucleus and are described by a series of classical damped harmonic
oscillators that are driven by an E-field, E. The force F' from E on a charge, e, is

F=—¢cE (2.21)

The oscillating E-field drives an oscillation with a damping coefficient, «, and nat-
ural frequency wg. The force, F', as a function of the electrons displacement from
equilibrium, r, over time can be written as

d*r dr 9

Using complex notation to represent both the displacement r = rope~ ™! and field
E = Ege ™! a solution for the above equation of motion can be obtained

—eE

= —w? — iw)

. (2.23)

where m* is the effective electron mass. A single electron displacement of r results
in an induced polarisation of

’E
—w? —iw)

= 2.24
e (2.24)
From here an expression for the dielectric function can be obtained by substituting
p into
P
c(w)=14+—7 2.25

@) =1+ 25 (225)

making the assumption that all n oscillators do not interact we find that

n62

e(w)=1+ 5

2.26
gom* (wé (2.26)

—w? —iw)

The Drude model assumes no restorative force between free electrons, therefore
within the Drude model Eq. 2.26 becomes

2
ne
=1- 2.27
£ W) gom* (w? + iyw) (2.27)
when wy = 0. The material plasma frequency is given by
2
ne
= 2.28
Wp m*e ( )

and represents the resonant frequency of the plasma oscillation.

LSPR result in a strong absorbance of light, which leads to emission of high
coherent field strengths close to the NP’s when utilised for SE-CARS [85]. Spherical
NP’s have one absorption, one LSPR, whereas nanorods (NR’s) have two absorption
bands, a sketch is shown in Fig.2.6. The absorption bands in NR’s correspond
to the polarisation of free electrons along the length and width of the particle,
named the longitudinal and transverse resonances. The extinction cross-section,
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Figure 2.6: The top is a sketch of the induced polarisation in a nanoshpere. Below is the
longitudinal and transverse induced polarisation in a nanorod. Two cases are
shown,blue and red column, for an applied E-field phase shifted by .

C

which describes the metallic NR’s shape dependent interaction with light can be
derived as

27TVN6?1{2 1/P?)¢
e NN (¢ ! J/Di)l/zﬁl)emy T (2.29)
according to Gans theory. Where the depolarisation factor, P;, for NR’s is given by
36, 2
P = lc%e B@zn G J_r 2) - 1} (2.30)
Pr— 1 _2PL (2.31)
where e is the ellipticity, related to the aspect ratio, a =length/width, as
e =1—a"? (2.32)

From this point it is possible to see that any small variation of the NR’s aspect
ratio has a significant effect on the absorbance band, and consequently the LSPR.
As well as a shape dependence, there is a shift in the LSPR dependent on the
surrounding refractive index. This high tune-ability and sensitivity is one of the
reasons gold NR’s are of such interest in the bio-sensor industry [87] [88].

Laser induced gold nanoparticle reshaping has been suggested and used as a
technique for fabricating specific shaped gold particles, with the pulse intensity and
duration having an effect on the resulting shape of the nanoparticle [89, 90]. It
has been shown that femtosecond laser pulses induce much more reshaping than
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nanosecond pulses. In addition to controlled reshaping, the ultrafast heating and
then heat transfer by phonon-coupling to the local environment can be used as
a localised temperature controller, and can sometimes lead to localised boiling or
scorching in vivo or solution [91, 92]. It has been shown that there is a reduction
in the metallic nanoparticles plasmonic response once exceeding 770K [93]. For
LSPR sensing applications it is important to mitigate reshaping effects and minimise
the measurements influence the surrounding environment whilst maintaining high
signal enhancement. The difficulty with stabilising a nanoparticle from photothermal
effects in surface enhancement measurements is shielding the particles often leads to
coating the particle with a different material, such as silica, or oxides of titanium and
aluminium, introducing a new refractive index and increasing the distance between
the nanoparticle and substrate, thus lowering the amount of signal enhancement
[94].
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Chapter 3

Materials and Methods

3.1 Sample Preparation

3.1.1 Glass preparation

High grade Menzel Glaser 24x24 mm cover glasses that are nominally 0.16-0.19 mm
in thickness were used to suspend samples. Menzel Glaser coverslips were chosen
for their surface uniformity and optical homogeneity. Typically, for optical measure-
ments of bulk materials, micron-scale structures, and photoluminescence of objects
that are suspended on cover glass, it is sufficient to simply scrub the glass surfaces
with acetone. This is done by soaking a piece of lint-free optics paper with acetone
and scrubbing the glass in a linear motion in one direction, until no debris can be
detected by eye on the glass. In most cases the glassware is already polished and
cleaned from factory and this is sufficient to remove a significant amount of the
debris. However, when performing high sensitivity and resolution measurements
of single nanostructures and interfaces, it is important that the glass surfaces the
sample is suspended on is free from debris of the same order of the measurement res-
olution. In focus debris can sometimes present difficulties when trying to distinguish
between metallic nanoparticles and nanoscale dielectric debris. Whilst the defocus
aberration from large debris on the glass can cause distortion blur at the imaging
plane of focus. Following an acetone scrub, a chemical glass cleaning protocol can
be done to extensively clean the surfaces. Both a Piranha etch and a sonication of
glass in hydrogen peroxide were tested for cleaning using the Teflon coverslip holder
shown in Fig. 3.1. Glass cleanliness was determined by visual inspection in extinction
with a 100x 1.45 NA objective to ensure there was no dielectric debris on the glass
surface, a surface was deemed clean if there was one piece of dielectric debris every
10 pm. The surface uniformity of the coverslips was not directly characterised, as
there are no features present in the eHCARS measurements from the glass interface
it suggests one can assume that the surface roughness is less than the resolution
limit of the technique.

Before proceeding with the cleaning procedures glass slides had to be cut by
hand to size first. The sample stage on our inverted microscope receives a non-
standard (50mmx25mm) size microscope slides. A diamond scribe lubricated with
isopropanol and any suitable straight edge template was used to scribe a fault line
in the glass slide. The fault line was then tapped gently from underneath, and
broken by pushing up through the scribe line from underneath, rather than bending
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from above. This technique resulted in the cleanest glass breakages, leaving minimal
burrs. It’s important to cut the glass before cleaning the glass and assembling the
sample to minimise the risk of glass dust contamination.

23

175

150

Figure 3.1: Left: Milled teflon coverslip holder with eight slots and a removable carrying
rod. Right: Design with units given in mm.

3.1.1.1 Piranha solution

Acidic piranha solution is a mixture of hydrogen peroxide (H202) and sulphuric acid
(H2SOy4), Eq. 3.1. The solution reacts violently with any organic matter and has been
used in various applications to treat and clean silica or quartz based surfaces; even
to clean archaeological glass samples of soiled debris [95, 96]. When combining the
solution there is hydration of HSO4 producing Peroxymonosulfuric acid (Caro’s
acid) (H2SOs5) which is an extremely corrosive and strong oxidiser (discovered by
Heinrich Caro in the late 19th century [97]). Alongside the hydration reaction there
is the dehydration of hydrogen peroxide producing both hydronium (HzO™) and
bisulfate ions (H2SO,4 ) along with an oxygen free radical (O®) Eq. 3.2 [98].

HsSO4 + HyO9 —— HySO5 + HO (3.1)

H5SO4 + Ho Oy — H30+ + HyS04~ +0O° (3.2)

The presence of O° radicals, that have an unpaired valence electron, are what
gives the solution the ability to completely carbonsise organic matter leaving only
carbon dioxide (COs3), water (H20), and oxygen (O3). It is thought that O attacks
the carbon linkages within organic materials to form carbonyl groups that subse-
quently react with a second O® to form COs. Simultaneously to the dehydration by
free radical attack is the hydration of sulphuric acid that removes HoO, and the for-
mation of Os by the joining of two O°®. The resulting solution is therefore extremely
dangerous to handle and can be explosive upon contact with specific solvents, such
as acetone. In addition to cleaning, as piranha solution is a strong oxidiser it hydrox-
ylates, Fig. 3.2, the surface of glass (SiO3) by oxidising any molecule that is attached
to the Silicon (Si). Hydroxylation provides the surface with possible binding sights
for molecules of interest; one can therefore functionalise the surface with an inter-
mediate molecule to then attach the structures of interest permanently to the glass
[99, 100]. The presence of the acid in the piranha solution catalyses the reaction
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given by Eq. 3.3 with the attachment of the hydroxyl group (—OH) occurring by the
oxidisation steps from Eq. 3.4 to Eq. 3.5.

Sis0 + HoO == 2SiOH (3.3)
R-O-R+H" — R-OH'-R (3.4)
R-OH™-R — R-OH +R" (3.5)
R* +H,O — HO-R +H* (3.6)

OH OH OH OH

[ Glass substrare | B0

Figure 3.2: Sketch of the hydroxylation of a glass substrate.

For cleaning (etching) cover slips and slides the glassware was firstly scrubbed
with acetone soaked lint free optics paper, rinsed thoroughly with Milli-Q deionised
H»0, and dried with nitrogen (Ng). The two 100 ml beakers, and measuring cylin-
ders that would eventually contain both the HoSO4 and HyO4 separately were rinsed
with concentrated HoSOy4 to remove any contaminants. A 3:1 (volume:volume) ratio,
60 ml of concentrated HoSO4 to 20ml of 30%wt HoOo was measured and placed in
the separate 100 ml beakers. The beaker containing the HoSO4 was then submerged
in a water bath held at 95° C, and a stir bar was added.

¢ WARNING o
i Piranha Solution
In Use

Figure 3.3: Top:Water bath placed on a hotplate at 95° C, protected by a sheet of foil.
Beakers containing water for the swirling rinse post etch; 600ml, 150 ml,
100ml. Two 100ml beakers to receive the HoOs and H5SO4. Two 600 ml
waste beakers used to hold tweezers and for any piranha solution waste. 1L
beaker filler with tap water that can be used to dilute waste or spills. Bottom
left: Water bath at 95° C with a 100ml beaker containing 80ml of piranha
solution and eight Menzel Gldaser 24x24 mm cover glasses held in place by a
teflon coverslip holder (Fig.3.1). Bottom right: Fume hood was closed and
supervised during the etching process.
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Figure 3.4: Coverslip after hydrogen peroxide cleaning method shown under room light.

Making sure that the stirring was sufficiently calm, the HyOy could then be
added slowly 5ml at a time to the hot HoSO4. Once all the HoO9 had been added
the dried glassware placed in the teflon coverslip holder, Fig.3.1, could then be
lowered into the piranha solution carefully. The glassware was left submerged for
30mins under constant supervision. Once the duration had passed, the glassware
was swirled gently in milli-q H2O three times to remove the etching solution, dried
(N2), and stored under a N2 atmosphere until required.

3.1.1.2 Hydrogen Peroxide

Since the process of cleaning glassware by piranha etching is fairly labour intensive
and relatively dangerous, it was thought that similar results could be achieved by
simply sonicating the glassware in sequential solvent baths and using HoO» for the
hydroxylation process alone. HyOs itself is a strong oxidiser and is sufficient for
hydroxylating the surface if the glass was left submerged for a much longer duration;
timescale of days rather than the minutes that a piranha etching takes. Acetone
scrubbed glassware placed on a teflon coverslip holder would firstly be submerged
in a 150ml bath of toluene and sonicated for approximately 20 mins. Secondly,
by using the threaded teflon pole, the holder containing the coverslips was lifted
from the toluene and placed directly into a 150ml bath of acetone and sonicated
for another 20mins. Toluene as a solvent can readily dissolve plastics and oils,
and is not water soluble. Acetone’s polar nature, arising from it’s carbonyl group
(C=0), allows it to be water soluble and effective at dissolving any water based
contaminants. The acetone wash was also somewhat responsible for aiding in the
washing of any toluene residues before continuing into the next step. After the
acetone sonication, the coverslips were rinsed thoroughly with Milli-Q water and
placed in a third beaker containing 150 ml of Milli-Q water. Next, the beaker of
water containing the coverslips was placed in the microwave and bought up to a
rolling boil for 3mins. The glass was boiled in such a way to further aid in the
removal of contaminants by both the heating and vigorous motion of boiling; this
step would also make sure any acetone traces had evaporated. After boiling and
allowing the glass to cool, they were rinsed again with Milli-Q water and placed
in a 150ml bath of 30%wt HyO2 and sonicated for another 20 mins. Following
the sonication the coverslips were kept submerged in the hydrogen peroxide for at
least 24 hrs before use; this was to provide time for the glass surface to undergo
hydroxylation. The glass could then be stored in large batches under HoO2 in the
fridge at 4° C until needed, taking note of the storage duration so that the HyOq
could be changed periodically. HyO9 decomposes to HoO and Os slowly over time,
which would lower the concentration and thus likely impede the glass hydroxylation.
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3.1.2 Contact angle study

A simple test could be done to test if the glass had been hydroxylated sufficiently
by the HoOs submersion. Using a spherical assumption to model the water droplet
size, reported by Chatterjee et al[101], one can estimate the contact angle € of small
water droplets if it’s volume V and radius r are known using Eq.3.7. The contact
angle gives a measure of the glass’s hydrophilicity, smaller angles correspond to
greater hydrophilicity. Since the hydroxyl groups are polar, a hydroxylated surface
will be hydrophilic. A surface is considered to be hydrophilic when the contact angle
f <90°; hydrophobic when 6 >90°.

ﬂ B 2 —3cosf + cos’ 0
3 sin® @

(3.7)

To measure the contact angle a 2 ul is placed on the glass coverslip and it’s radius
measured using the hydrophilicity test pattern. It is comprised of concentric rings
that increase in radius outwards by 3 mm per ring. To do so a camera is used to take
a picture from directly above, the scale can then be calibrated using the test pattern
and the radius of the droplet can therefore be estimated. Using this estimation
Eq. 3.7 is solved for f. The contact angle of a water droplet was measured for 12
glass coverslips that were cleaned using the HoO2 method and 2 coverslips that were
simply scrubbed using an acetone soaked piece of lint free optics paper. Firstly, it
is possible to see by eye in the photographs, Fig. 3.5, that the 2 ul water droplets
placed on the HyO9 cleaned coverslips spread over a significantly larger area than
the droplets placed on the acetone scrubbed glass, which suggests a lower contact
angle. Once estimated using the hydrophilicity test pattern there is confirmation
that the HoO9 treatment has produced a more hydrophilic surface than an out of
the box glass coverslip. It is estimated that the contact angle for a HoOg cleaned
coverslip is ~10°, Fig. 3.5.

3.1.3 Nanoparticle samples

Bare gold nanorods (gold rods without a shell) with CTAB, BNRs, that have a
LSPR of 605 nm, aspect ratio 2.3, and silica coated nanorods (SNRs) with LSPR of
646 nm with aspect ratio of 2.8 were purchased from Nanopartz. The gold rods were
colloidally suspended in HoO. It was important to ensure that the nanoparticles
(NPs) were permanently fixed to the glass substrate so that correlative measure-
ments could be done. Both diffusion over time whilst submerged in silicone oil and
optical trapping by the laser can cause NPs to detach from a glass surface if they
were simply drop cast or spin coated on to the surface. NPs were covalently bound to
the glass substrate using an intermediate functionalisation molecule that attached to
the hydroxyl groups formed during the HoO5 treatment on the glass. For covalently
binding the raw gold NRs to glass, (3-Mercaptopropyl)trimethoxysilane (3MT) was
used [2, 3, 102, 103, 104, 105]. 3MT functionalisation of the hydroxylated glass
coverslips results in the silanisation of the hydroxyl group on the glass, leaving the
sulphur atom present from the 3MT readily available for binding to a reducing agent,
in this case binding directly to the metallic NP, see Fig.3.7 ii.). The silica coated
NRs contain a surface amine functional group on the outer silica shell, therefore
tosyl chloride (4-toluenesulfonyl chloride) was used to functionalise and covalently
bind the NRs to the glass. Similarly, the hydroxyl groups on the glass react with
the tosyl chloride forming a tosyl-activated intermediate, a sulfonyl ester, which is

— 24 —



Chapter 3. Materials and Methods
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Figure 3.5: Left: Picture of five 2 ul droplets of deionised water pipetted on to an acetone
(C3HgO) scrubbed glass coverslip. Middle: Picture of five 2 ul droplets of
deionised water pipetted on to a glass coverslip cleaned by the HyO5 and
solvent bath sonication method. A graphic of the hydrophilicity test pattern
is also shown for clarity, each concentric colour ring has a radius 3 mm larger
than the previous. Right: Contact angle measured for 12 glass coverslips
cleaned by HoO9 method and 2 coverslips that were only acetone scrubbed.
Ploy inset: Sketch of the contact angle measurement for both a hydrophobic
and hydrophilic substrate.

then nucleophilically attacked allowing the nitrogen present in the amine of the gold
functional group to bind with the silicon in the glass [4], see Fig. 3.7 iii, iv.). Tosyl
chloride was chosen specifically as it has a short linker chain, such that it would not
contribute significantly to the CARS signal in the vicinity of the rods.

3.1.3.1 Functionalisation protocol

Cleaned and hydroxylated coverslips are firstly rinsed of any HoOs residue with
DI.H-0O, and dried with Ns. A functionalisation solution of 3SMT or tosyl chloride
is then prepared in a 100ml beaker; the 3MT solution used was 1% by volume
3MT to Toluene, and the tosyl chloride with acetone solution was 10% by weight
tosyl chloride. The coverslips were placed in a teflon holder, submerged in the
functionalisation solution of choice and left for up to 1hr. Using the rod to lift
the teflon coverslip holder, they were removed from the functionalisation solution
and rinsed sequentially in 3x100 ml beakers containing the corresponding solvent by
swirling gently. Following the solvent wash, was a sequential rinsing in 3x100ml
beakers of DI.H2O. Finally, the coverslips were dried with N9 and stored under Ny
atmosphere in falcon tubes.

3.1.3.2 Sedimentation of nanoparticles

The process is the wetting of functionalised surfaces with a solution of NP’s so that
by slow diffusion over time NPs will covalently bind to the glass as shown in Fig. 3.7.
The sedimentation protocol is the same for both 3MT and tosyl chloride binding.
Functionalised coverslips are marked (so that the top surface where nanoparticles
are going to be bound can be identified) and placed in a petri dish on a piece of lint
free optics paper. A dilution of NP in HoO was made to achieve a concentration of
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Figure 3.6: CTAB Raman spectrum obtained from Wiley Spectrum bank [1]
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Figure 3.7: i.) Hydroxylated glass substrate. ii.) Gold nanoparticle bound to the glass
substrate by silanisation of the hydroxyl group. iii.) Tosyl-activated interme-
diate, with an amineated gold NR in the vicinity. iv.) Gold nanorod bound to
the glass substrate by amine linkage of the tosyl activated intermediate [2, 3, 4]
(charges on the gold rod indicate a negative zeta potential).

— 26 —



Chapter 3. Materials and Methods

107 ptl/ml (ptl=particles), which gives a separation of ~1 ptl/um in the final sample.
To aid in avoiding aggregation a pH buffer was added to the dilution, adjusting the
pH according to the zeta potential of the specific NP used. Aggregation of NR’s
would mean the local field enhancement is arising from a larger volume, increasing
the resolution limit and provide a greater enhancement than one would expect from
one particle. The NP solution was added one, ~10 ul, droplet at a time to the top
surface of the coverslip until a meniscus forms covering the entire surface. Once
coated, a piece of paper towel soaked in HoO was placed near and covered by a large
inverted water-bath for up to 1hr. The paper towel was thought to increase the
humidity beneath the waterbath, minimising the amount of evaporation that would
cause 'coffee ringing’ of particles at the edges of the droplet. After 1 hr had passed,
the coverslips were hosed with HoO and sequentially swirled in 3x100 ml beakers of
H>0O before being stored under Ny in a falcon tube, making sure the side of the slip
containing the NPs was marked.

3.1.3.3 Squeezed silicone oil samples

Glass coverslips coated in NPs were squeezed using a vice on to microscope slides
separated by silicone oil. The squeezed sample minimised the amount of unfocused
debris aberration observed when imaging the sample. A 30 ul droplet of n=1.52
silicone oil is placed in the middle of a hydrogen peroxide cleaned slide and a NP
coated coverslip is placed on top; the NP side making contact with the silicone oil.
The slide and slip were then wrapped in a piece of optics paper, and protected by
placing a sacrificial glass slide and off-cut of cardboard on top and below, Fig. 3.8.
The cardboard protected the glass from the sharp edges of the vice, whilst the sacri-
ficial glass ensured a flat squeeze was applied to minimise lateral drift. Optics paper
was added to prevent scratching. The configuration was placed inside a vertically
mounted vice and clamped tightly together; ensuring that the stationary part of the
vice was at the bottom to aid with aligning the squeeze. After squeezing, the sam-
ple slide and coverslip were wiped of excess silicone oil and sealed with nail varnish
around the edges. This typically yielded a silicone oil layer thickness of 10 pm.

3.1.3.4 3MT’s effect on hydrophilicity

The hydrophilicity of coverslips functionalised with 3MT was tested using the spheri-
cal assumption model Eq. 3.7 for a 3MT concentration range of 0%-1% (by volume).
One can clearly see that the hydrophilicity falls with increasing concentration of
3MT, suggesting that the 3MT is reacting with the hydroxyl groups on the glass
Fig.3.9. An important outlook to take from this result is the following. If one would
want to attach biological material, such as a lipid bilayer, on top of the covalently
bound nanoparticles there would need to be some consideration for the effect of
attaching such material to a less hydroxylated surface.
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Figure 3.8:
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Top left: Sketch of how the sample was protected whilst squeezing with a vice;
the arrows show the direction the force was applied. Bottom left: Sacrificial
slide and off-cut cardboard covered with optics paper used to protect the sam-
ple. Right: Sample mounted in the vice without the top layer of protection
added.
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Estimated hydrophilicity of coverslips treated with 3MT in a range of dif-
ferent concentrations. Calculated using the spherical assumption model and
hydrophilicity test patterns, see Fig.3.5. Fit values that are extrapolated to
negative concentration values are to be ignored, they are included to ease read-
ing the zero concentration contact angle values.
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3.1.4 Oil-droplets

A 24mm x 24 mm imaging gasket from Sigma, with imaging well diameter of 20 mm
and thickness of 0.5 mm, was glued to the centre of a microscope slide that had been
cleaned by the HyO5 protocol. A solution of 0.25% Agarose in DI.H,O was prepared
in a falcon tube and heated in the microwave until dissolved. 30 ul of agarose was
pipetted into the centre of the imaging gasket, with a further 5 ul of silicone oil
pipetted on top of the agarose droplet. Silicone oil is not soluble in water, therefore,
when a cleaned coverslip is placed on top, sealing the imaging gasket, the oil is
pressed against the coverslip forming dome shaped oil droplets on it’s surface.

3.2 Microscope setup

3.2.1 Microscope stand

Our multimodal imaging system is based on an inverted Nikon Ti-U microscope
stand (objective is below the condenser). The microscope has a 100W Halogen
white light with variable intensity and an adjustable filter wheel. A piezoelectric
NanoLLP200 nanostage with xyz degrees of freedom and 0.4 nm resolution, is mounted
on to a xy micromechanical stage, the sample mounting configuration is shown in
Fig.3.10. The stand has both a CMOS 10.1 megapixel Canon EOS 40D, and sCMOS
PCO Edge 5.5 (PCO) cameras attached (specifications to follow).

Figure 3.10: Picture of the Nikon Ti-U microscope. Circled in blue is the mounting loca-
tion of the sample, a sample is shown mounted for reference.
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3.2.2 Microscope elements
Objective: 100x oil

Nikon CFT plan Apo lambda series 100x, 1.45NA, n=1.518 oil immersion objective,
with a working distance of 0.13 mm. Chromatically corrected for 435 nm to 850 nm.
0.17 mm coverslips are to be used.

3.2.2.1 Objective: 60x water

Nikon CFT plan Apo IR Lambda-S Nano Crystal 60x, 1.27NA, n=1.33 water im-
mersion objective, with a working distance of 0.17mm. Chromatically corrected for
435nm to 1064 nm. 0.15mm to 0.19 mm coverslips can be used. This objective has
an adjustment collar that adjusts the position of the central lens group to account
for variations in glass coverslip thicknesses. When using a high numerical aper-
ture coverslip thickness variations can cause abberation. The collar was adjusted to
optimise the SRS signal in the silicone oil as shown in Fig. 3.11.
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Figure 3.11: Collar ring adjustment to an SRS signal from silicone oil at 2904 cm™1

3.2.2.2 Condenser: 1.34NA oil

Nikon 1.34NA HNAO lens n=1.518 oil immersion condenser, with a working distance
of 1.96 mm, focal length of 10.5 mm and far field diameter of 28.1 mm.

3.2.3 Extinction

Characterisation of NPs geometrical shape can be performed by either wide-field ex-
tinction or single particle extinction spectroscopy in our setup utilising a technique
described in detail by Payne et al [106, 107, 108]. Widefield extinction was per-
formed using the CFI plan Apo lambda series 100x, 1.45NA, n=1.518 oil immersion
objective. A rotatable linear polariser, situated above the condenser, was rotated to
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provide the in-plane polarisation angle (6) to the halogen white light illumination
in steps of 30 °from 0°to 150°. Two images, I; and Io, were taken of the sample at
corresponding positions P; and Ps, shifted by S, calculated by first calculating

3\

"7 2NA (38)

Where R; is the measurement radius of the NP, given by the illumination A, and the
NA of the objective. S is calculated by

S = 2R; + 100 nm (3.9)

to avoid overlap of airy patterns. The shift was applied in the x axis of the
nanostage using the PCO.edge 5.5 sCMOS camera to detect the transmitted light.
128 averages at both positions were done in the camera software, using a 20ms
exposure, using the full sensor size of 2560x2160 pixels to capture the maximum
amount of particles in the field of view. The normalised transmission is calculated
by,
I

T, =L

(3.10)
with the T denoting that the I; image has been chosen as the signal and I the
reference. The shift was repeated to produce a sequence of N=10 sequential images
at each position (P1,P2,P1,Pa....etc), and were sequentially averaged to reduce the
systematic sensor noise. The extinction image, A4, is calculated as follows,

1
AL =1- =T 3.11
L=l T (3.11)

and contains both a positive A, and negative A_ contrast separated by the shift,
S, along the x axis.

For single particle spectroscopy the setup is nearly identical to wide-field extinc-
tion; able to use the linear polariser and white light illumination through the 100x
objective. Instead of detecting the transmission in a camera the signal is sent to
a spectrometer. A single particle is aligned in the centre of the spectrometer slit
opened and is illuminated with white light to produce two shifted spectra I; and
I, similarly to widefield extinction. The spectrum is collected utilising the Horiba
Jobin-Yvon spectrometer and Andor camera, by taking 200 acquisitions, at P1 and
Py separately, with an exposure of 11ms, with the 100lines/mm grating and input
slit opening of 80 um. The slit parameters correspond to a spectral resolution of
1.2nm/pixel. A 2x5 binning of the Andor CCD was used to aid with vertical parti-
cle localisation and to provide bins with a local reference that could be subtracted
to improve the noise. The size of the bins were chosen to minimise the leakage of
signal from the centre bin. The normalised spectrum is calculated from the centre
bin’s spectrum using
L — L,

T, —
T — Iz

(3.12)
where I, is the average of the background signal in the adjacent bins that do not
contain NP signal Eq.3.11 is then used to calculate the extinction spectrum, which
can be repeated for numerous polarisation angles.
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Figure 3.12: Sketch of the setup showing the key components.

3.2.3.1 PCO.edge 5.5 sCMOS Camera

Scientific CMOS 5.5mega pixel (2560x2160pixels with 6.6 um pitch) is a low noise
water cooled camera used primarily for wide-field sample navigation and extinction
measurements. At full resolution the PCO is capable of recording at a frame rate
of 100 Hz and at 1024x1024, 200Hz. It has 3x10%e full well capacity, and 1.1 e rms
read noise. The low read noise makes the PCO an excellent tool for imaging NPs in
widefield.

3.2.3.2 Horiba Jobin-Yvon iHR550 spectrometer

Czerny-Turner type imaging spectrometer with 550mm focal length that has 3 grat-
ings; 1501/mm, 6001/mm, and 18001/mm, offering the option of high spectral reso-
lution or high throughput.

3.2.3.3 Andor CCD

Attached to the iHR550 spectrometer is the water cooled DU-971N, Newton, Andor
CCD utilised for detecting the specta. The sensor is made from 1600x400pixels that
are 16x16 pm in size. It is an electron multiplying CCD, the charge on each pixel
is multiplied before readout, that can be cooled down to -100° C which allows for
single photon sensitivity with a maximum of 3.6fps at full resolution.

3.2.4 epi-Heterodyne-CARS setup
3.2.4.1 Setup description

The Spectra Physics MaiTai is a mode-locked titanium-sapphire tunable (690 nm to
1040 nm) laser; the fundamental remains at 820nm in our setup. It provides 100 fs
pulses with repetition rate of v;,=80MHz that are frequency doubled to pump a
Inspire Radiantis Newport/Spectra physics OPO; outputting the pump, signal and
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idler beams at a pulse duration of approximately 150fs at 80 MHz. In our setup,
the 820 nm fundamental is used as the pump beam, the idler is used as the tunable
Stokes beam. The signal beam is tunable in the wavelength range 490 nm to 750 nm
and corresponds to an idler range of 930 nm to 2500 nm. The excitation fields are
co-linearly polarised exciting the OPO (horizontally orientated relative to the table).
To perform CARS by spectral focussing, specific length and anti-reflection coating
dispersive H-ZF52A and SF57 glass blocks from Fortune optics were used to apply
an equal linear chirp to both pump and stokes pulses, providing an instantaneous
frequency difference (IFD) between the pump and stokes. The glass blocks can
be interchanged to provide varying amounts of linear chirp dependent on the IFD
required. Both fields are recombined by a dichroic beamsplitter, and then move
onwards to the sample generating the CARS signal by driving molecular vibrations
at the selected IFD. The IFD can be tuned by adjusting the time delay of the pump
beam using a 15cm Pl-Linear delay stage, M-403.8PD, the spectral resolution is
then given by the elongation of the temporal envelope by a few picoseconds [109].

Epi-CARS signal recombines with the reference beam at a non-polarising beam
splitter (NPBS). For heterodyning the reference beam is also linearly chirped by
H-ZF52A glass blocks and a delay is provided to it by a PI-Linear delay stage. The
chirp and delay is adjusted to achieve spectral and temporal overlap (accounting
for the additional chirp the CARS field experiences propagating through the optics
of the microscope stand) with the generated epi-CARS signal before the two fields
recombine. The two beams, from the interference between the CARS and reference
fields after the NPBS, are separated into horizontal and vertical polarisation compo-
nents using a Wollaston prism (WP). The resulting four beams are then detected by
two balanced pairs of photodiodes, using the photo-current difference between the
two pairs of diodes; the horizontal polarisation is focussed on the top pair and the
vertical on the bottom. Heterodyne detection is done with a dual-channel lock-in
amplifier to detect the interference of the epi-CARS signal with the reference beam.
This is done by using an TeOy acousto-optic modulator (IntraAction) and driver to
up-shift the optical frequency of the stokes beam to vs=77 MHz, resulting in a —wv,
shift to the CARS field (the CARS field is proportional to the complex conjugate of
the stokes field), the resulting beat frequency, vy, - vs=3 MHz, is detected.

The setup is also capable of detecting forward scattered signals, such as forward-
CARS and two photon fluorescence (TPF). Photon multiplier tubes (PMTs) are
attached in forward detection to the Nikon Ti-U microscope. There are a series of
dichroic and bandpass filters ordered in such a way that wavelengths of 642nm -
707nm are sent to the CARS PMT, 468 nm - 552nm to the TPF PMT, 391 nm -
437nm to the SHG PMT, and 790 nm - 860 nm to the SRS photodiode. FCARS is
generated in exactly the same way as the eHCARS signal but is detected in forward
geometry as an intensity rather than a field. SRS, on the other hand, utilises the
stokes beam AOM to modulate the amplitude and detect the stimulated raman
loss at the pump field as an intensity modulation at a photodiode using a ZI HF2
lock-in amplifier. Mounted on the Nikon Ti-U microscope is a LP200 mad city labs
piezoelectric nanopositioning stage, and manual microstage-L'T that can be used to
scan the sample coarsely in a 25 mm x 25 mm range. However, for a finer scan it
is possible to move the nanostage with a resolution of 0.4nm over a range in XYZ
of 200 ym? with 15ms response time. The CARS microscope utilises a raster type
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scan to construct images. A Thorlabs PM100 power meter with a silicon photodiode
head was used to measure the pump and stokes beams whilst a thermal-sensor head
was used to measure the higher power of the reference beam [64, 65].

3.2.4.2 Setup calibration

The CARS wavelength Acagrs is given by Ap and Ag as follows,

12 1 (3.13)
ACARS AP As '
and has a corresponding IFD given by,
1
— =)Ap — Ag (3.14)
w

The relation between IFD and Acags is shown below in Fig. 3.13.
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Figure 3.13: Plot of the CARS wavelength and corresponding IFD. The red dotted lines
indicate the measurement parameters used for eHCARS measurements of
silicone oil.
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For calibration of the pump and reference delay a polystyrene (PS) sample was
used as it has a well defined aromatic resonance at 3050cm ™', aromatic CH vibra-
tional resonance. Each measurement would follow a calibration where a sample with
known vibrational resonance spectrum would be measured first. It should be noted
the measurement shown in Fig. 3.14 was taken from a focal plane maximising the
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SRS and CARS signal from inside a PS film, hence the eHCARS signal is not max-
imised and is out of focus. The eHCARS signal is sensitive only to interfaces that
are perpendicular to the excitation axis. In this instance the SRS/CARS spectrum
is maximised as it is used to calibrate the IFD (delay stage position) the known
PS spectrum. The IFD spectrum is obtained by varying the overlap of the linearly
chirped pump and stokes, Gaussian, pulses and a range of 150 cm™! can be probed
before the pulses are no longer overlapped.
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Figure 3.14: Calibration measurement of a polystyrene film on a glass substrate. The top
spectra, in orange, are delay scans in transmission, fCARS and SRS, detuning
the pump and Stokes overlap to probe a range of IFD’s. Below are images in
transmission, SRS, fCARS and eHCARS of a drop cast polystyrene film on
a glass substrate. 100x 1.45NA objective, Ims dwell time, 50 pumx50 ym zy
image. The image labelled [etHCARS| is the eHCARS amplitude and @ is the
eHCARS phase. The ®|eHCARS|,® image shows the amplitude and phase
encoded into a value-hue plot, where the amplitude is the value and the phase
is the hue. A sketch is included illustrating the sample geometry and planes
of an XZ and XY scan. A 10 umx10 um box is shown in the transmission
image, representing the scale in 2D (scale is conserved between XY and XZ
measurements).
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An example power dependence of the eHCARS (amplitude) from a glass-oil in-
terface is shown in Fig. 3.15. The glass-oil signal power dependence was used to aid
in the retrieval of the interface signal, when calculating the complex enhancement
ratio, when using low pump and Stokes powers imaging gold nanorods.
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Figure 3.15: Glass-oil interface eHCARS power dependence.

eHCARS measurements were lock-in offset corrected before analysis. The real
and imaginary parts of the signal were independently centred at zero, example shown
in Fig. 3.16
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Figure 3.16: Example of the lock-in offset correction for a glass-oil eHCARS signal applied
to the real and imaginary parts of the measured eHCARS signal.
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Chapter 4

eHCARS from oil droplet
interfaces

In this chapter a model oil droplet sample was considered to illustrate the advantages
of epi-detected heterodyne CARS over f{CARS and SRS for interface sensing. Silicone
oil was specifically chosen for the model system as it has a very strong resonant peak
at 2904cm™!, see Fig.4.1. As the future applications of the technique are in the
imaging of lipid materials, it is appropriate to select a material that has a resonance
within the range of 2800 cm™! to 3050 cm ™! where one might detect the strong and
Obroad -CH vibrational resonances present in lipids.

0.05 T T v T v T v T v T v T v T
— Silicone oil
0.04 + -
S 0.03 -
5]
=4
5]
0.02 + -
0.01 -
0.00
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Figure 4.1: Silicone oil SRS spectrum measured by shifting the delay stage to probe IFD’s
in the range of 2750 cm ™! to 3150 cm ™.

In the regime where objects of interest are smaller than the excitation wave-
lengths, forward CARS contains a non-resonant background arising from the bulk
material. FCARS is only suitable for detecting large objects, whereas one can sep-
arate the non-resonant background by detecting the CARS signal in epi-direction.
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ECARS is generated from the interface, perpendicular to the epi-direction, of two
large materials with different ¥(3) or from scattering objects smaller than the ex-
citation wavelength [59]. Forward generated CARS may also be epi-reflected from
a surface and detected in epi-direction. This selective sensitivity to perpendicular
interfaces and small objects, combined with the full field information retrieved from
a heterodyne detection, is what provides nanoscale topographical detection. Oil
droplets on a glass substrate in water were considered to characterise and better
understand the behaviour of epi-detected heterodyne CARS signal from different
interfaces. Oil droplets were placed on a glass coverslip forming hemispheres (dome
like shape). The sample was prepared by fixing silicone oil droplets on to a glass
coverslip and sealing in an agarose environment with a gasket, see Sec. 3.1.4. What
was to be imaged then was an array of various sized oil droplets attached to the
flat glass surface below, surrounded by a 0.25% solution of agarose in water. A
differential interference contrast (DIC) image, shows how the oil droplets have been
attached to the glass coverslip in Fig. 4.2.

It is evident from the DIC image that the oil droplets consistently form rela-
tively smooth shaped hemispheres on the glass surface. Both the 20 pm and 12 yum
diameter droplets have what could be small bubbles of air or water trapped inside.
Some of the droplets have not formed hemispheres with a perfectly circular base
attaching to the coverslip. If one was concerned about the shape uniformity of the
droplets then it would likely be beneficial to not press on the cover slip as the agarose
is setting around the droplets. In this case the coverslip was squeezed slightly as
the agarose was setting, possibly distorting the shape of the oil droplets. However,
the droplet shape was not overly important for the experiments that were to fol-
low. What was required from this sample was the three different interface types
between the different materials. Moving upwards (4z) relative to the plane shown
in Fig.4.2, everywhere outside the oil droplets there is an interface between glass
and water (GW), inside the oil droplets there is a glass-oil interface (GO), and at the
top of the oil droplet there is an oil-water (OW) interface. Each interface provides
a different situation with respect to the change in their non-linear susceptibilities

(x™).

4.1 Forward detected CRS vs epi-detected eHCARS

The epi-detected signal from the oil droplets was firstly compared with the forward
detected measurement capabilities of the setup. Three dimensional SRS, f{CARS and
eHCARS measurements of the silicone oil droplets were taken at the IFD=2904 cm ™!
, the vibrational resonant peak of silicone oil. By moving the nano stage to perform
the raster scan, producing the images pixel by pixel. It is not possible to scan the
laser with the galvo mirror in heterodyne epi-detection as it would change the over-
lap of signal and reference fields. How the sample was mounted is shown in Fig. 4.3,
the coverslip is below the microscope slide making contact via immersion oil with
the 60x 1.27TNA water immersion objective below. The oil droplet and agarose can
be seen above the coverslip. The z direction is defined as the epi-direction, +z(—z2)
going up(down) through the objective, and the xy plane is defined as the flat cov-
erslip surface. A sketch of an oil droplet in both the zy and xz plane is shown in
Fig.4.3. It is marked on the sample sketch where exactly the xz and xy scans have
been performed, the cyan line through the centre of the zy plane shows the location
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Figure 4.2: DIC I image of silicone oil droplets supported on a glass cover-slip, fixed in
an 0.25% agarose and water environment (agarose/water is above the plane
shown, below is the glass cover-slip). 60x 1.27NA water immersion objective,
rotating the polariser +£15°. Gray scale is from black to white (-0.1733 to
0.1744). A black scale bar is provided, with specific droplet diameters labelled
in white.
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where an zz scan was performed by moving through the focus, holding the y posi-
tion constant and scanning along the x direction. The pink line on the sketch shows
where the sample was scanned in the xy direction keeping the focus constant at the
GO interface, the red line is the same xy scan but at the OW interface. The orange
line indicates where the f{CARS and SRS spectra were obtained from by keeping
both the focus and y position constant, and scanning the pump delay to select a
range of IFDs, the resultant 2D image was then averaged along the x direction to
obtain the spectra.

The setup is capable of obtaining transmission, fCARS, and SRS simultaneously;
eHCARS was measured separately, see Sec. 3.2.4. Images were constructed by scan-
ning a 25 umx25 pum range (in 232x232 pixels), 1 ms per pixel, in the xy plane and
a 25 umx15 um range (in 232x1501 pixels), 1 ms per pixel, in the xz plane. The
xz images in Fig.4.3 have been extruded and cropped in the z direction so that
the pixel distance in the z direction is half the z direction pixel distance. SRS and
fCARS spectra was obtained by scanning the IFD (changing the delay of the pump
pulse to the Stokes pulse in the CRS excitation, see Sec.3.2.4) in the centre of the
oil droplet over a spectral range of 500 cm~! (in 501 steps) centred at 2904cm™!. A
scale box is shown in the transmission zz and xy images in Fig.4.3; note, 2 pixels
in the z direction, as scaled, corresponds to the same distance in 1 pixel in the x or
y direction (scaled distance is shown in the transmission image for both zy and xz
as a scaled box). For the fCARS/SRS/transmission/eHCARS images and spectra,
1ms dwell time, with a Pp = 8.941 mW and Pg = 7.699 mW (Pg = 16.28 mW for
eHCARS). Spectra was taken in 500x1cm ™! IFD steps.
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eHCARS from oil droplet interfaces
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Figure 4.3: EHCARS, SRS, and fCARS of a silicone oil droplet in 0.025% agarose and

water at 2004 cm~!

, using 60x 1.27NA water immersion objective with correc-

tion collar optimised, 1.5x tube-lens, and 1.34NA oil condenser. Top spectra
in orange is a delay scan taken in the middle of the oil droplet, detuning the
overlap of pump and Stokes beams to obtain an IFD spectrum in transmission,
fCARS and SRS. Across the middle are images in forward detection; trans-
mission, SRS, and fCARS of the oil droplet. Below, in the yellow box, is the
epi-detected signal in the horizontal polarisation component. The image la-
belled |eHCARS] is the eHCARS amplitude and ® is the eHCARS phase. The
®|eHCARS|,® image shows the amplitude and phase encoded into a value-hue
plot, where the amplitude is the value and the phase is the hue. A sketch is
included illustrating the sample geometry and planes of an XZ and XY scan.
The sketch illustrates the sample geometry of the oil droplet and the planes
represented by XY and XZ. A 2D box is shown in the transmission images
which denotes the scale in 2D for the XY and XZ measurement. M and m are

the max and min greyscale values of their corresponding image.
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The forward detected SRS IFD spectrum, in Fig. 4.3, only contains the resonant

contribution to the signal, which is proportional to the Im{xg‘z’l) }. The forward de-
tected CARS on the other hand has both resonant and non-resonant contributions
to the signal. Interference between the contributions cause a broadened and slightly
distorted (dispersive) line shape in the f{CARS IFD spectrum compared to the SRS.
The forward SRS, CARS and transmission provide good image contrast in the XY
plane. In forward detection, with a dominant resonance and a surface parallel to
the detection direction (edge of the circle), it is possible to resolve the oil droplets
diameter of 20 um in each detection type. In transmission the droplets perimeter is
a black ring, due to beam refraction and diffraction reducing the transmission at the
edges. Whereas in both SRS and fCARS, being chemically specific, the contrast is
provided by the resonance in the oil dominating the signal from the water/agarose.
In the forward detected xz images it is more difficult to estimate the height of the oil
droplet and locate the top interface. This is due to the axial point spread function
causing a distribution of the interface signal from the forward techniques. In the xz
transmission image it is impossible to resolve the top of the oil droplet as there is
very little light being reflected /refracted to give contrast. However, it is possible to
estimate that the interface should be at the z position where there forward signal
is minimised at the perimeter of the droplet (where the oil makes contact with the
glass). Both the SRS and fCARS zz images reveal the hemisphere shape of the oil
droplet, but slightly distorted compared to eHCARS. The epi-detection allows for
better resolving of interfaces perpendicular to the imaging plane.
In contrast to forward detected CRS, in eHCARS the bulk background is sepa-
rated from the interface signal by detecting in epi-detection, and incoherent back-
ground is removed by interferometric detection of the CARS amplitude and phase.
In eHCARS both the pump and Stokes beams are linearly polarised along the x-axis
in the sample, and both co and cross polarised signal is detected. In Fig. 4.3, only
the co-polarised (horizontal) eHCARS amplitude and phase components are shown
as this was the dominant contribution with no detectable cross component. In the
2z eHCARS amplitude and phase images we see that epi-detected CARS signal can
only arise from a backward reflection of CARS signal generated in the forward di-
rection, or a CARS signal generated in the backward direction. A reflected signal
arises from a step in the y™@) (change in refractive index) and a backwards generated
signal arises from a step in the x(3). There is a strong signal resulting from a step
in the x(3) coming from the GO interface, and a combination of both reflected and
generated CARS signal coming from the OW interface. The phase of the eHCARS
signal from the top interface gives and insight to the curvature of the OW interface.
A change in the phase along the plane perpendicular to the epi-direction corresponds
to a change in the height of the interface position in a homogeneous medium.
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Figure 4.4: EHCARS, SRS, and fCARS of a silicone oil droplet in 0.025% agarose and
water at 2904 cm !, using 100x 1.45NA oil immersion objective with correc-
tion collar optimised, 1.5x tube-lens, and 1.34NA oil condenser. Top spectra
in orange is a delay scan taken in the middle of the oil droplet, detuning the
overlap of pump and Stokes beams to obtain an IFD spectrum in transmission,
fCARS and SRS. Across the middle are images in forward detection; trans-
mission, SRS, and fCARS of the oil droplet. Below, in the yellow box, is the
epi-detected signal in the horizontal polarisation component, and in blue the
vertical component. The image labelled |eHCARS]| is the eHCARS amplitude
and ® is the eHCARS phase. The ®|eHCARS|,® image shows the amplitude
and phase encoded into a value-hue plot, where the amplitude is the value and
the phase is the hue. Lines are sketched on the transmission images illustrating
the sample geometry and planes of an XZ and XY scan. The sketch illustrates
what is meant by the XY and XZ planes. A 2D box is shown in the transmis-
sion images which denotes the scale in 2D for the XY and XZ measurement.
M and m are the max and min greyscale values of their corresponding image.
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The measurements show in Fig. 4.3 were repeated with the 100x 1.45NA objec-
tive, shown in Fig. 4.4. Here we can resolve a cross polarised component, orthogonal
to the excitation fields. Polarisation mixing can happen after the non-normal re-
flection of either the signal or excitation fields at an interface. In Fig. 4.4, the main
cross-polarised contribution arises from the curved OW interface, suggesting total
internal reflection due to the high angle of incidence from the high NA objective.
The higher NA objective has larger collection angles therefore detects more epi sig-
nal from curved surfaces. By comparing the XZ traces taken with both objectives, it
is evident that the eHCARS signal along the curved interface is detected for larger
angles with the 1.45NA objective over the 1.27NA objective.

Both Fig. 4.3 and Fig. 4.4 reveal that there is some contribution to the eHCARS

signal that is not strictly localised to the interfaces, namely cone shaped signal
originating from the centre of the droplet and signal below the interface. There is also
what seems to be interference fringes at both the OW and GO interfaces suggesting
multiple signal generation pathways. Looking at the eHCARS signal in more detail,
the GO interface is index matched, implying no change in "), but there is a change
in the x(®. The GW and OW interfaces are index mismatched, hence there is a
reflection provided by the step in Yy as well as a x® contribution. The GW
interface is mostly dominated by the x(!) response as the y) step is negligible. The
x? contribution should be zero for these materials that have inversion symmetry.
Non-k conserving parts contribute to the epi-detected signal which scale with the
wavelength. The CARS signal scales by the third power of the incident fields, E3,
and the amplitude of the susceptibility x(®).
Considering the three different interfaces, noting that the OW interface is curved,
there are three possible epi-CARS signal generation pathways, see Fig.4.5. The
first signal shown in Fig.4.5a, is when the focus is below the GO interface in the
glass, creating a CARS signal from the bulk glass material. The CARS signal then
propagates with minimal reflection or refraction from the glass, Xgl)ass = x(()h), into
the oil droplet. The propagated signal is then reflected by the curved OW surface and
re-focused in epi-direction with an estimated (order of magnitude check assuming
planar surfaces) reflection coefficient of,

No — N « 100 — 1.52 —1.33

o Tw — ~ 4.
Mo T Ty 525133 < 0RTA (4.1)

on to the same point the CARS signal was generated. In general, the signal might
be reflected in multiple directions off the OW interface, but only detected at it’s
generation point due to the nature of the interferometric detection where the epi-
CARS signal interferes with the reference beam at a specifically defined point in
space and time. In other words, since the signal is detected as the product of the
CARS field with the reference field, this represents a confocal detection. For the
reflected CARS signal to be detected (overlapping the epi-refocussing off the OW
interface) the focus must be at the centre of the curvature of the oil droplet. The
second signal generation, shown in Fig. 4.5b, arises at the GO interface, where there
is a step in the x® producing epi-CARS with no ") contribution at this interface.
Lastly, shown in Fig.4.5¢, is both an epi-CARS signal generated by a step in x®)
between oil and water, and the reflection of CARS signal generated in the oil by the
step in X(l).
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Figure 4.5: Signal generation pathways

4.2 eHCARS: different size oil droplets

The aim of the measurements discussed in this section was to determine the droplet
size dependence of the eHCARS signal, to avoid complexity, the air very small air
pockets that can be seen inside the droplets in Fig. 4.2 were avoided. Two dimen-
sional eHCARS measurements were done on various sizes of oil droplets, in the
sample region shown in Fig. 4.2, to investigate the signal generation pathways and
see how they contribute to the eHCARS signal. The 60x 1.27NA objective and 1.5x
tube lens was used, with the sample being scanned for 1ms per pixel with a pixel size
of 0.11 um in x for each droplet image, and 10 nm per in z. The various curvatures
of the OW interface should have a strong influence, according to Fig.4.5 (a) and
(b) signal generation pathways, on the detected signal. Measurements were taken
at an IFD of 2904 cm ™! resonant peak of silicone oil by moving the nano stage in
the zz plane in the centre of the droplet (as was done in the zz images shown in
Fig.4.3). Qualitatively, the signal generation pathways mentioned in Fig.4.5 can
be seen clearly in the amplitude of all three smaller droplets in Fig. 4.6 and in the
largest droplet shown in Fig.4.7.
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Figure 4.6: eHCARS amplitude and phase in the xz plane from different sized oil droplets
on a glass interface surrounded by 0.025% agarose and water. Using a 60x
1.27NA objective and 1ms dwell time. The 12 um (left), 5 um (right), and
1 pum (bottom) diameter droplets imaged are labelled in Fig.4.2. Maxiumim
(M) and minimum (m) greyscale values are shown for both the amplitude and
phase images. Data from cuts along the z-axis have been selected from three (i,
the zero value and where the cut was made. The vertical scale is shown by a
scale bar of corresponding colour.
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eH-CARS A m=0, M=367uV
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Figure 4.7: eHCARS amplitude and phase image along the xz plane of the 20 ym diameter
oil droplet, labelled in Fig.4.2. See Fig. 4.6 for description.

Signal generation pathway (B), Fig.4.5b, can be seen along the diameter of the
oil droplets GO interface for all oil different sized droplets. eHCARS signal as a
result of the step in x(® from glass to oil is relatively constant for each droplet size,
~0.15mV in amplitude (under the excitation and detection conditions of the experi-
ment previously described) at the interface. The top OW interface has contributions
from both a step in x(!) and x®. The reflection of the CARS signal off the OW
interface at =0 um, in the centre of the curvature of the oil droplet, can be seen
to extend from the top interface down below the glass interface at z=0 pym. The 4ii
cut taken from below the interface shows clearly a spike in the signal near x=0 ym
as is expected from pathway (a) for both the 12 ym and 7 ym droplets. The 1 pym
droplet’s OW interface and GO interface are much closer together, with the OW
interface being more curved than for the larger droplets. The increased amount of
reflection by the curved OW interface provides a larger eHCARS signal, owing to
the increased amount of CARS reflection into the same centre of the droplet; all
three signal generation pathways are overlapping within the spacial resolution of the
eHCARS image. In the larger droplets, it is possible to see that the CARS signal
generated inside the droplet is reflected off the OW interface and interferes with
the GO interface signal both constructively and destructively. There are fringes
extending along the x axis of the GO interface, which suggest an interference. The
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interferometric detection by overlapping the epi-CARS signal with the reference in
time and space can only result from epi-CARS sources that are perfectly overlapped
with the reference; meaning that the interfering signal must be of the same origin
as the GO interface signal.

Symmetry of the smaller droplets provides a more evident (a) signal generation
pathway, focusing the CARS signal below the interface. The phase curvature of the
OW interface, cut i, can be used to determine the smoothness of the oil droplet
hemisphere. For the smaller droplets, shown in Fig. 4.6, the curvature seen in the
i cut phase is smooth (one dip), suggesting the droplets are spherically symmetric.
However, the ¢ phase cut along the OW interface of the 20 um droplet, shown in
Fig. 4.7, has a non-constant phase curvature. The larger droplet has less surface
tension, so has not formed a smooth hemisphere. The phase shows two dips along
the OW interface instead of one as is seen for a spherically symmetric oil droplet.
Looking at the i cut it is possible to see approximately two epi-reflected f{CARS sig-
nals (two peaks) within the GO interface signal, instead of the one peak seen in the
smaller droplets. There are interference fringes along the GO interface, which can
be attributed to the variation in the refocussing of the epi-reflected fCARS signal
from the variance in the OW surface shape. Due to the less concave OW surface,
the epi-reflected fCARS signal propagates less below the GO interface, iii cut barely
shows any reflected signal for the 20 um droplet.

There is a phase step, related to the phase of the complex Y3, of ~ /2 be-
tween the eHCARS signal at the GO and GW interfaces. This arises from the fact
that CARS signal in the oil is dominated by the resonant response, giving a large
Im{x(?’)}, whilst the GW is mostly dominated by a non-resonant response resulting
in mostly Re{X(g)}. The relative phase between the real and imaginary responses
then are expected to be ~ /2, as measured.

4.3 eHCARS: Spectral dependence of the interface sig-
nal

Because of the resonant nature of the eHCARS signal from the droplets, a spectral
dependence was performed to investigate the spectral behaviour of the complex
signal. It is expected that the amplitude of the eHCARS signal from the GO interface
follows a dependence similar to the intensity of the SRS spectrum measured in
Fig. 4.3, since they are both dominated by resonant contribution by the Im{x((jl)}
The GW and OW contribution is expected to increase as the spectra approaches the
OH stretch at 3200cm™!. To calculate the spectral dependence of the interfaces,
two dimensional zz eHCARS measurements of a single, ~15 ym diameter, oil droplet
were repeated for a range of IFD frequencies from 2800 cm™! to 3100 cm ™!, in steps
of 20cm™'. The 60x, 1.27NA, water immersion objective and 1.5x tube lens were
used. The images were created by raster scanning using the LP200nanostage. The
sample was scanned for 1ms per pixel with a pixel size in x of 0.11 yum, and 10 nm
per pixel in z. The horizontal (co-polarised) component of the eHCARS amplitude
and phase (encoded into Value-hue similar to Fig. 4.3) measurements at 2800 cm™*,
2900 cm™!, and 2940 cm™! are shown at the bottom of Fig.4.9. A small range of
pixels along the z direction were averaged for each interface type and are shown
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for three different IFD’s in Fig.4.9; GO along the top, GW middle and OW at the
bottom. The z cuts are plotted above the eHCARS xz images, their origin is labelled
by the corresponding coloured dashed line. The OW 2z cuts were averaged over 5 z
positions (5 columns of pixels in the image average to 1) where the curvature of the
top interface was negligible; if averaging over too large of an x range, there would
be an axial broadening to the OW interface peak by the curvature. The GO and
GW 2 cuts were averaged over 10 x positions, centred at the corresponding dashed
lines, making sure not to contain any contribution from neighbouring interfaces.
The amplitude of the cuts were then noise corrected by

A" = \[|A”2 — 02| sign(A”? — ¢?) (4.2)

where A” is the corrected amplitude, A’ is the averaged z cut, and o is the noise.
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Figure 4.8: Amplitude noise correction to an eHCARS amplitude signal from a GO inter-
face for various noise values.
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Figure 4.9: Top, middle, bottom row of z cuts: eHCARS amplitude z cut through the GO,
GW and OW interfaces measured at 2800cm™"', 2900 cm !, and 2940 cm™".
Above each eHCARS amplitude z cut is the corresponding unwrapped phase
and calculated slope across the interfaces. Below the z cuts are the zz encoded
amplitude and phase eHCARS images indicating where the cuts were taken
from for each interface type (Value-hue scale similar to Fig. 4.3).

From both the xz images and z cuts it is possible to see that there is a spectral
dependence in the GO interface signal. At resonance, 2900 cm™!, the GO signal is
~4x larger than the off resonant cases. The xz images display very similar signal
generation pathways, to the previously reported xz images. Each interface response
has a typical full width half maximum of ~1 um, which relates to the z sectioning
of the eHCARS technique, from the non-linearity of the CARS generation and the
confocal selection. The axial width of the interfaces is also related to the collection
efficiency of the objective, higher NA objectives are capable of detecting more non-
normal incidence epi-signal. For the GO, the width is given only by the region where
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epi-CARS is generated as there is no step in the ). The axial width of the signal in
the GW z cuts are much wider then the GO z cuts, extending 1.5 um+ into the glass,
and is a result of the epi-reflection of fCARS generated in the glass due to a step in
x1). The unwrapped phase is plotted above the corresponding measured amplitude
in each trace, Fig.4.9. The unwrapped phase is then fitted with a linear function to
extract the phase slope, giving a typical value of 22rad/nm. The phase slope can
be used to calculate height differences and provides a topographical sensitivity.
In this chapter the
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LFE eHcCARS

In this chapter the local field enhancement (LFE) provided by metallic gold nanopar-
ticles (NPs) to the CARS signal, Ecars, generated in the vicinity is explored, specifi-
cally in eHCARS. The collective oscillations of conduction band free electrons, driven
by an incident electro magnetic field (E-field) and restored by the induced lattice
charge, has a specific resonant frequency determined by the NPs geometry and is
called the local surface plasmon resonance (LSPR), see Sec.2.2.1. For LFE-CARS
measurements the LSPR of a NP is chosen such that the resonance overlaps with the
frequency of the emitted CARS field. The driven polarisation on the NP generates a
confined, enhanced field on the surface and near the NP, which is amplified compared
to the fields outside the NP. Objects near or in contact with the surface of the NP,
within the enhanced field, will also have their CARS signal enhanced. Surface en-
hanced Raman scattering (SERS) has opened the possibilities of single bio-molecule
detection [71, 72] with numerous possible bio-applications[110]. Typically, values in
the range of x10 to x100 enhancement to the signal intensity are observed exper-
imentally [74, 111], with SE-CARS experiments having x10 the enhancement that
would be seen in SERS experiments [112]. Larger (>100nm) NPs are tradition-
ally used, they are more photo-stable, and provide larger enhancements but allow
for less spatial resolution in the detection compared to smaller NP’s. Specifically,
gold nanorods (NRs) were chosen for LFE-CARS because of the higher optical cross
section (compared to nano-spheres) of their longitudinal mode, and field focussing
at their tips, providing greater enhancement [113]. Gold is also considered to be
biologically inert, and widely used for bio-application [87, 114], having no effect on
the surrounding biological environment. Although more recently there might be
evidence to suggest that gold NPs contribute to biochemical changes in human cells
[115].

In practice utilising the enhancement to the optical fields by small NPs is very
difficult, especially in CARS. This is because metallic NPs generate their own multi-
photon fluorescence and four-wave mixing (FWM) background, and are relatively
sensitive to photodamage by strong E-fields [116, 117]. eHCARS is a dual polari-
sation heterodyne resonant detection, therefore the fluorescent background signal,
usually associated with NRs, will be separated. The instantaneous FWM back-
ground is separated by appropriate time-gating of the reference pulse. Additionally
to providing an enhancement of the signal, NRs are a sub-diffraction limited volume,
allowing for the chemically specific sensing of objects down to the order of the NRs
size (20nm to 30nm). NRs are small enough to be internalised by cells and traffic
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inside. The eventual goal, beyond the scope of this work, is to utilise the enhance-
ment from NR’s to detect specific nanoscale lipid and protein components, such as
nanodomains and lipid rafts, in lipid bilayers.

In this section SE-eHCARS measurements of uncoated bare gold nanorods (BNRs),
silica coated gold nanorods (SNRs) and an array of gold rod dimers produced by
focused ion beam lithography (FIB dimers) are shown. The aim was to optimise the
experimental technique and nanoparticle selection such that a stable local field en-
hancement could be exploited for repeated eHCARS measurements. Where possible
single particle extinction spectroscopy was performed to characterise the nanoparti-
cles shape before performing the eHCARS measurement.

5.1 Bare gold Nanorods

The bare gold NRs (bNRs), uncoated (no shell) gold rods with CTAB, were pur-
chased from Nanopartz have a longitudinal LSPR of 605 nm and transverse LSPR
of 518 nm in water, with an aspect ratio (AR) of 2.3 (LxW=57nmx25nm). The
aspect ratio of the bNR can be tuned to give a specific longitudinal LSPR X over
a large range during the synthesis, from 550 nm upwards. The transverse peak
remains at between 500 nm and 530 nm for different aspect ratios of bNRs. Specif-
ically, the AR=2.3 bNRs were chosen as their LSPR in 0il would be shifted, com-
pared to in water, by ~+50nm. This places the longitudinal LSPR of the bNR
close to the wavelength of the CARS field, when tuned to an IFD (w) range from
2800 cm™! to 3100cm™!. Silicone oil was used as a proof of principle system as
it has a strong resonance at 2904 cm™!. For 2800cm™!, A\carg=666.88 nm, and at
3100cm™!, Acars=653.80nm, see Fig.3.13 for pump and Stokes wavelength cali-
bration. Acars was chosen to overlap with the LSPR of the bNR to maximise the
enhancement of the generated signal and to reduce heating, and reshaping, due to
overlap with A\, and As.

bNRs with LSPR of 600 nm were covalently bound by sedimentation to a hy-
drogen peroxide cleaned glass coverslip functionalised with 3MT. The coverslip and
slide was then squeezed together, with silicone oil between, to push any dielectric
debris in the oil, or on the slide interface, closer axially to the bNRs on the coverslip.
Squeezing the sample pushes debris closer to the same focus as the rods, making
them easier to detect and distinguish, as well as minimising out of focus shadowing
when observing the sample in bright field transmission imaging. See Sec.3.1.3 for
sample preparation details. The resultant sample provides a flat glass substrate with
covalently bound bNRs immersed in silicone oil, see Fig.3.8. The bNRs have to be
fixed, by covalent binding, to the glass, ensuring the strong excitation fields do not
optically trap and move the bNR during the raster scan. Covalently binding also
prevents any diffusion of the bNRs over time.

5.1.1 Extinction characterisation

Characterisation of the bNRs geometrical shape can be performed by either wide-
field extinction imaging or single particle extinction spectroscopy in our setup, see
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Sec. 3.2.3, utilising a technique described in detail by Payne et al [106, 107, 108].
In this case, wide-field extinction is used as a tool for visualising the polarisation
behaviour before measuring the extinction spectrum for a single particle, and then
eHCARS. This check ensures that the particles being selected for imaging exhibit
a strong polarisation behaviour, confirming that the object of interest is a rod. It
is well known that colloid solutions of NRs have an aspect ratio heterogeneity, with
some being close to spherical.

Fig. 5.2 shows a series of extinction images, Ay, taken at linear illumination
polarisation angles (#) 0°, 30°, 60°, 90°, 120°, and 150°, of the bNRs in silicone
oil. The AL image contains a bright A, and dark A_, corresponding to the shifted
reference, see Sec.3.2.3. Particle 1, 2 and 3 are labelled, and were selected due
to their strong 6 dependence and spacial separation from neighbouring bNRs for
single particle extinction spectroscopy. What is meant by this is that the intensity
of the (bright) Ay spot is modulated whilst rotating through 6 (the inverse occurs
to the A_). The absolute value of § when A+ is maximised corresponds to the
relative orientation of the bNRs longitudinal extinction cross section, o_, in space,
see Fig. 5.1.

Figure 5.1: Sketch of the bNR with longitudinal(transverse) extinction cross section la-
belled with o_ (o4). Orthoganal linear polarisations in the zy plane are
shown. 6 is the angle of rotation relative to the x axis of the linear polarisa-
tion.

Visually in the Ay image it is possible to see that the maximisation (minimisa-
tion) of Ay, varies between the six particles labelled, corresponding to a different
orientation in space. Here we predominantly visualise the o_, (extinction of the long
axis), being maximised when the polarisation angle, 0, is parallel to the orientation
of this mode. The minimisation of the o_ occurs when @ is rotated such that the
linear polarisation is orthogonal to the o_ mode, parallel to the transverse extinc-
tion mode, o. It is measured in later spectroscopy measurements that the o_ is
typically x10 larger than the o,. For this reason, we visualise a coupling to the o4
as a minimisation of the extinction (when 6 is aligned with o). The bNR labelled
* doesn’t have a strong dependence of it’s A, when changing 6, suggesting that it
is more spherically shaped than the other six bNRs labelled.
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Figure 5.2: Wide-field extinction image, using 650 nm filter in the illumination, Ay, of
bNRs on a glass substrate using the 100x 1.45NA objective, x128averages,
N=10 repeats, S=1.6 um. Gray scale white(black) maximum(minimum) is
0.15(-0.15). A 5um scale bar is shown, and the polarisation angle is noted in
the top right of each image. Particles 1, 2, and 3 are indicated, they were
selected for single particle extinction spectroscopy in Fig. 5.3.

As mentioned, from Fig. 5.2, particles 1, 2, and 3 were chosen for a more quanti-
tative analysis performed with the spectroscopic single particle extinction technique.
Instead of detecting the transmitted light in a camera to produce a wide-field image
of many bNRs, the transmission from a single bNR is sent to a spectrometer. A
shifted reference is then used to produce the normalised transmission (same as for
wide-field extinction), from there, the extinction cross-section as a function of the
illumination wavelength, o, can be calculated, see Sec.3.2.3. Spectroscopy results
are shown for particles 1, 2 and 3 in Fig. 5.3, with the o4 and o_ values plotted
as a function of § alongside. The location where the values for o and o_ were
obtained is shown in the spectrum by a colour coded, vertical, dashed line. o4 and
o_ values were determined spectrally with the knowledge that there should be two
o peaks corresponding to along and across the rods, with the largest ¢ arising from
the longitudinal mode. Below the spectroscopy results in Fig.5.2 the Ay of the
corresponding bNRs are shown for each 6, S=1.6 um between A, and A_. The ¢
as a function of 6 at both longitudinal (0_) and transverse (o) modes was obtained
from the spectrum of each particle and fitted using

o(0) = oa(1 + acos(2(0 — 6p))) (5.1)

where o4 is the average o over all 6, « is the amplitude of the polarisation de-
pendence, and 6 is an angular offset. o(#) with an & —0 have a small § dependence,
expected for a spherical shape.
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Figure 5.3: Top: Single particle extinction spectrum. 200 acquisitions, 11ms ex-
posure, 100lines/mm grating, and input slip opening of 80um. 2x5
(spectrum X position) binning of the Andor CCD was used. Bottom: Wide-
field polarisation angle 6 resolved extinction images (Ay) of three different
bNR’s that were subsequently measured with eHCARS. Shift S=1.6 um be-
tween Ay A_, x128 averages repeated 10 times at each position, using 20 ms
exposure, were recorded by the sCMOS PCO throught the 100x 1.45NA ob-
jective. The grey scale white(black) maximum (minimum) is 0.15(-0.15).

Looking at the single particle extinction spectrum for particle 1 in Fig. 5.3, it
shows a strong rod-like behaviour in the o_ peak at 670 nm, with =0.959, and
04,4=3334.5 nm?. We see a peak o_ at §#=T74.5°, correlating with the maximum
A+ observed between the 60°and 90°measurement in the Ay images below. There
is a small peak in the spectum at 555 nm corresponding to the transverse extinc-
tion cross-section, o, with a=0.49 and 0,=704.1nm?. It’s expected that the o
has a reduced polarisation dependence, smaller «, and a lower overall 4. This is
because more energy is required to induce a polarisation along the smaller axis as
the induced polarisation along that axis will be smaller. Similarly Particle 2 and 3
both show a strong rod-like behaviour in their o_ peaks, with «=0.83 and «=0.98
respectively. By comparing the o(6) for o_ with the Ay images, it is possible to
deduce that particle 2 and 3 is maximised at 33°and 37°respectively.
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5.1.2 eHCARS of bare gold nanorods

eHCARS meaurements, were performed on the bNRs discussed in Sec. 5.1.1 to study
the enhancement to the CARS signal in their vicinity. The IFD was tuned to
w=2904 cm™, by setting A\p=820 nm and Ag=1076.29 nm providing a Acars =662.29 nm,
as shown in Fig. 3.13. From the extinction measurements in Fig. 5.3, we can see that
there is a good overlap of the LSPR wavelength of the longitudinal mode with the
CARS wavelength. For the greatest enhancement effect, the CARS field Fcars po-
larisation should be aligned with the long axis of the rod. It is possible to do so using
a \/2 plate, mounted into the objective waveplate, to rotate the polarisation of the
excitation to the orientation of the rod. However, in practice this is very difficult
to do as the exact orientation in space of the rod must be known. It is possible to
scan the rod with eHCARS whilst rotating the \/2 plate to find the peak signal,
but in practice this causes the rod to be exposed to the laser intensity for a duration
before continuing with the desired measurement. Ideally, the lasers dwell time on
the particle should be minimised to prevent damage. What is done instead, is a
A/4 polariser is inserted into the objective waveplate, to provide circularly polarised
light. Doing so means that the Ecars is coupling to both axis of the rod simulta-
neously, so there is no polarisation alignment necessary.

Inserting a A/4 into the objective waveplate means that the polarisation is not
only altered in excitation, but also in the epi-detection; the signal is detected through
the same objective used in excitation. The Ep, EF5 and F,.f are all polarised in the
horizontal direction (H). Horizontally polarised light is passed through the objec-
tive, becoming circularly polarised when incident on the sample. It is expected
that circularly polarised light reflecting of a perfect planar surface will flip helicity.
The CARS process forms a perfect interface in bulk medium, there are no further
symmetries broken therefore we expect the CARS signal to have this polarisation
behaviour. For the reason mentioned, the glass-oil interface signal the incident circu-
larly polarised light generates a CARS signal that has a reversed helicity compared
to the excitation. The reversed helicity signal then passes through the \/4 in epi-
detection producing a vertically (V) polarised signal. The A/4 plate is adjusted
in the eHCARS measurements to follow by maximising the interface signal in the
vertical polarisation. When a NR is placed on the glass-oil interface the circularly
polarised light excites the dominant longitudinal mode of the rod generating lin-
early polarised light, matched to the orientation of the long axis of the rod (co-rod
polarisation). This co-rod polarised light is then converted back into a circular po-
larisation in epi-detection through the A/4. The signal finally interferes with the
45 °linearly polarised reference and detected with an equal contribution to both H
and V components. Therefore from a rod generating perfect linearly polarised sig-
nal, there should be an equal signal seen in both H and V components. As stated
above, if light is reflected by the sample and remains circularly polarised, it will
only be detected in the vertical polarisation component in this set up. It is expected
that the signal from spherical NPs will be detected only in the vertical polarisation
component, as they are not introducing any preferential axis in the LSPR, and thus
do not break the symmetry of the incident polarisation.

The eHCARS setup detects the CARS field in amplitude and phase, hence as
a complex quantity. Therefore the enhancement to the silicone oil signal by the
rod, S¢e, is calculated by normalising the complex signal at the rod, Sy, with the
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complex signal in the oil nearby, S, as follows

Sprv — S
Vertical component: Seev = |nr\|/5|ov| (5.2)
o
. . - |Snr,H’
Horizontal component: Scen = (5.3)
|SO,V|

The Re{S,} and Im{S,} parts of S, are obtained at a region spatially separated
but as close as possible to the spatial location (taking into account the PSF in the
setup) NR in the same measurement. These values are then used as an offset and
subtracted from the signal at the NR (see nominator in Eq. 5.2). The denominator
in Eq. 5.2 uses the vertical component of the |S,| (amplitude), as all interface signal
is measured in the vertical component. Here it should be noted that the normali-
sation to the CARS from silicone oil measured outside the NR is done so over the
entire PSF, whilst the enhancement is generated from a region much smaller than
the PSF. This means that the values for Sg. in this way are an under estimation
of the actual local-field enhancement on the surface of the NR. For this reason the
enhancement is quoted in units of silicone oil in the measurements shown.

EHCARS measurements taken in the zy plane, at the glass-oil interface, show-
ing the enhancement from bNRs are shown in Fig.5.4. Here are four repeated
measurements of the same bNR, taken sequentially using a laser power entering the
objective equating to PpPg!/2=0.55mW?3/2. A 2 ymx2 pm zy raster scan was per-
formed in 81x81 pixels with an IFD of w=2904cm™. In the right column in Fig. 5.4
the eHCARS amplitude, |S|, and phase ¢ images, normalised to the silicone oil sig-
nal by Eq. 5.2 and Eq. 5.3, are shown, for a 1 umx1 pym region of the total scan size.
Both the horizontal (H) and vertical (V) components of the detected polarisation is
shown. Corresponding to the xy images in the same row, on the right, are y cuts
taken through the centre of the bNR’s signal; along the fast scanning axis of the
raster scan to minimise noise due to drift. The y cut location is marked with a
dotted red line in the amplitude images. The cuts show the amplitude of the signal
normalised to the silicone oil signal outside the rod (|eHCARS|). For the normali-
sation, the silicon oil amplitude spatially separated from the NR has been averaged
over a spatial region to minimise noise. The amplitude of the signal from the silicone
oil for the chosen power values is close to the noise level in this case, therefore careful
averaging as described and extrapolation from Fig. 3.15 was required to optimise the
normalisation.
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Figure 5.4: Four repetitions (i to iv) of a eHCARS measurements on a plane containing a
bNR, with PpPg/2=0.55mW?3/2. 2 umx2 pm rastercans with 1 ms dwell time
over 80x80 pixels, at the glass-oil interface centred at the bNR. Right column:
Amplitude (|S|) and phase (¢) in both H and V polarisation component im-
ages, cropped to 1 umx1pm from the measurement. Left column: EHCARS
amplitude H and V polarisation y cuts through the centre of the bNRs, as
indicated by a red dashed line in the images, normalised the the signal from
the silicone. A blue block sketch indicates the hypothesised shape of the rod
during the repetition, by the iv repetition the rod is assumed to be completely
spherical as there is reduced enhancement and no horizontal component.

The first repetition, ¢, shows an x8 enhancement of the silicone oil signal at the
bNR in both the H and V components. The second repetition, i7, was measured
instantly after ¢, and has a very different signal characteristic. Here there is a large
enhancement seen in the V component of around x13, but a much lower enhance-
ment in the H component of x3. By the iii repetition the bNR signal in the H
component is nearly zero, and by the iv repetition the V component of the bNR
enhancement has reduced significantly to x3.5. There is a significant change to the
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enhancement from the bNR with repeated measurements. The reduction in the H
component of the signal suggests that the signal is becoming less linearly polarised,
due to the detection through a A/4. Combined with the overall reduction of the
enhancement, this would imply that the excitation is reshaping the bNR to a more
spherical shape. It is expected that the signal from a sphere in this detection scheme
would be only seen in the vertical component. The hypothesised sketch of the re-
shaping of the bNR has been inserted to each y cut measurement in Fig.5.4. The
suggestion here that upon pulsed laser excitation, a rod reshape into a more spherical
shape is consistent with Gonzalez et al’s observations with high resolution transmis-
sion electron microscopy [118]. Based on the signal characteristics discussed, it can
be suggested that the bNR is progressively becoming more spherical after each scan.
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Figure 5.5: eHCARS measurements with PpPg'/2=0.55mW?/2 of four different bNRs la-
belled ¢ to 4v. Both eHCARS H and V polarisation y cuts through the centre
of the bNRs are shown, normalised the the signal from the silicone (see Fig. 5.4
for clarification of the y cut).

The case for most measurements taken on the bNR was that even on the first scan
there would be a considerable amount of reshaping to the bNR. Shown in Fig. 5.5,
are [etHCARS| y cuts from four different bNRs, measured with the same parameters
used in Fig.5.4. These four bNRs were measured only once, and already have a
reduced H component to the eHCARS signal at the rod, suggesting that they were
reshaped instantly by the measurement.

The measurements shown in Fig. 5.4 and Fig. 5.5 were taken utilising an excita-
tion power that had been determined to be a compromise between reshaping and
signal strength, by performing a power dependent study as described in the following.
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Initially, the power dependence of a bNR was taken in what will be called the
"high-power’ regime of PpPg!/2>5mW?/2. Upon realisation that this was power was
too high, the 'low power’ regime of PpPg/2<1mW3/2 was measured for a different
bNR. To obtain the enhancement value at each selected power an zy scan was
done at the glass-oil interface centred at the bNR, and y cuts were then taken
from the 2D image. The peak value of the enhancement was then obtained from
the y cuts. Single particle extinction spectroscopy was not possible to obtain post
power dependence due to the destruction of gold nanorods or scorching of oil in the
vicinity. The enhancement reported in Fig. 5.6 case was projected from the circular
polarisation to the linear components parallel to the rod orientation using a Jones
matrix formalism. The following equation was used

_ Sptos, + e Sm + €e®og, .

V2

Seco (5.4)

to calculate the co-rod component. S, is the V circularly polarised signal, and
Sm is the H polarised signal. og, and og, are the corresponding offsets and ¢ is
the relative phase of the rod signal between the H and V polarisation components.
The amplitude along the long axis of the rod, |co-rod|, is shown for both high and
low-power regimes in Fig. 5.6. Below the amplitude enhancement is the two-photon
fluorescence (TPF) measured from the rod simultaneously; collected in the forward
PMT, see Sec. 3.2.4.
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Figure 5.6: EHCARS amplitude (projected to the co-linearly polarisation along the bNR)
and TPF power dependence of the signal from two bNRs. One bNR measured
in the low power regime, and another in the high power regime. Measurements
were performed in the same manner as Fig. 5.4, and the peak signal at the bNR
is extracted from the 2D images, and plotted as a function of excitation power.

In the high-power regime, Fig. 5.6 right column, we see that the enhancement is
already at a low value of around x 3, suggesting that this particle has already been re-
shaped at these excitation powers. At PpPg?/2=35mW?3/2 the eHCARS signal from
the bNR disappears, but there remains TPF signal suggesting that there has been a
total reshaping of the particle, but not total particle destruction as there is still some
fluorescence and the PSF was reasonably shaped. In the lower power regime, Fig. 5.6
left column, there is a relatively stable x10 enhancement seen between PpPg!/2=0.5
and 0.6mW3/2. Above this power the enhancement of the longitudinal mode begins
to fall, suggesting that there is some reshaping beginning to happen. A lower power
seemed to yield a lower enhancement, this has no physical explanation other than
the measurement at low power incorporating more of an error during the normali-
sation.

It should be noted that the low-power dependence on the bNR was performed on
a rod that displayed a stable signal throughout the repetitions. At the lower-power
regime the particle survived four exposures increasing in power before displaying
considerable reshaping. The stable characteristics of this particle measured in the
low-power dependence is not a reflection of the ensemble behaviour, with the major-
ity of particles measured behaving in a similar manner to the measurements shown
in Fig.5.5. However, shown in Fig. 5.7, are four repetitions of an zy scan, with a

— 064 —



Chapter 5. LFE eHcCARS

power of PpPg!/2=0.55mWmW?3/2, showing a more stable behaviour; not indicative

of the ensemble behaviour of the sample. The measurement shown is set up in ex-
actly the same way as shown for previous xy data sets.
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Figure 5.7: Four simultaneous repetitions (i to iv) eHCARS measurements of a bNR,
with PpPg/2=0.55mW?/2. 2 umx2 pm rastercans with 1 ms dwell time over
80x 80 pixels, at the glass-oil interface centred at the bNR. Right column: Am-
plitude (|S]) and phase (¢) in both H and V polarisation component images,
cropped to 1 umx1 pgm from the measurement. Left column: EHCARS ampli-
tude H and V polarisation y cuts through the centre of the bNR’s, as indicated
by a red dashed line in the images, normalised the the signal from the silicone.

The enhancement in this case is slightly lower, only x6, in the H component
throughout all repetitions. There is a significant spike in enhancement, to x11, seen
in the V component of the i repetition, which could be explained by a temporary
bulging in the centre of the rod. This would lead to a larger spherical shaped volume
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in the middle of the structure. With the increased size of the spherical shape the
free-electrons could be free to move in more directions at lower energies, leading to
more un-polarised light emission. The intermediate 'bulging’ along the long axis
outward in the short axis after a irradiation with a femtosecond laser pulse has been
observed by TEM images [118]. On the other hand, a more spherical shape could
provide less enhancement both geometrically and from the LSPR, but with the blue
shift in LSPR an increased enhancement could be seen, suggesting that the rod is
transiently getting more elongated, but supporting a mode that is not perfectly lin-
early polarised.

The same measurement type used in the power dependence was used to obtain a
coarse spectral dependence of the bNRs enhancement to the silicone oil, results
are shown in Fig.5.8. The IFD was tuned in steps of 25cm™ from 2850 cm™ to
2950 cm™. The overlap of the pump and Stokes was detuned to obtain the specific
IFD, by spectral focussing, therefore the delay of the reference had to be optimised
for each IFD.
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Figure 5.8: The eHCARS amplitude co-linearly polarised along the the rod, and glass-oil
signal as a function of IFD is shown in the top plot, overlayed by an SRS’s
spectrum in the silicone oil to indicate the resonance. Below, the enhancement
to the silicone oil eHCARS signal as a functin of IFD is shown, co-linearly
polarised along the rod’s long axis. Values obtained by performing the 2D
imaging shown in Fig. 5.4

By changing the IFD the Acars is changed, therefore the resonant condition
between the Fcars and the bNR changes. Moving from 2850 cm™ to 2950 cm™
there is a change of -4.36 nm in Acars from 664.66 nm to 660.27nm. Given that
the full width half maximum of the o_ peaks measured in extinction spectroscopy
is approximately 50 nm, there should not be a considerable deviation from the res-
onant condition between Fcars and the LSPR of the bNR. However, there is a
significant spectral change in the silicone oil in this range being close to off reso-
nance at 2850 cm™, see the SRS spectrum in Fig.5.8. The enhancement measured
as a function of the IFD changes slightly, Fig. 5.8 bottom, possibly indicating that
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the resonant condition is matched best for a slight shorter wavelength (increased
IFD). A change in enhancement is negligible compared with the change seen when
repeating measurements on the same rod for the same IFD. The |eHCARS]| signal
as measured at the bNR and in the oil when changing the IFD is also shown in
Fig. 5.8, illustrating the increased signal at the rod compared to the signal in the
oil. The resonant behaviour of the [fHCARS| from the silicone oil is also observed
in the enhanced silicone oil signal at the rod; matching the resonance at 2904 cm™
in SRS.

5.2 Silica coated gold nanorods

The behaviour discussed in Sec. 5.1, likely due to bNR reshaping is not desired, since
there is a reduction to the enhancement, with the signal changing over the course
of the measurement, hence a lack of stability and reproducibility of the LFE effect.
The ideal scenario is to have a nanostructure providing a stable enhancement during
the timescale of a measurement session or longer. A possible solution is to use silica
coated nanorods (sNRs) instead of the bare bNRs. The hypothesis is that by intro-
ducing a rigid shelling material the reshaping will be restricted by the shell, which
keeps the elongated rod shape in place, as a mould, even if the gold is transiently
melting. sNRs with a LSPR of 646 nm in water, LXxW=71nmx20nm with 5nm
SiO9 shell coated in an amine functional group were used. These sNRs are slightly
larger then the bNRs previously measured, which contributes to a larger LFE, to
compensate from having a finite distance to the rod surface, and thus a reduction
of the enhancement felt by the silicon oil, which is kept 5 nm away from the rod.

The sNRs were covalently bound to a glass cover-slip using tosyl-chloride to func-
tionalise the glass for attachment, they were then immersed in silicone oil, covered
with a glass slide and squeezed. The sample structure is identical to that of the
previously measured bNRs, see Sec.3.1.3. To aid with studying the reshaping in
more detail, wide-field extinction and extinction spectroscopy were performed be-
fore and after performing an eHCARS measurement. Three particles were chosen
for eHCARS measurements.

5.2.1 Extinction before

The sNRs were firstly characterised in wide-field extinction, Fig.5.9, and single-
particle extinction spectroscopy, Fig.5.10, using the same methods used and de-
scribed in Sec.5.1.1. For the sNR a 700 nm filter was used to probe the long axis of
the sNR in the widefield extinction. From the extinction characterisation particle
2, 3 and 5 were selected for measurement with eHCARS, based on the criteria that
they showed a strong polarisation dependence of the o_ peak. Particles 1 and 4
weren’t selected as they seemed to have multiple resonances close together, seen in
Fig.5.10, at the o_ peak, suggesting they were a collection of more than one sNR
close together. The LSPR is again red shifted in oil by +50 nm to 700 nm compared
to the resonance in water. Compared to the bNRs, the sNRs chosen are slightly less
resonant with the A\carg=662.29 nm, the LSPR is more red shifted. However, the
AcaRrs still lies within the width of the o_ peak, so a resonant condition is satisfied,
but not optimised. The measurements shown below will be discussed in comparison
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with the extinction measurements performed after carrying out an eHCARS mea-
surement.

Before

Figure 5.9: Wide-field polarisation angle 8 resolved extinction images (A1) of a sNR co-
valently bound on to a glass coverslip immersed in silicone oil before eHCARS
measurements. Shift S=1.6 um between A, A_, x128 averages repeated 10
times at each position, using 20 ms exposure, were recorded by the sCMOS
PCO through the 100x 1.45NA objective. The grey scale white(black) maxi-
mum (minimum) is 0.15(-0.15)
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Figure 5.10: Single particle extinction spectrum of four different sNRs before eHCARS
measurements, same particles indicated in Fig.5.9. To the right of the spec-
trum is the corresponding o () of both the longitudinal and transverse peaks.
The o_ and o4 peaks are indicated with a black and red dashed line respec-
tively. 200 acquisitions, 11 ms exposure, 100lines/mm grating, and input slip
opening of 80 um. 2x5 (spectrumxposition) binning of the Andor CCD was
used.

From the single particle extinction spectra, it’s expected that particle 2 and 5 will
provide a better enhance meant over particle 3, as the o overlaps the A\cArs=662.29 nm
the best. In comparison with the single particle extinction spectroscopy of bNR,
Fig. 5.3, we see that the sNRs o is generally x2-3 larger than ¢ bNR, due to their
increased size. They also have an increased aspect ratio; therefore coupling more
readily when 0 is aligned along the long axis of the rod with resonant illumination.

o as a function of # was again extracted from the spectrum at both the transverse
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and longitudinal modes, plotted alongside the corresponding spectra in Fig.5.10.

o(0) was then fitted using Eq. 5.1, with fit parameters shown in Tab. 4.1

Peak | Ptl |@ (nm’)|Std Error o, (nm?) |Std Error |6, (rad)|Std Error
o- 1 0.66 0.02 19905.31| 282.14 2.26 0.02
o+ 1 0.14 0.09 9600.78 | 596.29 -0.91 0.31
G- 2 | 097 0.05 |11359.77| 34243 | 3.98 0.02
o+ 2 0.3 0.05 111041 | 35.73 2.54 0.07
G- 3 | 115 0.03 7139.33 | 3090.07 | 2.98 0.14
o+ 3 | 064 0.11 2451.39 | 181.24 | 3.84 0.08
G- 4 | 087 0.11 |16388.85| 1085.7 | 35.59 0.06
o+ 4 | 032 0.03 6698.61 | 130.01 2.75 0.04
G- 5 | 0.88 0.045 |17209.09| 465.35 | 2.01 0.02
o+ 5 0 0.13 3638.96 | 329.12 2.99 0

Table 5.1: Parameters of the o(6) fit in Fig.5.10 using Eq.5.1 for sNRs measured with
single particle spectroscopy after eHCARS measurement.

5.2.2 eHCARS of silica coated gold nanorods

eHCARS measurements discussed in this section are performed using the exact same
measurement setup discussed in Sec. 5.1.2 for the eHCARS measurements of bNRs.
Here zy raster scans at the glass-oil interface, centred on a sNR were done to obtain
y cuts through the signal of the sNR to reveal the enhancement to the oil signal.
The images are offset according to Eq. 5.2 for the vertical component and Eq. 5.3 for
the horizontal component so that the measurements are scaled to the signal in the
silicone oil outside the sNR.

A power dependence of the |eHCARS]| signal, projected into the co-linearly po-
larised component of the rods long axis, of two different sNRs is shown in Fig. 5.11.
The sNRs were able to withstand much higher powers than the bNR before reshap-
ing. bNRs were measured experimentally to have a damage (reshaping) threshold
of PpPg/2>0.7mW?3/2, whilst for both sNRs show there is a relatively stable en-
hancement up to PpPg!/2=30mW?3/2. Particle 3 shows a very stable enhancement
of =~ x10 the silicone oil signal at the rod, with only a slight reduction to <x10
for the highest power tested. The TPF measured simultaneously increases with the
increased power, also remaining stable. The power dependence of particle 3 is en-
couraging as there are no significant signs of reshaping.

However, the power dependence of the enhancement to the |eHCARS| signal in
oil for particle 2 is measured to be decreasing up to PpPgl/2=15mW3/2. Beyond this
power there is an increase in the enhancement followed by a sudden drop in the en-
hancement at PpPg!/2=35mW3/2. The decrease in enhancement from the co-linearly
polarised |eHCARS| component of the rod can be attributed to the reshaping to a
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more spherical shape as seen in the bNR. The slight increase at PpPgl/2=30mW3/2,
followed by a sudden drop in enhancement at a higher power, could be explained by
either a breaking of the silica shell or a non perfect shell coverage, together with gold
melting at high power escaping the shell, causing the silicone oil to have a closer con-
tact to the gold surface. The sNR then has a degree of freedom to allow the particle
to reshape, hence the reduction in enhancement to follow. Further measurements
with the likes of SEM would have to be conducted to investigate this behaviour.
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Figure 5.11: The eHCARS amplitude co-linearly polarised along the rod as a function of
excitation power is shown in the top plots and below is the simultaneously
obtained TPF. Two rods were imaged, particle 2 and 3. Values were obtained
by performing the 2D imaging shown in Fig.5.4, and extracting the peak
signal at the sNR.

Particle 5 was repeatedly imaged in the zy plane using PpPg!/2=12.5mW3/2,
utilising the same method used and described in Sec.5.1.2. The power was chosen
at this value due to the stable behaviour of the enhancement close to this power
value seen in both particle 2 and 3, in Fig.5.11. In contrast to the bNR repetition
measurement in Fig. 5.5, the sNR has a larger enhancement in the first, ¢, mea-
surement of x20 the silicone oil signal outside the rod. In subsequent i, 747, and
iv eHCARS scans the enhancement to the silicone oil signal drops to x15 but re-
mains stable at this value. It is possible a similar behaviour was observed during
the power dependence measurement on particle 3 in Fig.5.11. To explain, in the
power dependence measurement of particle 2 there was an initial high enhancement
of the signal from the sNR, followed by a more stable enhancement regime after the
particle had been scanned three times with the excitation field. Similarly particle 5
in Fig. 5.12 displays an initial enhancement that is reduced and stable after exposure
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to the excitation field. It could be proposed that the support of the shell is stabil-
ising the particles shape under excitation to such an extent that any defects in the
lattice structure are annealed, hence the stable change in signal without evidence
of particle reshaping. The slight reduction in the enhancement could be a result
of the formation of point defects and tinned particles, by a mechanism proposed
by Link et al [90] and modified by Gonzalez et al [118]. The shell here could be
sufficiently holding the particle in the intermediate during it’s reshaping from a rod
to a sphere. Although move investigation would have to be carried out to confirm
the reshaping dynamics, there is some evidence in the extinction after eHCARS
measurement, which suggest that the particle is becoming slightly rounded but still
remaining mostly rod shaped, see Fig.5.14. There is still a strong polarisation de-
pendence in the extinction, but it’s slightly reduced, suggesting a less rod-like shape.
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Figure 5.12: Four simultaneous repetitions (¢ to iv) eHCARS measurements of a sNR,
with PpPg!/2=12.5mWmW?/2. 2 ymx2 um rastercans with 1 ms dwell time
over 80x 80 pixels, at the glass-oil interface centred at the bNR. Right column:
Amplitude (]S]) and phase (¢) in both H and V polarisation component im-
ages, cropped to 1 umx1 pm from the measurement. Left column: eHCARS
amplitude H and V polarisation y cuts through the centre of the bNRs, as
indicated by a red dashed line in the images, normalised the the signal from

the silicone.

5.2.3 Extinction after eHCARS

Below are extinction measurements of the sSNRs taken after performing the eHCARS
measurements in Sec. 5.2.2. Similar to Sec. 5.2.1, the wide field extinction in Fig. 5.13
and extinction spectroscopy in Fig. 5.14 is shown for 5 different structures after per-
forming an eHCARS measurement. These are the same particles shown in Fig. 5.9.
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After

Figure 5.13: Wide-field polarisation angle 6 resolved extinction images (Ay) of a sNR
after eHCARS measurements. Shift S=1.6 ym between AL A_, x128 aver-
ages repeated 10 times at each position, using 20 ms exposure, were recorded
by the sSCMOS PCO thorough the 100x 1.45NA objective. The grey scale
white(black) maximum (minimum) is 0.15(-0.15)
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Figure 5.14: Single particle extinction spectrum of four different sNRs after eHCARS
measurements. To the right of the spectrum is the corresponding o(6) of
both the longitudinal and transverse peaks. The o_ and o, peaks are indi-
cated with a black and red dashed line respectively. 200 acquisitions, 11 ms
exposure, 100lines/mm grating, and input slip opening of 80mum. 2x5
(spectrumx position) binning of the Andor CCD was used.

As previously mentioned, the single particle extinction spectroscopy measure-
ments from the sNR objects labelled particle 1 and 4 contain additional contribu-
tions from an aggregation. There are multiple resonances in the o corresponding to
multiple rods with different orientation and LSPR close together. The extinction
measurements of the aggregates are shown before and after because they were used
for aligning the reference delay of the eHCARS signal; and for focussing on the
correct z position in the sample. Setting up the experiment on an object that is
similar, but not of interest, means the amount of exposures the particles of interest
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experience is minimised. These objects used for alignment have also been exposed
to the excitation fields and provide some insight into the reshaping dynamics present.

For a more quantitative comparison of the sNRs extinction after eHCARS, o as a
function of polarisation angle 6 (o(6)) for both the longitudinal and transverse mode
was fitted with Eq.5.1. The fitted curves are shown in Fig.5.14 for each particle
and the fit parameters in Tab. 4.2.

Peak | Ptl ﬂ(nmz) Std Error | 6a (nmz) Std Error |0g (rad) | Std Error
c- 0.6471| 0.0218 | 19865.5 | 278.4014 | 2.2588 | 0.01532
o+ 0.2033| 0.08601 | 10007.7 | 602.4013 | 2.9013 | 0.20944

0.9501 | 0.05258 | 4118.956 | 127.0729 | 7.0925 | 0.02298
0.0494 | 0.07012 | 981.007 | 48.60725 | 2.9703 | 0.70955
0.9588 | 0.29161 | 8120.709 | 1302.452 | 2.804 | 0.09928
0.4408 | 0.30337 | 2483.055 | 508.4414 | 3.6476 | 0.32853
0.6842 | 0.08876 |4424.439|249.9817 | 1.0101 | 0.05839
0.7513| 0.07482 | 12789.3 | 597.4992 | 1.0656 | 0.04397
0.8624 | 0.04713 | 14052.65 | 399.8049 | 1.9997 | 0.02333
0.2052 | 0.08864 | 3421.237| 212.2101 | 1.7833 | 0.21377

]
+
QOB [RIWIWININ|FP|F

Table 5.2: Parameters of the o(6) fit in Fig.5.14 using Eq.5.1 for sNRs measured with
single particle spectroscopy after eHCARS measurement.

As the particle’s polarisation dependence and LSPR is shape dependent, a change
in the extinction is to be expected if the NRs undergo a reshaping during an eHCARS
measurement. The difference in fit parameters from the o(#) fit performed before
and after eHCARS was calculated. The difference was calculated for both the o.
and o peaks. The change in central wavelength, d\, was also determined for both
o. and o, resonances. 0\, and the change in o(f) fit parameters after eHCARS
measurements are shown in Fig. 5.15.
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Figure 5.15: Change in the fit parameters to o(6) after performing eHCARS on particles 1
to 5. Difference in wavelength §\ , polarisation offset §6y, polarisation ampli-
tude do and average extinction o before and after eHCARS measurements.

With the exemption of the aggregate named particle 4, there is a blue d\ shift
in the o_ resonance, and a red dA shift in the o, after eHCARS. We see a reduc-
tion in the polarisation amplitude « for particles 1 to 4, but an increase in particle
5. The angle 6y (encoding the particle orientation in plane) is surprisingly also
changed after eHCARS measurements, which is not consistent with the assumption
that the particles were attached to the glass covalently and did not rotate during
the measurement (no dramatic change in the eHCARS signal which would suggest
the particle is moving). The change in polarisation dynamics, combined with the
observation of a stable linearly polarised signal in eHCARS, could indicate that the
elongated axis of the rod is being forced off axis within the silica shell. A change in
a suggests that there is a change in shape during the measurement, but values are
still typically >0.5 suggesting that the particles are most likely a reduced rod shape
after eHCARS in this case and not completely spherical.

The change in the average oa after eHCARS varies from rod to rod. In general
it is measured that there is a blue shift to the o_ peak after eHCARS.

We see that for particle 3 and 5 there is a slightly improved overlap of the
LSPR with the Acars after eHCARS measurement. Particle 3 shifts from 710 nm
to 697 nm and particle 5 shifts from 686 nm to 675 nm, thus improving the overlap
with Acars, which would improve the enhancement. Particle 3 and 5 also show an
increased o after eHCARS measurement, suggesting possibly that the longitudinal
resonance is somehow being annealed. There is a reduction in the « for particle 3,
and an increase in particle 5 (5 becoming more rod-like and 3 more spherical), but
both seeing an increased oa. It is therefore possible that the Acars scattering is
driving the reshaping and annealing of the particles into a specific mode governed by
the CARS resonant field; these particles reshaped improving their resonant mode,
possibly becoming more rod-like in shape. It has been measured by Piotto et al
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that the excitation fields fluency and pulse duration is crucial in the reshaping of
gold NPs [119]. The high power exposure measurement on particle 2 has resulted in
a reduction in the extinction amplitude and a significant broadening of the LSPR.
The broadening, a blue shift in LSPR and significant reduction in the enhancement
observed at higher power would suggest that this particle has under gone significant
reshaping into a more rounded shape.

5.3 FIB sample

The LSPR along the longitudinal mode of a NR is dependent on the geometrical
aspect ratio, meaning NRs can be tuned during synthesis to provide the desired
resonances. NRs can also be assembled into various multiple rod systems, such as
dimers or trimers. These systems have gained significant interest due to their ad-
ditional amplification of the local field strength by the coupling of plasmons over
single particles. Dimer systems have been explored in both SERS [120, 121] and
SECARS [122, 123] experiments, with the majority focusing on the enhancement
at specific junctions between coupled nanoparticle systems exploiting the further
enhancement to a single particle system [124, 125, 126]. Nanorod dimers are a
promising structure owing to their high aspect ratio and plasmon modes. It has
been determined for side-by-side nanorod dimers, which were investigated in this
work, (see Fig.5.17 for illustration) there is an increase in the enhancement when
reducing the separation and aspect ratio of the individual rods. Four possible dimer
modes are listed in Fig. 5.17, with a snapshot of the induced polarisation indicated
by positive and negative symbols. There is an antenna mode, Fig.5.17 1., is verti-
cally across the dimer gap, an anti-bonding mode, Fig.5.17 2. aligned horizontally
along the dimer gap, and bonding modes Fig. 5.17 3. and 4, the higher order bonding
mode becomes present in larger antennas [127, 128]. In this case for enhancement
of CARS measurements it is possible to have a dimer system that is both resonant
with A\cars=662.29 nm and Ap=820 nm, additionally contributing to the overall en-
hancement of the CARS signal.

The enhancement to the eHCARS signal in the vicinity of varying length dimer
assemblies was investigated. The dimer structures that were studied are milled via
focused ion beam lithography (FIB), by Hecht et al [129], from a single monocrys-
talline gold film. The FIB sample consists of multiple 50 nm gold flakes that have
various milled dimer arrays. The specific array characterised with extinction spec-
troscopy and eHCARS, to follow, consisted of 14 dimers with separation of 27 nm,
increasing in length from 45nm to a more rod-like shape of length 180 nm, (D1 to
D14) see Fig.5.16. Dimers produced in this way are limited to a minimum sepa-
ration of 20 nm; a reduction of the separation would yield a greater enhancement,
(dimers investigated here have 27 nm separation). The gold flake is placed on top of
a glass hole and submersed in silicone oil. The glass-oil region was used for calibra-
tion and for retrieving a the glass-oil interface signal used in the calculation of the
enhancement to the signal at the dimers in units of silicone oil (Eq. 5.2 and Eq. 5.3).
The eHCARS signal from the glass-oil interface outside the flake was used in the
normalisation to avoid contributions from any debris there might be present near
the dimers, remaining from the fabrication process.
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50 nm thick
monocrystalline gold flake Glass hole

25 nm thick Au film on Cr

Figure 5.16: On top is a transmission image of the entire gold flake, the array that was
imaged is outlined with a dotted yellow rectangle. Below are SEM images,
performed by Hecht et al, of the entire array with dimers in row D labelled
from 1 to 14. A higher resolution SEM image is shown below of all 14 dimers.
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Figure 5.17: Sketch on an SEM image of a side-by-side nanorod dimer showing four pos-
sible plasmon modes. 1.) Antenna, 2.) Anti-bonding, 3.) Bonding, and 4.)
Higher order bonding mode for large antennas.

5.3.1 FIB dimers extinction spectroscopy

The array of 14 dimers in row C were characterised with polarisation resolved extinc-
tion spectroscopy, utilising the same protocols previously discussed for the rbR and
sNR, see Sec.5.1.1. The results for all 14 dimers are shown in Fig.5.18. From the
polarisation resolved spectra, we see that in the smaller aspect ratio dimers there
is one dominant extinction o peak with a very slight polarisation dependence, at
the shorter lengths. The extinction at shorter dimer lengths is dominated by the
antenna mode (Fig.5.17 1.). With increasing rod length there is an increased contri-
bution from the bonding and anti-bonding modes, especially evident by Fig. 5.18 D5.
The red shifted peak is a result of the bonding mode, Fig.5.17 3, it’s resonance will
have a strong dependence on the rod length, shifting further into the red for longer
length rods. Interestingly, by the rod length in D10 there is a slight modulation in
the antenna mode peak, suggesting an additional resonance mode. This mode can
be attributed to the higher order Fig.5.17 4. mode with two nodes, present only
for longer antennas, and will also be strongly size dependent (red shifts for longer
length rods). Here it should be noted that these dimers were synthesised specifically
such that the higher order mode would be resonant with Acagrg for silicone oil res-
onances, whilst the bonding mode would be resonant with either the Ap or Ag. The
antenna mode of these dimers would also be in overlap with Agars when imaging
the using the CH stretch bonds in lipids. It’s likely D9, 10 or 11 will give the highest
enhancement, they seem to provide the best overlap with both Acars and Ap, with
D14 possibly having a red shifted peak overlapping with the Ag outside the spectral
range of the extinction measurement done. The antenna mode’s ¢ doesn’t change
much, if it does so it’s mostly due to the variation in size from synthesis. It should be
noted that a background subtraction of the extinction spectroscopy was extremely
difficult due to inhomogeneous contributions from gold debris remaining on the glass
from the synthesis; hence, the negative extinction values and background signal in
some cases that could not be removed.
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Figure 5.18: Single particle extinction spectrum of 14 dimers in the array with 27 nm
separation and increasing length from 1 to 14. 200 acquisitions, 11ms
exposure, 100lines/mm grating, and input slip opening of 80mum. 2x5
(spectrum x position) binning of the Andor CCD was used. (see Sec.5.1.1 for
measurement details)

5.3.2 eHCARS FIB

Due to the increased robustness of the FIB dimers compared to colloidal gold
nanoparticles it was possible to perform a full linear polarisation dependence of
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all 14 dimers. Unlike in the eHCARS measurements performed on the bNR and
sNR a servo controlled A/2 plate was inserted into the objective waveplate, not \/4.
This meant that the linear excitation polarisation could be rotated to probe the
FIB sample bonding and anti-bonding modes. Knowing that the sNRs provided a
relatively stable eHCARS signal at PpPg'/2=12.5mW?/2, the same power was used
in this case with the FIB dimers. Using the A\/2 would mean that the coupling
between the resonance and excitation field is more intense, meaning that the exci-
tation is stronger in this case than with the A\/4. However, it was expected that
the larger dimers would be much more stable than the colloid rods, owing to their
monocrystalline structure and more thermal mass.

2D xy scans were performed centred at each dimer at the z glass-oil interface
place, with IFD=2904 cm™ (resonant with the silicone oil peak). Scans were 2 um
wide and either 4 um or 2 um tall, using 0.037 mum/pixel. The 100x, 1.45NA, oil
immersion objective was used, and the scanning was performed by moving the sam-
ple with the nanostage. Polarisation resolved eHCARS measurements are shown in
Fig.5.19 and Fig.5.20. The left images are eHCARS(6=50°) H and V component
amplitude (JeHCARS|) and phase (¢) colour encoded into a value-hue plot, where
the colour represents the phase and the intensity the amplitude of the signal. The
rods are aligned vertically, each rod separated by 27nm along the z axis to form
the dimer. On the right is the |etHCARS| as a function of the angle of rotation of
a linear polariser 6, |ecHCARS|(6), where §=0°is linearly polarised with the x axis.
0 corresponds to the angle of the A/2 plate, therefore it should be noted that the
linear polarisation is rotated by 2 x 6. 6 was rotated from -70°to 460 °in steps of
10°. |eHCARS]|(#) is obtained by making a cut through the centre of the 2D image,
a line of pixels from each polarisation angle was then stitched together along the
x-axis of the plot to generate a colour map, the [eHCARS] is scaled in the colour as
shown by the scale bar. The 2D images shown are at §=50°, a pink line indicates
the y cut location.

The polarisation resolved eHCARS measurements shown in Fig. 5.19 and Fig. 5.20
reveal a significant increase in the eHCARS signal at the dimers with increasing
length (1 being the shortest and 14 the longest). The highest eHCARS signal was
measured in D9, possibly owing to the fact that D9 is a special case where the bond-
ing mode is red shifted to overlap the Ep and the higher order mode with two nodes
is overlapped with Ecagrs perfectly, see D9 in Fig.5.18. There is an obvious po-
larisation dependence in the |eHCARS| H component, with a resonance at -40 °and
+50 °(remembering that 6 is half the angle of polarisation axis, 90,°orthogonal angle
is #=45 degree). The highest signal from the dimers is measured as the polarisation
of the excitation is aligned across the the dimer, promoting the strongest coupling
to the resonances. As the detection is in epi through the A/2 plate, and the excita-
tion is H polarised, the |etHCARS| V component tells us that there is a polarisation
dependent source of either un-polarised or orthogonally generated eHCARS as a
result of H polarised excitation. The modulation of the V component |eHCARS|(#)
signal is out of phase with the H component (when 6 is rotated to give H max, V
is minimised), apart from at the =0 °rotation where both the H and V component
are minimised in some cases. There is more V component to the signal for longer
rods, which is consistent with the fact that we expect to have signal arising from
higher order modes with increased length. The red shift in LSPR allows for more
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electron mobility on the surface, therefore there are more available modes, which in
turn produce more signal at different polarisation angles due to the axial orientation
of the modes.

eHCARS|,0 @ 0=50° lecHCARS|(6)

|cHCARS)| (mV)

03

0.3

02

02

02

0.1

0.1

0.0

60 0.0

Complex to colour

-
0 [eHCARS| 0.3mW

Figure 5.19: EHCARS measurements of FIB dimers 1 to 6. Left: 2D eHCARS H and
V encoded amplitude and phase images, 2 um wide, 0.037 mum/pixel, with
polarisation §=50°, IFD=2904 cm™, and PpPg!/2=12.5mW?/2. A pink and
yellow dashed line indicates the y cut obtained to construct the |eHCARS|(6)
colour maps of both H and V polarisation components. Right: [eHCARS| y
cuts at polarisation angles from -70 °to +60 °for both H and V polarisation
components.
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Figure 5.20: EHCARS measurements of FIB dimers 7 to 14. Left: 2D eHCARS H and
V encoded amplitude and phase images, 2 um wide, 0.037 mum/pixel, with
polarisation #=50°, IFD=2904 cm™!, and PpPg'/?2=12.5mW?3/2. A pink and
yellow dashed line indicates the y cut obtained to construct the |eHCARS|(6)
colour maps of both H and V polarisation components. Right: |eHCARS| y
cuts at polarisation angles from -70 °to +60 °for both H and V polarisation
components.

The enhancement to the silicone oil signal at the dimer was calculated for each
dimer at all polarisation angles using Eq.5.3 and Eq.5.2 to offset the silicone oil
signal, labelled in Fig.5.16, shown in Fig.3.15. The enhancement, Fig.5.21, was
measured to be as high as x100 the silicone oil signal from dimers with a length
similar to D9. This could again be attributed to the improved overlap of the lon-
gitudinal mode with the Ep and the Egagrs simultaneously contributing to the
enhancement. In general, the enhancement increases with increasing dimer length,
The enhancement is consistently higher in the H component over the V component,
as expected. In comparison to the bNRs and sNRs, there is a significantly larger and
more stable enhancement measured from the dimers, which makes dimer samples
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ideal for probing low concentrations of chemical substances near the dimer region
in SE-CARS. The drawback of using the dimers for sensing nano-objects is that the
sensitivity is limited by their separation, meaning that the object to be sensed has
to fit within the dimer gap. There is obviously a trade off between stability and
sensitivity when it comes to LFE with gold nanorods.
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Figure 5.21: Enhancement to the silicone oil interface signal at each dimer in the array,
scaled to units of glass-silicone oil signal. Each pixel in the colour map
represents a 6 and a dimer, the colour is the log(|eHCARS]|) in silicone oil
units.
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Conclusion

In summary, a novel heterodyne epi-detected CARS technique was explored, as a
stand-alone technique, and applied in the vicinity of plasmonic gold nanoparticles.
In Chapter 4 Sec.4.1, eHCARS measurements of silicone oil droplets supported on
a glass substrate fixed in a low concentration of agar in water are shown.

In Chapter 5 Sec. 5.1 the first local field enhancement of eHCARS was attempted
utilising bare gold nanorods (bNRs). Although providing a very promising x10 en-
hancement to the CARS signal in their vicinity, the bNRs were far too unstable
under prolonged laser excitation to be utilised in future for the sensing of biological
material. From the eHCARS dual-polarisation signal it was possible to deduce that
the rods were reshaping during the measurement time, an observation of the reduced
characteristic polarisation dependent rod like behaviour to a more special particle
signal with reduced polarisation dependence and signal enhancement.

It is extremely important for this kind of biosensing that the nanoparticle of
choice provides a stable and large local field enhancement to the CARS signal. Af-
ter prolonged experimentation with bNRs, attempting imaging without reshaping
unsuccessfully, it was suggested that silica coated gold nanorods (sNRs) might be a
better alternative. In Chapter 5 Sec.5.2 the local field enhancement to the CARS
signal and stability of sNRs was explored. The hope was that the silica coating
around the NRs would aid in confining the particles shape if there was reshaping
occurring under laser exposure. It was observed that the sNRs have a significantly
improved stability with repeated laser exposures, and also gave a x15 signal enhance-
ment in the vicinity. Although far more stable than the bNRs, it was evident from
the single particle extinction spectroscopy performed after laser exposure (compared
with measurements before laser exposure) that the SNRs were still undergoing struc-
tural changes during the measurement. A reshaping mechanism where the middle of
NR, along its long axis, would begin to bulge, and shorten within the silica coating
(conserving the gold volume). Reshaping was evidenced by a slight reduction in
the enhancement due to a shortening of the long rod axis and an slight decrease in
the polarisation amplitude which implies that the rod is becoming less rod-like and
more spherical.

The enhancement to eHCARS from various length, 40 to 120 nm, focus ion beam
(FIB) fabricated gold nanorod dimers by Hecht were measured in Chapter 5 Sec. 5.3.
Due to their increased size, functions between dimers and higher order modes there
is significantly stronger enhancement, up to x100, from there dimers compared to
stand-alone NRs. The largest enhancement seen from a dimers whose anti-bonding
mode overlaps with either the pump or Stokes wavelength and having a longer an-
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tenna, higher order mode, which overlaps with the CARS wavelength. To follow this
work, further investigations of various NR size and silica shell thickness should be
carried out to see if the reshaping can be suppressed by increasing the thermal mass
and spatial confinement strength of the shell. Once optimisation of the shelling is
completed, one can move forward to make attempts to sense nanoscale materials in
the vicinity of NRs. A proof of concept, starting point, for nanoscale sensing using
this technique would be to fix the gold NRs to a surface, and flow a fluid containing
nanoscale polystyrene beads at a very low flow rate over the NR. As a nanoscale
polystyrene bead passes the NR, the observer should see a signal change correspond-
ing to that event (ensuring the eHARS is tuned to the polystyrene resonance). One
of the major goals of this work is to progress with developing a sensor capable of
imaging nanodomains in a supported lipid bilayer. To do so, NRs would have to
be placed underneath a supported lipid bilayer. More work would have to be done
in finding a compatible surface functionalisation protocol for covalently binding the
NRs to the glass surface which is also compatible with the formation of supported
lipid bilayers. NRs must be bound to the glass or they will be optically trapped, and
moved, by the incident laser. Synthetic supported lipid bilayers require a hydrophilic
surface to form, unfortunately the tosyl chloride used for binding the sNRs to the
glass will cause the surface to become more hydrophobic; therefore either finding a
specific concentration of tosyl chloride that gives enough binding sites for NRs and
still allows the formation of supported lipid bilayers or a different protocol would
have to be used.
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