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Abstract

Probes for tip-enhanced Raman spectroscopy (TERS) are currently constructed from silicon
atomic force microscopy (AFM) cantilevers with a grainy silver coating. The grainy coating
creates randomly dispersed metal nanoparticles that can concentrate incident light into a volume
with a radius on the order of 10nm. This locally enhanced light enables sub-diffraction limited
optical microscopy and Raman spectroscopy; however, a number of issues arise from the random
grain formation at the tip apex, including unreliable enhancement, an offset between TERS
and AFM maps, suboptimal AFM and TERS resolution, and artefacts in the TERS images.
Furthermore, silver probes corrode rapidly in ambient conditions, which limits the effective
lifetime to one day or less. These issues significantly limit the performance and practicality of
tip-enhanced microscopy and spectroscopy applications.

This thesis investigates the use of gold nanocone probes as an alternative to grainy silver-
coated AFM probes. Rather than relying on random grain formation, gold nanocones are
fabricated with dimensions that result in surface plasmon resonance at the intended illumination
wavelength. Compared to silver coated probes, gold nanocones are chemically stable and result
in only one centre of enhancement, which is located at the mechanical apex of the probe.
These properties address many of the issues experienced with silver coated probes; however,
gold nanocones must be designed to optimise the resolution and enhancement, and the probe
fabrication becomes significantly more challenging.

This thesis describes the optical modelling, design, and fabrication of gold nanocone probes
for improved tip-enhanced Raman spectroscopy in the visible spectrum. The gold nanocone
probes are compared to commercially available TERS probes using a new method for perfor-
mance measurement, which utilises single-walled carbon nanotubes as 1D scattering objects.
Experimental results demonstrate that gold nanocone probes provide higher spatial resolution,
artefact-free imaging, longer lifetime, and improved image contrast comparable to grainy silver
probes.

The final contribution of this thesis is a new imaging mode for tip-enhanced Raman spec-
troscopy named modulated-illumination intermittent-contact TERS (MIIC-TERS). This mode
combines the high enhancement of contact TERS with the lower shear forces of intermittent
contact mode. MIIC-TERS is demonstrated using commercial probes and a gold nanocone

probe.

xi



Chapter 1

Introduction

This chapter introduces tip-enhanced Raman spectroscopy, describes the foremost

difficulties associated with this technique, and outlines the scope of this thesis.

1.1 Motivation

First discovered in 1928, Raman scattering is a is a weak inelastic scattering of light from
molecules where the energy shift between the incident and scattered light depends on vibrational
modes, which are unique for a given chemical [1]. Since this discovery, Raman spectroscopy has
been widely adopted for chemical identification. Examples include non-destructive substance
identification in pharmaceuticals [2], extensive use in biology [3], biomedical sciences [4-6], food
science quality control [7], and as a powerful measurement tool during chemical synthesis [8-10].
An issue with Raman spectroscopy is the low probability of Raman scattering occurring, which
results in a poor signal-to-noise ratio and requires an intense input beam to overcome [11].
Furthermore, the spatial resolution of Raman spectroscopy is limited by the diffraction-limited
spot of the light source.

Surface-enhanced Raman spectroscopy utilises a metal substrate where surface plasmons are
excited to amplify the Raman scattering cross-section by orders of magnitude [12] and has been
demonstrated to permit single-molecule detection [13]. Thus, surface-enhanced Raman spec-
troscopy allows significant improvements in the Raman signal-to-noise ratio. However, surface-
enhanced Raman spectroscopy is diffraction-limited making it ill-suited to high-resolution mi-
croscopy [14].

Tip-enhanced Raman spectroscopy (TERS) is a variation of Raman spectroscopy that allows
sub-wavelength resolution imaging. In TERS, surface plasmons are excited at a sharp metal tip
that amplifies the Raman scattering intensity in its vicinity [15]. As the scattering enhancement
is localised to the tip apex, the resolution of TERS is limited by the tip sharpness [16]. Metal
coated atomic force microscope tips with apex diameters less than 20 nm are available and can
be used to perform TERS imaging with an approximate resolution of 20nm [8]. This is well
below the approximately 250 nm diffraction limit of a visible light source. Thus, TERS is an

ideal technique for producing high-resolution Raman maps of a surface [17]. Raman microscopy,
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Figure 1.1: Tllustrations of Raman spectroscopy modes. (a) Raman spectroscopy where the
green, focused laser beam excites sample molecules within the focal volume. The molecules re-
lax, producing low-intensity Raman scattered light shown as the red hemisphere. (b) Surface-
enhanced Raman spectroscopy where the Raman enhancement in the focal volume is en-
hanced using a rough gold substrate. (c) Tip-enhanced Raman spectroscopy where surface
plasmons at the tip apex create electromagnetic near-fields at the tip apex. The near-field en-
hances Raman scatter in the sub-diffraction-limited volume.

SERS and TERS are compared in Figure 1.1.

TERS relies on the excitation of a localised surface plasmon on the metallic tip. Localised
surface plasmons are resonant oscillations of conduction electrons that are strongly confined to
the surface. The magnitude and resonance wavelength of a localised surface plasmon depends
on particle shape, size, surface morphology and material [18]. The Raman enhancement for a
TERS probe is proportional to the magnitude of the plasmon resonance. The usable illumination
wavelengths for TERS correspond to the resonance wavelength of the surface plasmons. Hence,
tip design is paramount to TERS performance [19]. TERS is commonly performed using atomic
force microscopy (AFM), which allows precise control over the tip-sample separation as the tip
is scanned across the sample.

Commercially available TERS probes are typically made of a silicon AFM tip with a silver
coating that forms a grainy surface. The lifetime, Raman signal-to-noise ratio and resolution of

these probes are limited by the following issues:

e The silver coating tarnishes rapidly in ambient conditions and may only offer acceptable

performance for a few hours or days [20].

e The tips have not been designed to support maximum localised surface plasmon amplitude

at a specific illumination wavelength resulting in sub-optimal Raman enhancement.

e The tips typically exhibit inconsistent surface morphology due to the methods of applying
the metal coating [21]. This results in inconsistent Raman enhancement with some tips
producing no measurable enhancement at all [22]. The rough metal coating will also reduce
the spatial resolution for TERS and AFM imaging and introduce an offset between these

imaging techniques.

To compare the performance of presently available TERS probes and new probe designs,
a repeatable experimental method is required to quantify performance. Current methods for

measuring TERS electric field enhancement rely on estimating the spot size of the enhanced field



at the tip apex and assuming a constant Raman enhancement in this volume [23-25]. These
approximations introduce uncertainty when measuring and comparing TERS tip performance.
An improved measurement method would allow the probe point spread function (PSF) to be
measured. Such a method would enable accurate comparisons between TERS probes and aid in
the optimisation of future probes.

The work in this thesis will focus on two main objectives:
1. Designing and fabricating improved TERS probes that offer:

e Improved lifetime through increased chemical stability
e Improved Raman enhancement and signal-to-noise ratio

e Improved spatial resolution for TERS and AFM imaging

2. Develop improved experimental methods for characterising tip performance. These meth-

ods will be used to verify and compare the performance of new TERS tip designs.

The first objective is achieved by using boundary element simulation to optimise gold nanocone
TERS probe geometry. The probes are then fabricated using focused ion beam milling. The
second objective is achieved using a novel method for identifying and using single-walled carbon
nanotubes as one-dimensional TERS scattering objects to measure the probe PSF.

The proposed probe fabrication methods are expected to improve TERS imaging by pro-
viding lower noise and higher resolution TERS imaging. This is beneficial for applications that
are limited by signal-to-noise and spatial resolutions, such as single-molecule detection during
chemical synthesis, mapping of pathogens and other biological samples, and the detection of
contamination in foods. In the following sections, Raman and TERS are introduced in more

detail. Issues associated with TERS are discussed and potential solutions are proposed.

1.2 Raman Spectroscopy

Raman spectroscopy is a technique that measures the inelastic scattering of light from the vibra-
tional states of a molecule. First discovered in 1928, Raman scattered light provides chemical
information about the sample, allowing it to be identified [26].

Figure 1.2 illustrates three scattering mechanisms that may occur when light strikes a target.
Rayleigh scattering (a) occurs when the molecule is excited to a virtual state before relaxing to
its initial state. The scattered photon has the same energy as the incident photon, hence the
process is elastic. Stokes Raman scattering (b) occurs when a molecule relaxes to a vibrational
state higher than its initial state. The molecule has gained energy and hence the scattered
photon will have less energy than the incident photon, which manifests as a red-shift. Anti-
Stokes Raman scattering (¢) occurs when the molecule relaxes to a vibrational state below its
initial state, resulting in a scattered photon of increased energy, which is observed as a blue-shift.
Anti-stokes scatter is a result of molecules being above the ground state due to thermal energy.

As the majority of molecules will be in the ground state, Stokes scattering is the most common
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Figure 1.2: The energy levels of valence electrons excited by an incident photon for different
scattering processes. (a) Elastic Rayleigh scattering. (b) Inelastic Stokes Raman scatter caus-
ing red-shift. (c) Inelastic anti-Stokes Raman scattering causing blue-shift.

form of Raman scatter [27]. Both Stokes and Anti-Stokes Raman scatter result in a wavelength
shift, hence they are inelastic processes.
In Raman spectroscopy, the energy difference of incident and scattered photons is typically

specified as a wavenumber v with units of cm ™!

1 1 ) 107 (nm)’ (12.1)

Av (cm_l) = <>\0 — N (em)

where \g is the incident wavelength and A; is the scattered wavelength with both quantities
measured in nm. Wavenumber is the unit conventionally used in Raman spectroscopy as it
provides a convenient scale with most Raman scattering peaks occurring between zero to a few
thousand cm~!. Furthermore, the wavenumber scale is linear with energy, which is not the case
for wavelength.

Raman scattering intensity is proportional to the change in molecular polarisation [28] and
the locations of the Raman shift are dependent upon the molecular structure [26]. Hence, the
Raman spectrum allows the chemistry of a sample to be determined.

Figure 1.3 shows the Raman spectrum for powdered single-walled carbon nanotubes on an
aluminium slide, excited with a 785 nm laser. The vertical axis gives the number of counts
from the spectrometer at the given Raman shift on the horizontal axis. Using this spectrum as
an example for chemical investigation, the D-band (1324 cm~1), G-band (1575cm~!) and 2D
(2613 cm™1!) peaks identify the sample as a carbon nanotube. The position of these peaks, their
relative intensities and additional peaks give information about defects and chemical process-
ing [29]. Additionally, the radial breathing mode at 268 cm~! allows the chirality and diameter
of the nanotube to be determined [30, 31].

Figure 1.4 shows a schematic of a confocal Raman microscope. The input laser shown in
green is focused through a narrow pinhole, passes through a beam splitter, and is focused by an
objective lens onto the sample, which produces Raman scattered light. The Raman scattered
light shown in red (or yellow when combined with the incident green light) is collected by the
objective lens and reflected by the beam splitter. The incident green light is filtered out by the
line filter and the filtered light is focused through a narrow pinhole. Scattered light that was

produced out of the focal volume at the sample, shown in grey, will not be focused through the
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Figure 1.3: Raman spectrum of single-walled carbon nanotube excited with a 785 nm laser.
The sample was prepared by scattering carbon nanotubes in powdered form on an aluminium
microscope slide. The spectrum identifies the sample as a single-walled carbon nanotube and
can be used to determine the diameter distribution and chirality of the nanotubes. The radial
breathing mode, D-band, G-band and 2D bands are labelled.

pinhole. The remaining beam is collimated and passed to a spectrometer that separates the light
based on its wavelength and outputs a Raman spectrum such as the one shown in Figure 1.3.
The removal of out of focus light using the pinhole is an effective method for removing image
blur, which results from the collection of out of focus light. Thus, the pinhole increases image
resolution [32].

The probability of a scattering event is described by the scattering cross-section, which
defines the area in which a photon must strike to initiate a scattering event. Raman scattering
is a low probability event with a typical scattering cross-section of 1072 cm? per molecule [33].
For comparison, typical cross-sections for infrared and ultra-violet absorption are approximately
10721 cm? and 1078 cm? per molecule respectively [28]. Hence, Raman spectroscopy is often
limited by poor signal-to-noise. Several methods can increase the Raman cross-section. For
instance, tuning the excitation wavelength to a molecules absorption band can increase the
cross-section by over 2 orders of magnitude [34].

Raman signal intensity can also be greatly enhanced by utilising the near-field, which consists
of an electromagnetic field that is strongly bound to a surface and decays according to the
inverse cube law. The origins and properties of near-fields are described in more detail in
Section 1.3. Surface-enhanced Raman spectroscopy (SERS) is a technique that excites the
near-field by coupling into surface plasmons on a metal substrate. The localised electric field
enhancement from the metal layer greatly enhances the Raman signal of the molecules on the
surface. SERS has been reported to increase the Raman scattering cross-section by 7 orders of
magnitude [35]. Similarly, surface plasmons can be excited on a sharp metal tip in tip-enhanced
Raman Spectroscopy (TERS). TERS has been successfully combined with SERS to achieve a
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further 3 orders of magnitude increase in Raman scattering cross-section [15]. These increases in
scattering cross-section have a profound impact on the sensitivity of Raman spectroscopy with
SERS [13] and TERS [36] able to achieve single-molecule detection.

Raman spectroscopy is widely used for non-destructive substance identification in pharma-
ceutical analysis, particularly for liquids, powders and gels as there is relatively little sample
preparation required [2]. It is also used in food science to quantify pigment, dye, microorganism
and packaging contamination levels in foods [7]. Furthermore, Raman spectroscopy has been
used extensively in biomedical applications including measuring corneal hydration [37], identifi-
cation of viral DNA fragments [3], detection of cancer [5], and has been used to determine the
composition of kidney stones [4].

Abbe’s diffraction limit gives the minimum resolvable distance for an optical system

A
d= (1.2.2)

where A is the wavelength of light and NA is the numerical aperture [38]. For modern optics

operated in air, a good NA=1 is optimal and so
d=\/2. (1.2.3)

Figure 1.5 shows a Raman map produced by scanning a focused 638 nm laser over a sample
of plastic nanoparticles. The image resolution is limited by the diffraction-limited spot size
of the focused laser, which is approximately 300 nm. The resulting image is blurry and the
boundaries of the nanoparticles cannot be clearly identified. This makes the technique ill-suited
to imaging small nanoparticles and an alternative technique is required for higher resolution
imaging. The spatial resolution can be greatly improved using near-field techniques, which
are leveraged in tip-enhanced Raman spectroscopy. The origins, properties and application of
near-fields are discussed in the following section. The application of near-fields to tip-enhanced

Raman spectroscopy is described in Section 1.4.

1.3 Near-field Enhancement

One method for overcoming the diffraction limit is to use an optical near-field. This section
details two methods for producing a near-field. The first method couples light through a sub-
wavelength aperture. The second method excites surface plasmons on a metallic tip. The
origins of surface plasmons are also discussed. Derivations are provided in Appendix B, which
are adapted from [39,40].
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Figure 1.5: Raman map of polystyrene nanoplastic particles on a glass microscope slide im-
aged using a 638 nm laser. The spectrum is integrated over 1332 - 1368 cm ™! and the colour
represents the total number of counts from the spectrometer. Each pixel is 0.5 x 0.5 yum. The
resolution of this image is poor with the particles showing blurred edges and little information
about the structure can be determined. Line artefacts are present in this image and consist of
discrete horizontal scars. These artefacts are due to optical drift.
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Figure 1.6: Illustration of light being coupled through a sub-wavelength aperture of diameter
a and angular wavenumber k. An evanescent electric field is created at the aperture and is
known as the near-field. Beyond two wavelengths the near-field contribution is negligible and
the far-field dominates. This phenomenon can be utilised for near-field applications such as
TERS. The narrow aperture can be achieved with a metal-coated tapered optical fibre.

1.3.1 Sub-wavelength Aperture

Consider a two-dimensional, perfect conductor in the x-y plane with a small circular aperture
of diameter a and a plane wave travelling in the z-direction as shown in Figure 1.6. There are
two possibilities for the resulting angular wavenumber k = 27” through the aperture as derived

in Appendix B.2. They are as follows:
1. k. > 0, which forms a radiative wave that will propagate.

2. k, < 0, which will decay exponentially from the aperture. This is often referred to as the

evanescent wave or near-field.

At large distances from an aperture, the radiative wave will dominate. This typically occurs
beyond two wavelengths and is known as the far-field. Within one wavelength, the evanescent
wave contributes significantly, and this region is known as the near-field [41]. The relationship
between the electric and magnetic fields is more complex in the near field, simplifying in the
far-field where they become orthogonal to one another and the direction of propagation [42].

The near field contains an increased power density, which decays exponentially away from an
aperture. This can be used in near-field applications to circumvent the diffraction limit. Near-
fields are used in imaging techniques such as TERS, where the localised field from a metallic tip

improves the Raman signal by several orders of magnitude [15].

1.3.2 Surface Plasmons

The collective oscillations of conduction electrons are responsible for the absorption and scatter-
ing of light from metals, giving them their colours [43]. These collective oscillations are known
as surface plasmon resonances and are responsible for the near field enhancement from metallic
probes. The oscillations can be excited by an electron beam or electromagnetic radiation. Only
electromagnetic radiation excitation is considered in this thesis as tip-Enhanced Raman spec-
troscopy is performed using a focused laser beam. The theoretical background for the formation

of surface plasmons is given in Appendix B.3 and a summary of the results are discussed here.
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Figure 1.7: Tllustration of a surface plasmon resonance at the metal-dielectric interface of a
bulk metal. Positive and negative surface charges are represented as + and - respectively.
Electric field lines are represented by —. The collective surface charge oscillations are excited
by the incident electric field. The graph shows the electric field strength |E| as a function of
z-position. The field strength drops exponentially in the metal layer, typically decaying to 1/e
intensity after tens of nm, i.e. the skin depth. The field also decays rapidly in the dielectric
layer as the electric field is strongly bound to the metal-dielectric interface.

Surface plasmons are electromagnetic waves that propagate along the interface between a
metal and dielectric interface when the metal has a negative real permittivity [44]. A negative
real permittivity is a common property of metals in the visible and near-infrared. Meanwhile,
the losses of a plasmon are proportional to the imaginary permittivity. Figure 1.7 shows the
formation of a surface plasmon at the interface between a bulk metal and a dielectric. The
excitation electric field oscillates the conduction electrons on the surface forming a surface
plasmon. The electric fields decay exponentially in the z-axis. In the metal layer, electric field
propagation is forbidden due to the negative real permittivity. The penetration of the electric
field can be characterised by the skin depth J which gives the depth at which the radiation
intensity falls to 1/e of its original value or 37%. Hence, the electric field is strongly confined
to the metal-dielectric interface.

When the size of a particle approaches or is smaller than the wavelength of the excitation
light, surface plasmons will be confined to the particle. Hence, there will be no propagating
modes, only standing waves known as a localised surface plasmon resonance (LSPR). Figure 1.8
shows the formation of a localised surface plasmon resonance on a gold nanosphere. The electric
field from the incident electric field causes oscillations of the conduction electrons on the particle
surface. The coulomb attraction between the negative electrons and positive ions provides the
restoring force. At resonance, these charge oscillations result in an enhancement of the electric
field in proximity to the surface and increase the particles optical absorption.

The material properties and geometry of the nanoparticle control the plasmon response
including the number of supported modes, excitation frequencies and near-field enhancement
strength. Analytic solutions exist for spheroids, infinite cylinders and shells with sizes well below
the excitation wavelength [18]. However, the analytic solutions become inaccurate when the
particle size increases as de-phasing of the excitation occurs at the particle surface. Furthermore,
analytic solutions do not exist for arbitrary shapes. Thus, numerical methods are needed to

model plasmon responses of nanoparticles. Chapter 2 details the modelling of surface plasmons
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Figure 1.8: Tllustration of a localised surface plasmon resonance on a gold nanoparticle. Pos-
itive and negative surface charges are represented as + and - respectively. The collective sur-
face charge oscillations are excited by the incident electric field such as an electron of electro-
magnetic wave. At the particles resonance wavelength, the charge oscillations produce a near-
field that is bound to the surface.

on metallic nanoparticles using the boundary element method.

1.4 Tip-Enhanced Raman Spectroscopy

Tip-enhanced Raman spectroscopy (TERS) is an imaging technique that overcomes the diffraction-
limited resolution and low signal-to-noise of Raman spectroscopy [45]. TERS is performed by
probing a sample with an optical near-field. This differs from Raman spectroscopy where a fo-
cused laser beam is used. Similar to far-field Raman spectroscopy, the wavelength shift between
the illumination source and scattered light provides chemical information about the sample.
TERS has been demonstrated with resolutions significantly below the diffraction limit [45,46].
Furthermore, the near-field results in increased Raman signal to the point that single-molecule
detection is possible [13]

One method for producing the near-field required for TERS is to couple light through a
narrow aperture as described previously. Typical examples of aperture probes are tapered
optical fibres coated with a reflective metal [47], or, an AFM probe with a narrow aperture
drilled through the tip [48]. Light is focused into the structure and the resulting near-field is
used to probe the surface [49]. The optical resolution is proportional to the aperture radius
and the power throughput scales with the sixth power of aperture radius [50]. This severely
limits the power throughput when high resolutions are required [51]. Figure 1.9(a) shows the
electric field distribution through an aperture probe. The simulation reveals that the spatial
dimensions of the near-field are approximately equal to the aperture diameter. Furthermore,
there is a decreased enhancement through the aperture indicating a loss of optical power.

A second method produces the required near-field by exciting an LSPR on the surface of a
scanning metallic tip as described previously. This is known as an apertureless probe and has
been adopted in the literature and industry due to the increased power throughput compared

to aperture TERS [52]. Apertureless probe power is limited by the temperature at which the
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Figure 1.9: Simulations showing the electric field enhancement for (a) aperture [51] and (b)
apertureless TERS probes. For (a), a plane wave is coupled through the top of the structure
and exits through the aperture onto a substrate. For (b), a plane wave propagating in the x-
axis with polarisation in the y-axis excites a surface plasmon, which results in significant en-
hancement at the tip apex. The colour shows the enhancement of the electric field.

probe will be destroyed. The apertureless probe must be designed such that an LSPR is formed
at the excitation wavelength [22]. The LSPR excitation wavelength and near-field intensity are
dependent upon tip geometry, material properties and surface morphology [18]. Hence, the tip
design is paramount to TERS performance. Figure 1.9(b) shows the electric field distribution for
an apertureless probe excited at its resonance frequency. The maximum enhancement occurs
at the tip apex, which can be used to effectively probe a surface during TERS. The spatial
dimensions of the near-field give the optical resolution and are proportional to the tip apex
diameter [19]. Due to the major disadvantages associated with aperture probes, these will not
be discussed further.

The operation principles of TERS with an apertureless probe are illustrated in Figure 1.10.
A focused laser beam excites an LSPR on a metallic nanoparticle located at the end of an
AFM tip. The resulting near-field enhances Raman scatter of the sample within a small volume
located at the tip apex. Due to the near-field confinement at the tip apex, the tip must be kept
close to the sample. Typically, the tip will be in contact with the sample or within a few nm.
The scanning tunnelling microscope and atomic force microscope offer nanometre resolution
z-axis control, which is ideal for TERS. In this thesis, an atomic force microscope is used to
control the position of a TERS tip as it is scanned over a sample. A more technical description
of AFM is given in Chapter 4.1, while a detailed comparison of TERS operation modes is given
in Chapter 7.

Figure 1.11 shows a TERS map of multi-walled carbon nanotube bundles on a gold substrate,
acquired using a silver-coated AFM probe illuminated with a 638 nm laser. Bundles of nanotubes
are visible with a diameter of 25 nm, well below the diffraction-limited spot of the 638 nm laser.

Comparing the TERS map to the far-field Raman map shown in Figure 1.5 it is clear that TERS

12
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Figure 1.10: The operating principle of TERS, where a laser is focused onto a metallic tip,
exciting an LSPR. This produces a near-field that is kept close to the sample using an AFM
system resulting in increased Raman scattering in the near-field volume. (a) Simulated elec-
tric field enhancement for a gold nanocone. The enhancement at the tip apex amplifies Ra-
man scattering in a small volume. (b) Electric field enhancement 1 nm below a gold nanocone
with the spot diameter (full width half maximum) showing the spatial confinement of the field
(black line). The small spot diameter enables sub-diffraction-limited resolution.

offers superior resolution and is well suited for imaging nanometre-scale structures. There are
many examples of TERS images displaying sub-diffraction-limited resolution [8,16,25,53], where

the optical resolution is reported to be similar to the tip apex diameter [15].

1.4.1 Origins of Enhancement

Figure 1.12 shows the Raman signal from a sample of Cgy with a TERS probe in contact
with the sample, and when retracted. The Raman peaks labelled with squares show significant
amplification when the tip is in contact with the sample. There are several mechanisms that
contribute to the overall enhancement of the TERS signal. This section describes the signal
enhancement observed for TERS in terms of the non-resonant and localised surface plasmon

resonance effects.

Non-Resonant Enhancement

Non-resonant enhancement, also known as the lightning-rod effect, is a result of electric field line
concentration near highly curved surfaces and results in enhancement of the electric field [54].
Non-resonant enhancement does not require a negative real permittivity or a small imaginary
permittivity. It is dependent on the geometry with the maximum amplification limited by the
modulus of the real dielectric function. Consider a silicon AFM cantilever with a smooth gold
coating. Assuming the tip is multiple microns long, the LSPRs will be dampened significantly
due to a high imaginary permittivity at the resonance wavelength. Hence, the enhancement will

be primarily due to non-resonant enhancement.
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Figure 1.11: TERS map of carbon nanotube bundles on a gold substrate imaged using a

638 nm laser, integrated over 2657 - 2696 cm™!. Each pixel is 25 x 25nm. This image displays
sub-diffraction-limited resolution as neighbouring bundles can be differentiated to distances
below the approximately 319 nm diffraction-limited laser spot.

Rough metal surfaces are observed to increase Raman enhancement. One aspect of this can
be explained by non-resonant enhancement. The surface roughness features are much smaller
than the excitation wavelength, hence the electric field enhancement due to the lightning rod
effect will be greatest near the sharp surface features [55,56]. Molecules on these sharp features
will exhibit greatly enhanced Raman signals. For example, the enhancement and spatial reso-
lution are improved at the edges of gold nanodisks [57]. However, non-resonant enhancement is

small in comparison to enhancement due to resonant plasmon effects [58,59].

Localised Surface Plasmon Enhancement

The excitation of localised surface plasmons on metal nanostructures can occur on both the scan-
ning metallic tip and a metal substrate (SERS). When localised surface plasmons are excited
efficiently, the resonant enhancement becomes far more significant than non-resonant enhance-
ment [60]. The work presented in this thesis focuses on resonant enhancement as it dominates

non-resonant enhancement under optimal conditions for TERS [61].
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Figure 1.12: Raman spectra of Cgp measured with a tuning fork set-up. The blue trace is col-
lected with a gold tip in contact with the sample. The red trace is collected with the tip re-
tracted. The square identify the Raman peaks showing significant amplification with the tip
in contact. The diamonds indicate the bands of the lens immersion oil. Data was adapted
from [15].

Tip-Sample Effects

Tip-sample interactions also affect enhancement and spatial resolution. Further spatial con-
finement and increased enhancement are achieved with plasmon-excition coupling [62,63] and
the formation of tip-sample-tip gap modes [64-66], while at small tip-sample separations quan-
tum effects begin to reduce confinement [67]. In addition, the sample chemistry influences the
scattering efficiency. For example, predominantly covalent nanoparticles have been shown to
have significantly higher scattering cross-sections compared to ionic nanoparticles due to an
increased polarisability, resulting in a two order of magnitude increase in the enhancement
factor [68]. Highly anisotropic molecules such as nanotubes are sensitive to polarisation [69].

Finally, Raman enhancement is dependent on conduction electron properties [70, 71].

1.5 Commercial TERS Probes

Commercially available TERS probes consist of a silicon AFM probe with a metal coating
applied that forms a rough grain-like structure. The metal coating is typically silver as it has
been shown to offer good electric field enhancement over the visible wavelengths [72].

A scanning electron microscope (SEM) image of a commercially available TERS probe tip
is shown in Figure 1.13(a). The tip is silicon with a thin layer of silver. The surface appears
relatively smooth with minor bumps due to the low silver content of the tip, measured at 22%
mass content using energy dispersive x-ray spectroscopy (EDX). This tip had poor conductivity

in the SEM due to the low metal content. The poor conductivity resulted in surface charging,
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Figure 1.13: SEM images of commercially available TERS probes. (a) Silver coated Nauga-
Needles NN-TERS-T probe, which appears relatively smooth and has an average silver mass
percentage of 22% determined using EDX. Of the 4 examples of this tip that were tested,
none produced a measurable Raman enhancement at 638 nm or 785 nm illumination wave-
lengths. (b) Silver coated Omni-TERS probe with an average silver mass of 33% as confirmed
using EDX and the surface appears grainy. This tip was used to produce the TERS map
shown in Figure 1.11

which limited the achievable image resolution. Hence, the surface may be more grainy than
it appears in the image shown. Importantly, after testing 4 of these tips, none were able to
produce a measurable Raman enhancement with a laser wavelength of 638 nm or 785 nm. This
is an example of a commercially available TERS probe with too little metal content to function
adequately. Furthermore, no optimal operation wavelength was given for this probe and was
not provided upon request.

An SEM image of a second commercially available TERS tip is shown in Figure 1.13(b).
This tip also consists of a silicon AFM tip with a thin layer of silver. The surface of this tip is
noticeably more granular than the previous example, with islands of silver forming. The silver
mass content was measured to be 33% using EDX. These tips have been used to successfully
enhance Raman signals and acquire Raman maps such as the one shown in Figure 1.11. The
disadvantages of these tips are the inconsistent performance from tip to tip, poor lifetimes, an
offset between AFM topography and Raman maps, and sub-optimal TERS resolution due to
the relatively large apex diameter. These issues are discussed in more detail in the following

subheadings.
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Random Nanoparticle Formation

Metal layers produced using vacuum deposition or electrodeposition [73] tend to form grainy
surface layers. For plasmon applications, these surfaces yield high electric field enhancement.
However, the formation of metal grains and nanoparticles cannot be directly controlled [22]. For
example, it cannot be guaranteed that a nanoparticle of a certain size will be formed at the
mechanical tip apex. This leads to several issues.

Figure 1.14(a) illustrates a grainy TERS tip, where a nanoparticle is not present at the tip
apex. This will separate the mechanical tip apex and the near-field. The separation of the two
results in an offset between the TERS and AFM maps. Furthermore, the presence of more than
one nanoparticle at the apex will distort the electric field distribution [74] and create imaging
artefacts [75].

The random formation of nanoparticles is one cause of the unreliability of TERS probes.
With a thin metal layer, there is a high chance that a metal nanoparticle will not form at the tip
apex. If there are no nanoparticles in the vicinity of the tip apex then no Raman enhancement
will be observed. It is believed that the tip shown in Figure 1.13(a) did not produce a Raman
enhancement because the silver layer was not thick enough to ensure a nanoparticle at the tip
apex. This is supported by the low silver mass content of 22%. On the other hand, a thick
metal layer will increase the likelihood that a nanoparticle will form at the tip apex. However, a
thicker metal layer increases the tip diameter, which will reduce the TERS and AFM resolution.
This is illustrated in Figure 1.14(a) where the physical size of the tip apex results in a lower
resolution AFM image. The tip shown in Figure 1.13(b) is 33% silver by atom mass and produces
a significant near field enhancement, which is thought to be due to the thicker metal layer and
the presence of discrete nanoparticle formations at the apex.

Commercially available TERS probes with sufficiently grainy structures can be viewed as a
collection of individual nanoparticles. The resonance wavelength and electric field enhancement
of TERS probes with multiple nanoparticles are both highly dependent on the number, position
and size of the nanoparticles [76]. Since the formation of these nanoparticles is random, there
may be significant performance differences between identically fabricated probes.

In summary, the random formation of nanoparticles on metal coated probes can result in:
e An offset between AFM and TERS maps.
e Artefacts in the TERS map.

e Unreliable Raman enhancement from probe to probe with some tips producing no mea-

surable enhancement.

o Decreased AFM and TERS resolutions.
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Figure 1.14: Illustrations that describe how the random nature of grain formation can result
in an offset between AFM and TERS maps. Both tips are scanned across the molecule of
study. (a) Shows a tip apex with a grain structure where a nanoparticle has not formed at
the AFM tip apex. This creates an offset between the location of maximum electric field en-
hancement and the physical AFM tip apex. This manifests as an offset between the AFM and
TERS maps. In addition, the separation between the maximum electric field enhancement
and the sample is increased, which results in a decreased TERS signal. Finally, the metal
coating thickness has increased the physical size of the AFM tip apex resulting in decreased
AFM resolution. (b) Shows a nanocone tip with a single and aligned optical and mechanical
apex, which eliminates the offset between the AFM and Raman images. The nanocone geom-
etry results in zero offset between the AFM and Raman responses. The nanocone geometry
also results in higher resolution in the AFM and TERS images.
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Lifetime

Silver nanoparticles tarnish rapidly in laboratory conditions, exhibiting a decreased absorption
coefficient by one order of magnitude over 36 hours and a near-field resonance wavelength redshift
of 1.8 nm/hr [20]. This is due to the introduction of contaminants forming oxides and sulphides,
which have the potential to change the surface morphology [77,78]. As a result, silver-based
TERS probes have lifetimes limited to approximately one day. This is prohibitive given the
significant set-up time associated with aligning the optical system, which must be performed
for each new probes. In the experience of the author, probe lifetime has a random element with
some probes of a given design having lifetimes extending beyond one week while others last only
one day.

The lifetime of silver probes can be extended by adding a passivation layer on the silver layer.
However, this increases the separation between the surface plasmon and the sample resulting in
a decreased near-field enhancement and a decreased AFM resolution. Alternatively, the probes

can be stored at vacuum or in an inert gas such as nitrogen.

Optimised Performance

At the time of writing, commercial TERS probes are sold without a specified illumination wave-
length. However, the literature has identified that probes should be excited at the resonance
wavelength to achieve maximum Raman enhancement [61,76,79,80]. Hence, when using a
commercially available TERS probe it is unlikely that the excitation wavelength and enhance-
ment are optimal. A more robust method for probe design would involve tuning the resonance

wavelength to the illumination wavelength.

The Search for an Improved TERS Probe

Due to the issues associated with commercially available TERS probes, there is great interest

in finding an improved solution. An ideal TERS probe would offer:

e Zero offset between the AFM and TERS maps. This could be achieved by ensuring the

near-field enhancing nanoparticle also serves as the physical apex of the tip.

e Improved chemical stability allowing a TERS probe to high enhancement for several weeks.

This can be achieved using gold rather than silver, or by applying a passivation layer.

e Improved probe-to-probe consistency, which could be achieved by using fabrication meth-

ods that do not rely on the random formation of nanoparticles.

e Higher Raman signal-to-noise ratios, which could be achieved by matching the resonance

wavelength of the probe and the illumination wavelength.

The focus of this thesis is to design and fabricate improved TERS probes that are based on a
solid metal nanocone geometry that has optimised dimensions as illustrated in Figure 1.14(Db).
The nanocone approach reduces the offset between AFM and TERS images by ensuring the

mechanical tip apex and the near-field are collocated. As there is no requirement for random
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formation, nanocone probes are expected to be significantly more consistent than metal coated
probes. The nanocone fabrication process will also enable geometry optimisation to maximise
enhancement in a given application. Finally, a nanocone can be sharpened to a smaller apex
diameter than an AFM tip with a thick metal layer, which will enable higher resolution AFM
and TERS images. If constructed from gold, these tips would also offer superior lifetimes to

those currently available.

1.6 Measuring Probe Performance

To accurately compare the performance of new probes with currently available TERS probes, a
new experimental method is required. Two important performance metrics for TERS are electric
field enhancement at a given wavelength and the achievable resolution which is proportional to
the spot size of the near-field. Both of these metrics are shown in 1.10(b).

Methods are outlined in the literature for measuring the Raman enhancement of TERS
probes. However, these rely on estimates for the spot size of the enhanced electric field and
assume a homogeneous enhancement within this volume [15,23,36,81]. These measurements
are sensitive to the proportion of the enhanced spot interacting with Raman active molecules.
For example, if only half of the near-field volume is filled with Raman scattering molecules, the
enhancement will be underestimated. Furthermore, the spot size is assumed to be the diameter
of the tip apex. While the spot size of the near-field is proportional to the apex diameter, the
field will exist beyond this scale, albeit decaying rapidly. Hence, neighbouring molecules will
contribute to the Raman enhancement which is not accounted for.

Improved measurement methods would remove the estimation of the enhanced electric field
spot size and measure this directly. Furthermore, a reconstruction of the electric field dis-
tribution below the tip apex would allow the peak electric field enhancement value and the
theoretical resolution to be determined. These measurements will allow accurate comparisons
between TERS probes and aid in the optimisation of TERS tips. Measurement methods that
satisfy these requirements will be developed in this thesis.

1.7 Thesis Outline

This thesis focuses on the design, fabrication and performance analysis of an improved TERS
probe. Furthermore, a method is developed for accurately measuring the performance of TERS
probes.

In Chapter 2, boundary element simulations are used to explore the formation of surface
plasmons on metallic nanoparticles. The results are used to compare different nanoparticles
and determine an appropriate starting geometry for a nanoparticle to use as a TERS probe.
Additional variables such as focused laser beam position and beam width are discussed. The
gold nanocone is chosen as a suitable nanoparticle as the resonance wavelength can be tuned
independently of the spot size.

In Chapter 3, the geometries of gold and silver nanocones are optimised using boundary
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element method simulations. Regression analysis is performed to produce models that allow
the resonance wavelength and electric field enhancement of gold and silver nanocones to be
estimated. These models are used to design TERS probes for improved Raman enhancement.

Chapter 4 details experimental techniques used in this thesis. This includes descriptions of
AFM, electron beam microscopy, x-ray dispersive spectroscopy and focused ion beam techniques.

In Chapter 5, a method is developed for reliably and accurately measuring TERS probe
performance. This method is based on exciting the radial breathing mode of single-walled carbon
nanotubes, allowing isolated tubes to be distinguished from bundles. Isolated nanotubes act as
one-dimensional scattering surfaces and are used to measure the PSF of TERS probes. The
developed method is used to measure and compare the performance of commercially available
grainy metal TERS probes.

Chapter 6 details the fabrication of gold nanocone TERS probes based on the optimisations
from Chapter 3. The performance of the gold nanocone TERS probes is measured and compared
to the commercially available, grainy metal probes. The gold nanocone probes are shown to
provide a narrower PSF, comparable optical contrast and collocated TERS and AFM maps.
Thus, the gold nanocone probes are superior probe high-resolution TERS imaging.

Chapter 7 presents an alternative mode of TERS operation known as modulated-illumination
intermittent-contact TERS (MIIC-TERS). The performance of this imaging technique is com-
pared using a grainy metal probe and the gold nanocone probe developed in this thesis. The
gold nanocone probe is found to provide superior imaging performance with MIIC-TERS.

The thesis concludes in Chapter 8, where a brief summary of contributions is presented and

potential future work is outlined.
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Chapter 2

Modelling the Near-Field

In this chapter, the boundary element method is investigated for simulating the
near-field response of nanoparticles. This method is found to be suitable for sim-
ulating the TERS performance of nanoparticle geometries. Multiple elementary
shapes are modelled and their performance as potential TERS probes is assessed.
These results are used to recommend nanocones as a suitable geometry. Further-
more, the effects of illumination beam polarisation, beam width and focus position

are investigated.

2.1 Modelling Approaches

2.1.1 Finite Element Method

Finite element methods have been used successfully in the literature to study the optical prop-
erties of nanoparticles [81-86]. A dense set of discretisation points is required to capture the
exponential decay of surface plasmons on a metal surface because noble metals have short skin
depths, i.e. where the current density falls to é For example, gold has a skin depth of approx-
imately 25 nm at a wavelength 785 nm [87]. To capture the rapid decay of the electromagnetic
fields near the surface, multiple grid points in this thin layer are required [88]. Furthermore,
two-dimensional simulations cannot be used to predict the response of nanoparticles as confine-
ment in three dimensions is needed [18]. Hence, grids with a large number of points are required.
This makes finite element methods time and memory intensive.

The time and memory requirements of finite element method techniques may be acceptable
when investigating the plasmon response of a single nanoparticle. However, in this thesis, many
structures are simulated across different operating conditions. This is not feasible with finite

element methods and a more efficient alternative is required.
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2.1.2 Boundary Element Method

The Boundary element method (BEM) only requires discretisation of the boundaries between
materials of different dielectric functions [89]. This is a significant advantage over finite element
methods that require the problem space volume to be filled with discretisation points. The BEM
carries the disadvantage of being unable to account for non-homogeneous and anisotropic dielec-
tric functions. For simulating the plasmon response of homogeneous and isotropic nanoparticles,
the reduction in memory requirements and computation time make BEM an attractive option
for the optical simulation of arbitrary shapes [90]. BEM is consistent with analytical results
using Mie theory for spheres and ellipsoids [91].

BEM simulations can be simplified using the quasi-static approximation. This assumes that
the particle excitation is in phase across the surface, which is acceptable for small particles [92)
and greatly reduces computation complexity. In the work presented in this thesis, the particle
size often approaches the excitation wavelength and so retarded calculations are needed, which
are based on Maxwell’s equations [93]. An exception is made when simulating Gaussian beam
excitation. A summarised derivation of the equations used for BEM Maxwell calculations is given
in Appendix A. In this thesis, BEM simulations are used to calculate the near field enhancement

for metallic nanoparticles.

2.2 Methodology

In the following sections, the boundary element method package Metallic Nanoparticles using
BEM (MNPBEM) [91,92], was used to solve Maxwell’s equations in the frequency domain for
gold and silver nanoparticles in a vacuum. The problem space is described in Figure 2.1(a). The
particle boundaries consist of boundary elements that are defined by a set of vertex positions
and normal vectors. Convergence testing was performed by increasing the number of boundary
elements and examining the near field distributions. Measured dielectric functions for gold and
silver are taken from the literature [94]. These dielectric functions are shown in Figure 2.3.
Unless stated otherwise, a plane wave excitation Feyx. was considered to be propagating in the

x-axis direction with polarisation in the y-axis, that is
Eexc = Eoe_ikwﬁ, (221)

with incident electric field magnitude Ey, wavenumber k£ and angular frequency w. FEj is nor-
malised to 1.

The electric field is calculated over an M x N grid 1 nm below the particles lowest z point.
The electric field is always calculated on this grid for two reasons. Firstly, the grid simulates
the configuration between a TERS probe and a sample in the side-illumination configuration.
Secondly, the near-field response of a particle is dependent upon the point of measurement [39].
By moving the measurement point, the measured localised surface plasmon resonance wavelength
will change. For TERS it is important that the highest electric field enhancement occurs at the

sample. Hence, the location of the sample is used as the measurement area.
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Figure 2.1: Example problem space and calculations. (a) x-y Cross-section of the simulation
space, consisting of a vacuum with an embedded nanoparticle defined by an outer boundary.
The tip is positioned with the bottom vertex at the origin, a distance s above an M x N grid
where the electric field magnitude Eys n is calculated. (b) Near-field enhancement distribu-
tion for a gold nanocone. (c¢) Enhancement in the x-direction 1 nm below the nanoparticle
apex. The near-field enhancement is given by the peak enhancement value. The spot size is
given by the full width at half maximum (FWHM) of the peak.

For simplicity, the effects of a substrate are not considered in this chapter. However, prox-
imity to a substrate introduces several effects that influence the near-field resonance of nanopar-
ticles. For example, an increased substrate refractive index has been shown to redshift the
resonance wavelength [61]. These effects are discussed in Chapter 3.

Two metrics are used to compare the near-field performance of nanoparticles in the following

sections:

1. The near-field enhancement at the localised surface plasmon resonance of the particle.
This is given by Fmax/FEo, where Epay is the maximum electric field magnitude calculated
at a specified distance from the nanoparticle apex and Fy is the normalised excitation
electric field magnitude. The near-field enhancement will be proportional to the total

Raman signal achievable for TERS.

2. The spot size is the full width at half maximum (FWHM) of the electric field on the top
row of the measurement grid as shown in Figure 2.1. This predicts the spatial resolution
achievable for TERS.

As an example, Figure 2.1(c) shows the near-field enhancement distribution in the & direction
1nm below a nanoparticle. The near-field enhancement for this nanoparticle is given by the peak
value of the enhancement. The spot size is given by the width of the enhancement peak at half
of its maximum value. For the example given, the enhancement is 62 and the beam width is

18 nm.
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Figure 2.3: Relative permittivity of silver and gold. The lower ¢; for silver across optical
wavelengths reduces plasmon dampening. Data adapted from [94].

An ideal TERS probe would consist of a nanoparticle that produces a high electric field
enhancement with a resonance wavelength that is tunable over a wide wavelength range by
varying the particle geometry. This will ensure high TERS signal. Furthermore, the spot
size should be small across the tunable wavelength range to give high spatial resolution. The
following sections discuss the optical properties of nanoparticles and their suitability as TERS

probes.
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2.3 Nanoparticles
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Figure 2.4: Optical simulation results for silver and gold nanospheres. (a) Enhancement map
for a gold nanosphere with a 25 nm radius. (b-c) Surface charge plots representing the first
and higher-order plasmon modes. (d-e) Enhancement spectra of silver and gold nanospheres
respectively. (f) The spot size below the apex of silver nanospheres as a function of sphere
radius.

The sphere geometry is illustrated in Figure 2.2(a) and is defined by the radius r. The
optical simulation results in Figure 2.4(a) shows an enhancement map for a gold nanosphere
with a radius of 25nm. The plane wave is incident with a polarisation aligned with the y-
axis, which excites the fundamental dipole resonance of the nanosphere. The hotspot below the
lowest z position of the nanosphere shows an electric field enhancement of 4. This means that
the electric field strength is 4 times greater than the incident plane wave excitation. These hot
spots can be used as near-field probes for techniques such as TERS [8,25], microscopy [95, 96]
and maskless lithography [97].

The near-field spectra for silver nanospheres are shown in Figure 2.4(d). A surface charge
plot of the fundamental localised surface plasmon mode is shown in (b) corresponding to the
spectral peak of the 25nm radius silver sphere excited at 360nm. The fundamental localised

surface plasmon mode is identifiable by the single node in the vertical axis. The enhancement
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spectral peak is redshifted slightly from 355 nm to 360 nm when moving from a 5nm to a 25 nm
radius nanosphere. With a 50 nm radius, the resonance wavelength becomes 390 nm. The rate
of redshifting has increased with radius. This indicates that retardation effects are beginning
to occur, meaning that the particle excitation phase varies significantly across the particle as
its size approaches the excitation wavelength [98]. To redshift the resonance wavelength by
45 nm, the sphere radius must be increased by 45nm. This implies that only minor tuning of
the plasmon resonance of nanospheres is possible, which is consistent with the literature [72].
Thus, single nanospheres do not satisfy the resonance wavelength tunability criteria for use as
TERS probes.

The surface charge for a higher-order mode is shown in Figure 2.4(c), which corresponds
to the 50 nm radius silver nanosphere excited at 355nm. As a higher-order mode, the current
is more strongly confined below the surface, resulting in higher plasmon dampening [99]. This
explains why the spectral peak associated with this higher-order mode has a lower enhancement
than the spectral peak of the fundamental mode at 390 nm. For gold nanospheres, only the fun-
damental mode is observed. The higher-order modes that were observed for silver nanospheres
are absent for gold nanospheres as they are suppressed by the high imaginary permittivity below
500 nm (Figure 2.3). Comparing the gold and silver nanospheres shows that silver nanospheres
produce over double the electric field enhancement. The resonance wavelength of the silver
nanosphere is approximately 200 nm shorter.

The spot size (FWHM) on the surface of a substrate 1nm below a silver nanospheres is
plotted against the radius in Figure 2.4. The spot size increases linearly as nanosphere radius
increases, which is consistent with the literature [100]. The spot size is a useful metric as it pre-
dicts the achievable resolution for imaging techniques such as TERS and near-field microscopy.

In summary, only minor control over near-field resonance wavelength is achievable by tuning
the nanosphere radius. In addition, the spot size increases as the radius increases, reducing the
achievable resolution. Hence, nanospheres are not well suited for TERS applications since the

spatial resolution and resonance wavelength are both dependent on radius.

2.3.2 Nanorods

The geometry of the nanorods simulated in this section is illustrated in Figure 2.2(b) and is
defined by the radius of the end segments r and the rod length L. The long axis of the nanorods
is aligned with the y-axis polarisation as this has been shown in the literature to maximise the
optical absorption [101].

The nanorod optical simulation results are shown in Figure 2.5. An enhancement map is
shown in (a) for a 200nm long gold nanorod with a 25nm radius excited at the resonance
wavelength of the fundamental longitudinal plasmon mode. The enhancement spectra of silver
nanorods are shown in (f) and the surface charge plots corresponding to the spectral peaks
are shown in (b-d). Multiple spectral peaks are visible for each geometry. For example, the
100nm long nanorod with a 5nm radius (black trace) achieves maximum enhancement with
the first-order longitudinal mode at 710 nm excitation, shown in (b). The presence of one node

in the vertical axis identifies this as the first-order, or fundamental, longitudinal mode. For
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Nanorod Dimensions (nm)
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Figure 2.5: Optical simulation results for silver and gold nanorods. (a) Enhancement map
for a gold nanorod that is 200 nm long with a radius of 25 nm. (b-d) Surface charge plots of
nanorods with the geometry given in the legend and the illumination wavelength given below
each plot. (e-f) Enhancement spectra of silver and gold nanocones respectively. (g) Spot size
as a function of rod radius.

the same nanorod, a second spectral peak is visible at 455 nm. The presence of multiple nodes
indicates this is a higher-order longitudinal mode. A similar analysis of the other nanorods
leads to the conclusion that the fundamental longitudinal mode produces the highest near-field
enhancement. This is a consequence of higher-order modes being more strongly confined inside
the structure, leading to greater energy loss [39]. The number of longitudinal modes increases
with length and decreases with radius. For example, the 100 nm long silver nanorod with a
5nm radius (black trace) only supports two identifiable longitudinal plasmon modes, shown in
(b). The 200 nm long silver nanorod of the same radius (blue trace) supports four identifiable
longitudinal plasmon modes that are shown in (c¢). Longer particles will allow for higher degrees
of quantization of charge density oscillations, explaining the number of plasmon modes seen for
each geometry presented.

The fundamental longitudinal mode is red-shifted as nanorod length increases. This can be
seen in Figure 2.5(f) where the 100 nm long nanorod (red trace) has a fundamental resonance at

440 nm and the 200 nm long nanorod (green trace) at 600 nm. This is due to decreased charge
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separation restoration forces as the separation between the charges increases [39]. If antenna
theory is applied to the nanorods, the dipole mode that is analogous to the fundamental longi-
tudinal plasmon mode should occur when the particle length is half the excitation wavelength.
This is not the case for silver or gold nanorods. For example, the 100 nm long silver nanorod
with a 5 nm radius has its fundamental near-field resonant peak at 710nm or A/7. Furthermore,
the redshift observed for the fundamental longitudinal mode of the 5 nm radius nanorods is sig-
nificantly smaller than for the 25 nm radius nanorods for both silver (f) and gold (e) nanorods.
This is because the finite skin depth at optical frequencies is of the same order as the nanoparti-
cle dimensions, which results in currents below the particle surface that experience loss. This is
in contrast to microwave and radio antennas where the skin depth is negligible compared to the
physical dimensions, resulting in an almost perfect conductor [98]. The deviation of nanopar-
ticles from \/2 resonance means that simple linear models that estimate resonance wavelength
from particle length are not sufficient. Instead, the three-dimensional geometry of the parti-
cle must be considered, which requires techniques such as finite element methods or boundary
element techniques.

Gold has a higher imaginary permittivity than silver, especially below 550 nm as shown in
Figure 2.3. This dampens any localised surface plasmons below this wavelength, which is evident
in Figure 2.5(e) where no spectral peaks are observed below 550 nm. Silver on the other hand
has a low imaginary permittivity across the visible spectrum and hence supports plasmon modes
for these wavelengths. From 550 nm up to near-infrared wavelengths, gold has a low imaginary
permittivity and plasmon modes exist. The higher permittivity of gold also explains the lower
electric field enhancement of gold nanorods compared to equivalent silver ones.

Figure 2.5(g) shows the spot size below silver nanorods at near-field resonance as a function
of radius. Increasing nanorod radius increases the spot size, as was the case with nanospheres.
The rod length had no effect on spot size for the 5 nm radius nanocones but had a small effect
at a radius of 25 nm where increasing the rod length from 100 nm to 200 nm resulted in a 4 nm
(9%) larger spot size. The spot sizes were identical for gold and silver nanocones and appear to
be material independent. The minimal effect of nanorod length on spot size allows the near-field
resonance to be tuned using nanorod length with a minimal resolution penalty.

From the above results, nanorods are superior to nanospheres for use as TERS probes as
they produce higher near-field enhancement and allow tuning of the resonance wavelength with
minimal spot size increase. In TERS applications, nanorods are expected to result in a high

return signal power at a specific wavelength with a resolution on the order of 10 nm.
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Figure 2.6: Optical simulation results for silver and gold nanocones (a) Enhancement map of
a gold nanocone that is 250 nm long with a 10° angle and a 15nm apex radius. (b-d) surface
charge plots for gold nanocones with geometry given in the legend. (e-f) Enhancement spectra
of silver and gold nanocones respectively. (g) Spot size versus apex radius of curvature. Each
data point represents a unique combination of length, angle and radius. Only the radius is a
strong predictor of spot size and is material independent.

2.3.3 Nanocones

The nanocone geometry is illustrated in Figure 2.2(c) and is defined by the apex radius r, cone
angle 6 and length L. The nanocone optical simulation results are given in Figure 2.6. An
enhancement map is shown in (a) where the highest enhancement is located at the apex.

The spectra for a range of rounded gold nanocones are shown in Figure 2.6(f). The spectral
peaks were identified and the charge distributions are shown in (b-d). The excitation wavelength
of the fundamental mode is dependent on the longitudinal particle length. For example, the fun-
damental plasmon resonance wavelength of gold nanocones is red-shifted from 770 nm to 945 nm
when the length is increased from 250 nm (black trace) to 500 nm (red trace). Furthermore, as
the nanocone particle length changes, the near-field amplitude is affected. The near-field plas-
mon enhancement for gold nanocones is significantly reduced below 550 nm, which is due to the
high imaginary permittivity at these wavelengths. There is also a decrease in near-field plasmon

enhancement for silver and gold nanocones as the length is increased from 250 nm (black trace)
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to 500 nm (red trace). Figure 2.3(a) shows that the imaginary permittivity of silver is relatively
constant for the resonance wavelengths of these two nanocones. Hence, the decreased near-
field resonant amplitude must be due to decreased restoring forces as the electron separation
is increased. In addition, decreasing the sharpness of the probe by increasing the apex radius
(L = 250nm, 6/, = 10 and 7 = 15nm) or the angle (L = 250 nm, 6,/ = 15° and 7 = 10nm),
leads to a lower enhancement. This is despite the fact that the fundamental mode for these two
geometries is blue-shifted to regions of lower imaginary permittivity. The maximum near field
enhancement for the nanocones is approximately 20 greater than spheres, further supporting
the importance of tip sharpness. Finally, the number of spectral peaks increases with particle
length, as was observed for nanorods.

Figure 2.6(e-f) shows that silver and gold nanocones exhibit similar near-field enhancement
for wavelengths above 550 nm. However, for shorter wavelengths only silver provides significant
enhancement. This is due to the high imaginary permittivity of gold below 550 nm. It is expected
that shorter length gold nanocones will allow high electric field enhancements tuned down to at
least 600 nm. Below this, significant enhancement will not be possible.

Figure 2.6(g) shows the spot size at the near-field resonance of gold and silver nanocones
as a function of radius. The spot size is proportional to the nanocone radius and independent
of length and angle. This allows the resonance wavelength to be tuned using nanocone length
while maintaining a small spot size.

The mechanical strength of a nanocone is superior to a nanorod. With nanorods, the radius
must be large enough to ensure adhesion to the AFM probe, which imposes a resolution limit.
For nanocones, the radius can be kept small and the adhesion area is proportional to length and
angle.

From the work presented in this section, it remains unknown how nanocone length, radius
and angle numerically effect the near-field resonance wavelength and enhancement. It is also
unclear what the dimensions of an optimal TERS probe are. These concepts will be discussed
in Chapter 3.

2.3.4 Pyramid Nanoparticles

The geometry used to investigate pyramid nanoparticles is illustrated in Figure 2.2(d) and is
defined by the apex radius r, angle 6, length L and number of sides on the base n. All edges were
rounded to a radius of 3nm to avoid sharp edges that are problematic for boundary element
simulations. The pyramid nanoparticle optical simulation results are shown in Figure 2.7. An
enhancement map for a triangular pyramid is shown in (a). The enhancement spectra of silver
and gold pyramid nanoparticles are shown in (f-g) respectively. For gold pyramids, the number
of base sides has a negligible effect on electric field enhancement and resonance wavelength.
However, for silver, there is a dramatic increase in the electric field enhancement, from 40 for a
triangular pyramid to 210 for a hexagonal pyramid. Furthermore, there is a slight redshift as
the number of base sides increases.

The gold pyramids all exhibit near-field enhancements of over 100. This is significantly higher

than the equivalent size gold nanocone, which exhibited an enhancement of 60. This indicates
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Figure 2.7: Optical simulation results for silver and gold nanopyramids with different num-
bers of sides. (a) Enhancement map of a silver nanopyramid with 3 sides. (b-e) Surface charge
plots of pyramids with 3-6 sides excited at their resonant frequency. (f-g) Enhancement spec-
tra of silver and gold nanopyramids respectively.
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that the sharp edges of the pyramid structure increase the near-field enhancement. Hence, the
performance of pyramid nanoparticles is superior to nanocones. However, it is worth noting that
the sharp edges of the pyramid nanoparticles would require a higher resolution manufacturing

process than the nanocones presented previously.

2.3.5 Summary

Single metallic nanospheres are not suitable for constructing tunable TERS probes as only small
variations in the resonance wavelength can be achieved. Furthermore, larger spheres result in
larger spot sizes and reduced TERS resolution. Nanorods offer a significant improvement over
nanospheres. The near-field enhancement is larger and the near-field resonant peak can be tuned
with rod length while the spot size is unaffected. However, the low mechanical strength due to
the small binding area to an AFM tip is expected to result in a fragile TERS probe. Nanocones
allow the near-field resonance wavelength to be tuned with length, angle and radius. If the length
is varied and the radius is kept constant then the spot size will be unaffected. Due to the larger
dimensions at the base, nanocones have superior mechanical strength compared to nanorods.
Pyramid nanoparticles offer the highest performance of any theoretical nanoparticle presented
in this section. However, the manufacturing requirements are significantly more complex than
nanocones.

From the near-field spectra for sphere, rod and cone nanoparticles, some conclusions can be

made:

e Increasing geometrical complexity, i.e. breaking symmetry, increases the number of plas-
mon modes. Hence, complex shapes are more likely to give field enhancement over a broad

range of excitation wavelengths.

e The wavelength of the fundamental mode increases with particle length, but not at a fixed

ratio like an antenna.

e Nanoparticle sharpness increases near-field enhancement due to tighter charge confinement

at the particle apex.

e Plasmons are highly suppressed when the imaginary component of the permittivity (er)
is high. This makes silver a superior plasmon material to gold over the visible spectrum.

However, the low €; of gold around 700 nm allows strong plasmon resonances to occur.

2.4 Metal Layer Thickness

Commercially available TERS probes are silicon AFM tips coated with a thin layer of metal.
Adding layered structures to boundary element method simulations increases the computational
complexity and adds another parameter during the design stage for TERS probes. However,
due to the short skin depth of gold and silver at optical wavelengths, any penetrating fields
will be highly attenuated. Thus, it was expected that after a certain metal coating thickness,

the optical response would converge to that of a solid nanoparticle. In this section, the effects
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Figure 2.8: Near-field enhancement spectra for silicon nanocones coated in varying thicknesses
of gold.

of metal layers are investigated, as opposed to the solid metal nanoparticles discussed in the
previous sections.

Gold nanocones were simulated with an internal silicon nanocone. The average coating
thickness was calculated as the mean distance of corresponding points on the gold and silicon
nanocones.

Figure 2.8 shows the near-field enhancement spectra for various thicknesses of gold coatings
on silicon nanocones. The near-field spectrum for thin layers is significantly different from a
solid nanocone, but as the gold coating thickness increases, the near-field spectrum converges to
that of a solid gold nanocone. For a gold coating thickness of 35 nm, the near-field enhancement
spectrum is almost identical to that of a solid gold nanocone. Note that the solid cone spectrum
does not match the spectrum for an equivalent nanocone shown in Figure 2.6(f) because a
rougher particle discretisation was used here to offset the increased computation time introduced
by the layered structure.

Figure 2.9(a) shows the peak near-field enhancement as a function of gold coating thickness.
A thin gold layer results in a higher enhancement. As gold thickness is increased, the enhance-
ment converges to that of a solid nanocone. A gold thickness of 23 nm produces an enhancement
that is approximately the same as a solid gold nanocone.

Figure 2.9(b) shows the resonance wavelength as a function of gold coating thickness. The
resonance wavelength is inversely proportional to the gold thickness until converging to the
resonance wavelength of a solid gold nanocone after approximately 30 nm.

A thin gold coating increases near-field enhancement, resulting in an increased TERS signal.
However, coating an atomic force microscope tip with a thin, smooth and uniform coating of
gold is problematic as discussed in Chapter 1.5. On the other hand, off-the-shelf gold-coated
AFM tips are available. Using focused ion beam milling, a gold cap at the end of the tip could
be produced and would resemble the gold-coated nanocones presented in this chapter. This

manufacturing process could be simpler than producing a solid tip, which is discussed further
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Figure 2.9: The spot size (a) and resonance wavelength are plotted for various gold coating
thicknesses on a silicon nanocone corresponding to the near-field enhancement spectra shown
in Figure 2.8.

in Chapter 6.

2.5 Illumination Parameters

In this section, the effects of excitation laser beam waist and focus position are shown. Fig-

ure 2.10 shows the problem space for these simulations where a Gaussian excitation is defined

b
' I(z,2) = Iy <a)°z;)>2 exp Céj;) : (2.5.1)

with beam waist radius wg, distance from the centre axis z and axial distance from the focus =z.

Figure 2.11(a) shows the enhancement spectra for a silver nanocone excited with varying
beam waists. Although the beam waist values are well below the diffraction limit, these small
focal spots allow smaller problem spaces to be used and trends can still be identified. As the
beam waist increases, the number of modes excited increases. This can be seen by moving from
10nm to a 40 nm beam waist, where two additional spectral peaks at 375nm and 425nm are
produced. Furthermore, as the amount of energy coupled into the particle increases with a wider
beam, the resulting near-field amplitude also increases.

In Figure 2.11(b) the enhancement spectra for a silver nanocone excited by a Gaussian
excitation with a 20nm beam waist and a varying focus position are shown. For Z = 0, the
beam is focused at the tip apex and a dominant mode is seen at 500 nm with a much weaker
secondary mode at 425nm. For Z = 20, the beam is focused above the tip apex, and the two

modes have reversed in their relative amplitudes, with the 425 nm one dominating. Increasing
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sured. The near-field enhancement is determined from the maximum electric field value on the
upper row of the grid. The input beam is a Gaussian defined by the beam width w where the
electric field drops to 1/e of its maximum value, and the focal point on the nanocone Zj.
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Figure 2.11: Near-field spectra for silver nanocones excited with a Gaussian beam (a) focused
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Z.
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7 continues to shift the relative amplitudes. However, the maximum amplitudes decrease as
the beam is focused further from the tip apex. These results are consistent with experimental
electron energy loss spectroscopy results [102].

The resonance wavelength of the nanocone is constant regardless of position or beam width as
shown in Figure 2.11. Hence, excitation beam parameters cannot be used to tune the resonance
wavelength of a nanoparticle. Instead, the nanoparticle geometry must be optimised.

In Figure 2.12 the effects of polarisation and incidence angle can be seen. (a) Shows z-
polarisation that is parallel to the cone axis. (b) Shows x-polarisation, perpendicular to the
cone axis. (¢) Shows y-polarisation that is perpendicular to the cone axis. Out of these three
cases, z-polarisation that is parallel to the cone axis yields the highest enhancement. This is

consistent with the literature [84].
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Figure 2.12: Electric field enhancement for a silver nanocone excited at the fundamental lon-
gitudinal resonance mode, using various propagation directions and polarisations. The electric
field polarisation F is shown for each case and the second arrow gives the propagation direc-
tion P. The circle represents a direction out of the page. The Z polarisation is parallel to the
nanocone axis and results in the highest electric field enhancement. Thus, the remaining work
in this thesis will only consider incident electric field polarisation that is parallel to the long
axis of a nanoparticle.

Practically, these results indicate that a focused beam with a beam waist similar to the
particle size should be used if the broadest near-field response is desired. Furthermore, the

polarisation should be aligned with the nanocone axis for maximum enhancement.

2.6 Applicability to TERS

From the results presented in this chapter, it can be concluded that nanocone particles attached
to a silicon AFM tip are well suited to TERS. Nanocone probes provide high electric field
enhancement when made of silver or gold and the resonance wavelength can be tuned indepen-
dently of spot size by varying the particle length. They also offer high TERS resolution and can
be attached securely to a silicon AFM tip. The nanoparticles should be fully illuminated with a
focused laser to give the broadest near-field response. Furthermore, the polarisation should be

aligned with the nanocone axis for maximum enhancement.

37



Nanocones have a near-field resonance wavelength and enhancement that are dependent on
material and shape. Hence, models are required to estimate the design of an optimal nanocone
TERS probe for a given illumination wavelength. The following chapter develops these models

for silver and gold nanocones using boundary element method simulations.
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Chapter 3

Optimising Geometry of Gold

and Silver Nanocone Probes

This chapter describes the optimisation of nanocone geometry for TERS applica-
tions. The optimisation was performed using the boundary element method and
a sweep of nanocone parameters. From the resulting data, numerical models for
near-field enhancement and resonance wavelength were obtained. These numerical
models estimate of the optimal nanocone dimensions for a given target illumination

wavelength. The results are used to fabricate TERS probes in Chapter 6.

Publications Arising from this Chapter:

e L. R. McCourt, M. G. Ruppert, B. S. Routley, S. C. Indirathankam, and A. J. Fleming,
“A comparison of gold and silver nanocones and geometry optimisation for tip-enhanced

microscopy,” Journal of Raman Spectroscopy, vol. 51, no. 11, pp. 2208-2216, 2020
Conference Presentation Arising from this Chapter:

e L. R. McCourt, “Resolution and enhancement of probes for nearfield two photon aper-
tureless lithography,” in Nanophotonics and Micro/Nano Optics International Conference
2019, (Munich), p. 197, Sept. 2019

3.1 Introduction

In this Chapter, boundary element method simulations are used to calculate the near-field
resonance wavelength and electric field enhancement of nanocone tips and map the dependencies
of tip dimensions and material. This work aims to produce numerical models that describe the
optimal geometry of gold and silver nanocones for excitation wavelengths from the visible to

near-infrared. Gold nanocones have longer lifetimes than silver nanocones due to improved
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chemical stability and therefore, it is of interest to identify the wavelength range where the
performance is comparable to silver.

For an LSPR to form, the particle has to be spatially confined in all three dimensions.
Furthermore, the particle material needs to have a negative real permittivity and a low imaginary
permittivity [39]. Examples of such materials are silver and gold. In addition, LSPR wavelength
is dependent upon material permittivity and particle geometry [18]. Hence, probe geometry
needs to be adjusted so an LSPR exists at the illumination wavelength.

The current industry-standard tip for near-field applications consists of a silicon AFM tip
with a silver coating which forms a grainy surface. A scanning electron microscope image of one
such tip is shown in Figure 3.1. The discrete metal grains provide particle confinement and silver
meets the permittivity requirements, most notably having low loss across the visible spectrum
[105]. However, there are several disadvantages associated with these probes. Firstly, the random
nature of grain formation [21,106] results in an inconsistent electric field enhancement and near-
field resonance wavelength. Secondly, to ensure a nanoparticle at the tip apex, a thick metal
coating is required, which decreases the optical and topographic resolution. For the tip shown in
Figure 3.1, the apex radius of 45 nm will result in an optical resolution of approximately 90 nm.
Thirdly, there is often an issue with collocation, where the enhanced near-field is not located at
the AFM tip apex. In the case of TERS, this results in an offset between Raman and topography
maps [107]. Finally, silver nanoparticles tarnish rapidly in laboratory conditions, exhibiting a
decreased absorption coefficient by one order of magnitude over 36 hours and a redshifting
near-field resonance wavelength of 1.8 nm/hr [20]. Thus, silver-based tips have lifetimes limited
to approximately one day, which is prohibitive given the significant set-up time associated with
optical alignment that must be performed for each new tip. To extend the lifetime, a passivation
layer may be added. However, this increases the separation between the plasmonically active
silver and the sample resulting in decreased near-field enhancement, optical and topographic
resolutions.

An alternative tip consists of a metallic nanocone attached to the end of a silicon AFM probe.
This design was illustrated in Figure 1.10, with the electric field enhancement surrounding the
gold nanocone shown in Figure Figure 1.10(a) and the enhancement perpendicular to the cone
axis, below the apex, shown in 1.10(b). These nanocones can be manufactured using focused
ion beam milling with consistent surface topography, producing more consistent electric field
enhancement and near-field resonance wavelengths [108]. In addition, the nanocone apex is both
the source of near-field enhancement and the mechanical apex, which removes the collocation
issue. Furthermore, these nanocones can be produced with apex radii of approximately 10 nm,
providing superior optical and mechanical resolution to commercially available silver coated tips.
Finally, nanocone geometry can be altered to shift the LSPR to the excitation wavelength [18],
allowing the use of alternative materials with higher chemical stability than silver.

As nanoparticle material and geometry affect the LSPR wavelength and near-field enhance-
ment, the material and shape of the nanocone tips need to be optimised for a required optical
wavelength. In contrast to spheres and ellipsoids, no analytic solutions for the optical response of
nanocones exist [39]. Hence, computational methods are needed to optimise nanocone geometry.

Previous studies have investigated the optical performance of geometries similar to the
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Figure 3.1: Scanning electron microscope image of a commercially available silver coated AFM
TERS tip. The apex radius is approximately 45 nm

nanocone considered here. However, some have only considered a single excitation wavelength,
which does not allow the near-field resonance wavelength and peak enhancement to be identi-
fied [80,84,86,109,110]. Others use quantities other than near-field enhancement such as optical
extinction [72,110] or antenna efficiency [111]. However, simulation allows direct calculation
of electric field enhancement and the effects of material and geometry to be investigated. Fur-
thermore, by considering limited nanocone geometry parameters, studies have failed to produce
generalised models of near-field resonance wavelength and enhancement in the visible spec-
trum [82,112].

In this chapter, BEM simulations are used to model the plasmon responses of gold and silver
nanocones over visible and near-infrared wavelengths. Results from a large number of length,
radius and cone angle combinations are used to produce empirical models. These models allow

estimation of the resonance wavelength and enhancement for a given nanocone design.
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Figure 3.2: x-y cross-section of the simulation space, consisting of a vacuum with an embed-
ded nanocone tip defined by an outer boundary with length L, radius of curvature r, and apex
angle 6. The tip is positioned with the bottom vertex at the origin, separated a distance s
above a substrate of 1.5 refractive index. Electric field values are calculated over an 1 x N grid
located 10 nm below the substrate surface.

3.2 Method

3.2.1 Tip Performance Metrics

Two metrics for tip performance are used throughout this work. Firstly, the electric field en-
hancement, referred to as ‘enhancement’, is Fepnyn = Eres/FEexe Where FEies is the maximum
electric field strength in the plane 1nm below the sample surface, perpendicular to the cone
axis and Fey. is the electric field strength of the excitation beam, which is set to 1 V/m. A high
enhancement is desirable as the ratio of near-field to far-field increases. An example electric field
map for a nanocone is plotted in Figure 1.10(a). The second metric, spot size, is the full width
half maximum of the electric field in the plane 1 nm below the sample surface, perpendicular to
the cone axis. A smaller spot size improves resolution in near-field applications. An example

spot size calculation is illustrated in Figure 1.10(b).
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Figure 3.3: Enhancement spectrum of a silver nanocone 1nm above a glass substrate. The (a)
1st and (b) 2nd order longitudinal modes are identified from the surface change plots.

3.2.2 Boundary Element Method Simulations

The boundary element method (BEM) package, metallic nanoparticles using BEM (MNPBEM)
[91, 92], was used to solve Maxwell’s equations in the frequency domain for gold and silver
metallic nanocone structures above a lossless glass substrate. The problem space is described in
Figure 3.2. The particle boundaries consist of boundary elements which are defined by a set of
vertex positions and normal vectors. Measured dielectric functions [94] for gold or silver were
used inside the boundary. The substrate was assumed to be a lossless material with a refractive
index of 1.5, approximating glass. A plane wave excitation Fey. was used, propagating in x with
y polarisation, a configuration that has been shown to maximise enhancement [84]. Particle
geometry was varied using combinations of particle length L, radius of curvature r and apex
angle 6.

For each tip geometry, the near-field resonance wavelength was identified by the maximum
electric field enhancement. The order of each mode was identified from the surface charge
distribution, with the order corresponding to the number of zero surface charge nodes in the y-
axis. Examples of 1°¢ and 2°¢ order longitudinal modes are shown in Figure 3.3. For consistency,

only results for the 1%* order mode are given for each nanocone.

3.3 Results

For nanocones of silver and gold located 1 nm (s=1nm) above a glass substrate, the near-field
resonance wavelength was identified and the enhancement at this wavelength was calculated
1nm below the glass surface (a total of 2nm below the tip apex). The results of this are
shown in Figure 3.4 with each data point representing a unique nanocone geometry defined
by the radius, angle and length on the xyz axis. Figure 3.4(a) shows the near-field resonance
wavelength for silver nanocones. Enhancement spectra for the boxed data points, A1-A4, are
shown. The enhancement achieved at the near-field resonance wavelength of each silver nanocone

is shown in Figure 3.4(b) and the enhancement spectra for the boxed data points, B1-B4, are
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Figure 3.4: The simulated optical responses of silver and gold nanocones 1 nm above a glass
substrate, measured 1nm below the glass surface are given with example spectra in the top
plots. (a) silver and (c) gold show the near-field resonance wavelengths of nanocones. The
wavelength scale is in the bottom left. The near-field resonance wavelength is redshifted when
moving to longer lengths and smaller angles. (b) silver and (d) gold show the electric field en-
hancement of nanocones. The enhancement scale is in the bottom right. A high enhancement
can be observed for nanocones with small radii and cone angles.

44



shown. Similarly, the near-field resonance wavelengths and corresponding enhancements for gold
nanocones are shown in Figures 3.4(c) and (d) respectively. An empirical model can then be
used to describe the near-field resonance wavelength and enhancement as a function of length,
half angle, and radius, in the range of interest.

Fitting a linear regression model using a least squares algorithm to the near-field resonance

wavelength data yields:

610+ 1.5L —7.1040.3r, Gold
Ares (nm) = (3.3.1)
460+ 1.9L — 7.06 + 1.1r, Silver,

where A.es is the near-field resonance wavelength in nm, the radius is in nm and the angle in in
degrees. This fit allows for accurate predictions of the near-field resonance wavelength with less
than 5% error for both materials when compared to the simulated results. The coefficients reveal
that increased length or apex radius induce a redshift of the near-field resonance wavelength,
while increased angle produces a blueshift. There is a trend where larger radii cause a blueshift
for short nanocones, but a redshift for long nanocones. This averages to a slight redshift as
radius increases. However, the shifts due to radius are small compared to the shifts associated
with length and angle, especially given the small range of radii considered here (5-30 nm).

In addition, the near-field resonance wavelength of gold is 150 nm longer than silver with
the same geometry. As a result, even when short nanocones are used, the near-field resonance
wavelength of gold nanocones cannot be realistically tuned below 630 nm.

A non-linear optimisation was used to determine the following enhancement models:

Eonh = 1627 + ¢, (3.3.2)

where ¢; 18770 and 930, and co is 27 and 32 for gold and silver respectively and v = (r0)1/2

where r is in nm and 0 is in radians. The models capture the trend well with a root mean
squared error (RMSE) in enhancement of 12.

The enhancement models are shown (Equation 3.3.2), together with the simulated enhance-
ments in Figure 3.5. Enhancement is increased when tip apex angle and radius are small, in
effect when the tip is sharp. This differs from hemisphoid ellipses where enhancement is de-
pendent on the short to long axis ratio [86,113]. Equation 3.3.2 is length independent, which
indicates an increased tip length does not decrease the enhancement at least across the particle
lengths considered here and when restricted to the first-order longitudinal mode.

Gold nanocones have been manufactured in [108], where the length and far-field scatter
resonance wavelengths were measured, while a range of cone angles are given. In Figure 3.6, the
near-field resonance wavelength model for gold nanocones (Equation 3.3.1) is compared with
this experimental data. Probable bounds on the experimental cone angle give a range of near-
field resonance wavelengths for a given nanocone length. The model fits the data well, with
4% of the data points falling outside the models predictions. This indicates the simulated data
and subsequent linear regression model are valid. A particular near-field resonance is typically

redshifted from the same resonance observed in the far-field due to retardation effects which
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Figure 3.5: The enhancement of each nanocone geometry is plot as a function of v (black) for
(a) gold and (b) silver where v = (r0)'/? where r is in nm and @ is in radians. Each data
point represents a unique nanocone geometry. The enhancement model (Equation 3.3.2) is
overlaid (blue) and captures the data well. The highest enhancements occur when gamma is
small, or the nanocone is ‘sharp’.

become significant as particle size approaches the excitation wavelength [98,114]. In this study,
the particle widths are small compared to the near-field resonance wavelengths, hence there will
be a small shift between the near-field and far-field resonances.

Furthermore, the experimental data [108] measures nanocones terminated on a glass sub-
strate which will shift the resonance wavelengths. This limits the validity of a direct comparison
between the experimental data [108] and the data acquired through simulations. However, due
to a lack of experimental near-field resonance data for gold nanocones this was necessary.

The termination of metal nanocones onto the larger AFM cantilever has been shown to affect
the near-field enhancement, with an increased refractive index red-shifting near-field enhance-
ment [115]. Figure 3.7 compares the near-field enhancement spectra for a gold coated tip which
forms a cap, and a gold nanocone. The cap structure results in a 30% greater peak enhancement
and a resonance that is blueshifted 15 nm.

Given the significant increase in computation time when including the silicon structure and
the small wavelength shift, only freestanding metal nanocones were modelled in the parameter
sweep. Equation 3.3.1 can be modified by including the 15nm blueshift in the constant term.

Hence, the models become:

595+ 1.5L — 7.10 + 0.3r, Gold
Ares (nm) = (3.3.3)
445+ 1.9L — 7.00 + 1.1r, Silver,
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Figure 3.7: Near-field spectra for a gold coated silicon tip apex (cap) and gold nanocone. The
gold cones are both 250 nm long with a radius of curvature of 10nm and a cone angle of 10°.
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Figure 3.8: Near-field spot size (FWHM) as a function of radius for gold and silver nanocones.
The spot size is measured 1 nm below the apex with each data point representing a unique
nanocone geometry. The radius is observed to be the dominant determinant of spot size. The
linear fit is Spotsize(nm) = 1.72r + 1.

The empirical functions that describe trends in the resonance wavelength and enhancement
provide a starting point for the tip design process. The desirable characteristics of small spot size
and high enhancements are most closely associated with a small tip radius combined with a small
tip angle; therefore, these should be minimised within the limits of the available manufacturing
process.

Then, the resonance wavelength can be tuned with nanocone length. Optimised length and
material combinations are given in Table 3.1 for commonly used wavelengths in TERS.

Figure 3.8 shows the spot size as a function of radius, with a single linear fit capturing both
the silver and gold data set. Multiple data points at a given radius are for different combinations
of length and apex angle, however, the position of these data points within a group could not be
predicted. The spot size was found to be independent of length, apex angle and material (gold
or silver), with the apex radius being the only strong predictor. The spot size being proportional
to radius is consistent with previous results [100,116] and so the radius should be minimised.

As gold has a relatively low imaginary permittivity, it provides a similar near-field enhance-
ment to silver, provided the geometry is appropriate and offers the same resolution capabilities.
Due to superior corrosion resistance, gold nanocone tips appear to be better suited for imag-
ing and lithography applications in the 633-900 nm wavelength range. Outside this range, the
comparatively low enhancement may limit their use.

It is worth noting that an increased substrate refractive index will result in a red-shifted
nanocone near-field resonance [83]. Hence, the wavelength ranges suggested here are limited to
use with substrates similar to glass with refractive indices around 1.5. For high refractive index

substrates, the use of gold nanocones may be restricted to longer wavelengths.
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Figure 3.9: The effects of increasing tip-sample separation for a 250 nm silver nanocone with
a radius of 10nm and an angle of 10 degrees, for: (a) electric field enhancement spectra. (b)
electric field enhancement as measured 1 nm below tip apex (blue), 1 nm below the sample
surface (red) and with the no sample (infinite tip-sample separation) case included as a refer-
ence (black). (c¢) the near-field spot size measured 1 nm below the sample surface (FWHM).
The linear fit approximates the dependence of spot size on tip-sample separation.

3.3.1 Tip-Sample Separation

In this section, the effects of tip-sample separation are investigated in terms of enhancement,
location of spectral peaks and the spot size for nanocone tips.

Figure 3.9(a) shows the enhancement spectra for nanocones, calculated 1 nm below the tip
apex, at multiple tip-sample separations. As the sample is brought closer to the tip, the strongest
spectral peak is redshifted and increases in amplitude. This effect is further explored in Figure
3.9(b) which shows the enhancement as a function of tip-sample separation 1nm below the tip
apex and at the sample surface. As the tip-sample separation increases, the enhancement below
the tip apex decreases asymptotically towards the enhancement seen when there is no sample
present. The enhancement at the sample surface decays towards 1 as the tip-sample separation
increases, a trend consistent with experimental results [16,53,82,95,117,118]. This shows that a
small tip-sample separation increases the enhancement at the sample through two mechanisms.
First and most significant, the sample being closer to the tip decreases the distance over which
the evanescent field can decay. Secondly, there is an amplification of the near-field enhancement,
which is evident as the enhancement measured at the tip apex increases when the tip-sample
separation is decreased. This is due to the formation of a tip image in the substrate, increasing
the dipole strength [83]. Thus, for enhancement and resolution, the tip-sample separation should
be minimised. Figure 3.9(c) shows that spot size increases linearly as a function of tip-sample
separation from 0-30 nm typical in TERS. This is consistent with previous work [110]. Thus, for

high enhancement and resolution, the tip-sample separation should be minimised.
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Table 3.1: Recommended nanocone material, length and cone angle combinations for common
wavelengths in near-field lithography (785 nm) and TERS (633 and 514nm) given a radius of
10nm. The nanocone lengths are given by equation 3.3.3.

Wavelength | Material | Angle | Length | Enhancement

(nm) (deg) | (nm)

785 Gold 20 220 45

30 267 34

633 Silver 20 167 54

30 204 42

Gold 20 118 45

30 164 35

514 Silver 20 104 54

30 141 42

3.4 Conclusion

This Chapter describes a numerical method for optimising the enhancement and resonance
wavelength of metallic nanocones for applications such as tip-enhanced Raman spectroscopy.
The boundary element method is utilized to simulate the optical response of many metallic
nanocones with unique combinations of length, half-angle, and radius. Tip-sample separation is
also considered. The materials of interest are gold and silver; however, the presented method is
applicable to any metal.

The results show well-defined trends between each geometry parameter and the resulting
resonance wavelength and tip-enhancement. Empirical functions are fitted to simulation results
which describe the major trends. These empirical functions are useful for predicting performance
and determining the optimal geometry for a given application.

For tip-enhanced Raman spectroscopy, gold nanocones are found to have a similar near-field
enhancement to silver nanocones at red and near-infrared wavelengths. This is significant as gold
has far superior corrosion resistance to silver, which could potentially increase the probe lifetime
from hours to days or weeks. However, gold nanocones do not provide competitive enhancement
below 633 nm, so silver nanocones are expected to be a better choice for applications requiring
these wavelengths. This work highlights that the choice of material is strongly dependent on
the required operating wavelength. Nanocones are also predicted to have significantly improved
resolution compared to metal coated tips due to the smaller tip radius.

The numerical models developed in this chapter are used to design optimised gold nanocone
TERS probes that are fabricated in Chapter 6.
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Chapter 4

Experimental Methods and
Equipment

This chapter describes experimental techniques used throughout this thesis that

are not discussed in the following chapters.

4.1 Atomic Force Microscopy

Atomic force microscopy (AFM) allows the topography of a surface to be characterised with
sub-nanometre resolution [119,120]. AFM is suitable for a broad range of samples from soft
samples such as DNA [121] and living cells [122] to stiff samples such as graphene [123], silicon
and metals [124]. AFM is used for TERS measurements due to the ability to precisely control
the tip-sample separation.

AFM probes typically consist of a sharp tip located at the end of a cantilever, which is scanned
over the sample surface. The cantilever deflection is measured using the optical deflection
method where the position of the laser beam is measured after it is reflected off the cantilever
onto a four-quadrant photodetector. A feedback loop is used to maintain a constant deflection
signal by varying the nanopositioner z-position as the sample is scanned in the x-y plane. The
z-axis controller output as a function of x-y position is used to generate a topography estimate
of the sample.

There are several AFM modes of operation that allow the surface topography to be measured
such as contact and tapping modes. For contact mode, there is no cantilever excitation and the
tip remains in contact as it is scanned across the sample [125]. In general, contact mode results in
higher shear forces that increase the likelihood of sample damage and tip contamination [46,126].
For these reasons, contact mode was not used in this thesis.

Alternatively, an atomic force microscope can be operated with tapping mode where a piezo-

acoustic actuator at the cantilever is used to excite the cantilever at its resonance frequency [127].
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Figure 4.1: Schematic of an atomic force microscope being operated in tapping mode.

A schematic of an atomic force microscope operating in tapping mode is shown in Figure 4.1.
A lock-in amplifier demodulates the cantilever deflection signal to measure the oscillation am-
plitude [128]. The amplitude setpoint is usually specified as a percentage of free-air amplitude.
Over an oscillation cycle, the cantilever tip only briefly touches the sample leading to lower
force tip-sample interactions, which makes the tapping mode especially useful for soft or fragile
samples [126]. Furthermore, the tapping mode is sensitive to surface properties such as elasticity

and viscosity, which allows these properties to be measured.

4.2 Raman Spectroscopy

Confocal Raman spectroscopy is used to measure the bulk Raman response of samples before at-
tempting TERS. For example, during the preparation of single-walled carbon nanotube samples,
confocal Raman microscopy was used to confirm the presence of the radial breathing mode with
638 nm and 785 nm illumination. For the work presented in this thesis, a Horiba XploRA Plus
confocal Raman microscope was used with 532nm (green), 638 nm (red) and 785 nm (infrared)

lasers.
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Figure 4.2: Schematic of the experimental setup used for contact and hybrid mode TERS.
The AFM system is an AIST-NT atomic force microscope and the Raman microscope includ-
ing the lasers and spectrometer are contained in the Horiba XploRA Plus unit. The side illu-
mination requires TERS probes with the access tip geometry as shown. The modulated illu-
mination is achieved with an external fibre coupled 638nm laser and acousto-optic modulator.

4.3 Tip Enhanced Raman Spectroscopy

The theoretical concepts of TERS were introduced in Chapter 1.4. A schematic of the experi-
mental setup is shown in Figure 4.2, which consists of a Horiba XploRA Plus Raman microscope
and a Horiba SmartSPM scanning probe microscope. The Raman microscope contains 538, 638
and 785 nm laser sources. However, the 638 nm laser failed and was replaced with an external,
638 nm, fibre coupled laser (IPS #I0638SB0025PA). A fibre acousto-optic modulator (Gooch
& Housego FIBER-Q) was used to modulate the 638 nm laser while performing modulated-
illumination intermittent-contact TERS, which is discussed in Chapter 7. The illumination
beam is focused onto the tip apex using a 100x, 0.7 numerical aperture, side-illumination ob-
jective lens. The Raman scattered light is collected by the side objective lens and the spectral
components of the scattered light are measured with the spectrometer built in to the Raman
microscope. A photograph of the 638 nm laser focused onto a TERS probe is shown in Fig-
ure 4.3(a).

TERS can be performed using several AFM modes of operation, such as contact or tapping
modes. In tapping mode, the illumination beam can be modulated or the spectrometer can
be time-gated to reduce far-field contributions to the measured signal. In this thesis, a hybrid

imaging mode is used where the movement between pixels and topography measurements are
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Figure 4.3: (a) Photo of a TERS probe being illuminated with the 638 nm laser. (b) Phase
map of a TERS probe as a function of x-y side objective position, which is used to align the
laser to the apex.

performed with tapping mode while the Raman spectrum at each pixel is acquired in contact
mode. A discussion of the benefits and disadvantages of the different modes is presented in
Chapter 7.

The optical alignment is performed by visually positioning the laser spot onto the tip using a
camera and the side objective lens. The cantilever is then driven at its resonance frequency, and
a phase map is acquired as a function of the objective x-y position as shown in Figure 4.3(b).
The cantilever phase is affected when the laser is focused onto the tip and allows the laser to be
directed to the apex. Finally, the probe is landed onto a sample and the alignment is fine-tuned

to maximise the Raman signal. This is the standard alignment procedure for the microscope.

4.4 Raman and TERS Post-processing

4.4.1 Background Removal

Practically, a Raman spectrum will likely consist of the desired signal containing Raman peaks,
noise and broad fluorescence. The fluorescence background may be reduced by tuning microscope
parameters or changing the sample preparation. Alternatively, there are several post-processing
approaches that do not require experimental modification and importantly do not require mod-
ification of the sample. In this work, two algorithms are used depending on the particular
requirement of the experiment.

Firstly, -ModPoly is an iterative polynomial fitting algorithm with automatic peak detec-
tion [129]. Spectral peaks above the sum of the noise level and the fitted polynomial are removed

from subsequent background fits. This method is superior for fluorescence background removal
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Figure 4.4: I-ModPoly background fit and removal of an example Raman spectrum. The back-
ground fit is biased by the spectral peak at 450 nm.

compared to single polynomial fits and supersedes the ModPoly routine. Furthermore, the
routine is insensitive to initial polynomial order and is completely automated.

Figure 4.4 shows an example of I-ModPoly being applied to an example Raman spectrum.
The fluorescence is effectively removed. However, the algorithm does not remove the entire
spectral peak at 450 nm before fitting the background fit to the raw spectrum, which results in
a bias in this region..

A second background removal method, adaptive penalised least squares (ALPS) separates a
spectrum into two Poisson processes, one being the Raman count and the other the fluorescence
background [130]. A cost function is minimised by adjusting the relative weights of both pro-
cesses point-wise across the spectrum. This algorithm is superior to I-ModPoly and a range of
others in most situations. The disadvantage is that a smoothing parameter needs to be manually
adjusted.

Figure 4.5 shows an example of ALPS being applied to the same Raman spectrum as the
I-ModPoly example above. ALPS more effectively removes the spectral peak before fitting the
background, which results in less bias around spectral peaks. In this example, ALPS is more
effective in removing the background compared to I-ModPoly.

Figure 4.6(a) shows a Raman map for plastic nanoparticles on a paper substrate with high
fluorescence. The fluorescence dominates the map and results in poor contrast of the nanopar-
ticles. Figure 4.6(b) shows the same Raman map after background removal using ALPS. The
background removal has greatly improved the contrast and revealed more information about
the surface, allowing the identification of more nanoparticles and more accurate measurements
of particle size. This demonstrates that background removal is necessary for Raman and TERS
imaging, especially for samples with high fluorescence. Furthermore, for samples with multiple
spectral peaks, it is necessary to remove the fluorescence background before comparing peak

ratios.
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Figure 4.5: ALPS background fit and removal of an example Raman spectrum.

4.4.2 Drift Correction

TERS and Raman signals are sensitive to optical alignment. As the duration of a scan increases,
the optical alignment decays. This becomes significant for long acquisition times that are com-
mon when mapping surfaces using TERS or Raman spectroscopy. The drift as a function of the

slow axis (y-axis) position can be approximated by:

N Ay

d(y) =Y Blx,y, ), (4.4.1)

z=1 Ao

where n, is the x-axis index of the pixel, B(x,y) is the background fit of the pixel located at
(z,y,\) and X is the wavenumber. Thus, d(y) represents the total number of counts from the
Raman spectrometer as a function of slow axis position. The inverse of the drift will give the
drift correction function: )
a7 (y) = -, (4.4.2)
d(y)

where d(y) is the normalised drift fit.

A correction matrix C' can then be created for an N x M Raman map:

Cy=|¢c ¢ .. ¢, (4.4.3)
where ¢ is the correction vector:
d= (1)
= (4.4.4)
d~ (yar)
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Figure 4.6: Raman maps of plastic nanoparticles at 1578 cm ™! with different levels of post-
processing. This sample has a significant fluorescence background. The improvement in the
nanoparticle contrast demonstrates the usefulness of background removal and drift correction
for samples with significant fluorescence.

With the background removed Raman data in the form:

s(x1,y1, A1) s(x1, Y1, AN)
s(n, Y1, A1) s(x2,y1, AN)
R= : : (4.4.5)
s(x1,y2, A1) s(x1,Y2, AN)
LA (N, yms M) AN yNs 2, AN,

the drift corrected Raman data is obtained by:
A= CN X R (446)

Figure 4.7 shows the drift of a Raman map of plastic nanoparticles as a function of y-axis
position. A 2"¢ degree polynomial is fit to the Raman background, which was found using
ALPS. The data is scaled so that the fit to drift line is normalised, shown in red. The inverse of
the drift line gives the drift correction, shown in blue. The drift correction was applied to the
Raman map in Figure 4.6(b) to produce the drift-corrected Raman map in Figure 4.6(c). The
features at high y positions have increased contrast compared to the non-drift-corrected Raman

map and allows for more accurate mapping of surfaces.
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Figure 4.7: An example of drift correction applied to a Raman map of plastic nanoparticles.
The sum of Raman signal counts of the background fit in the fast axis is shown as the black
data points. With the spectral peaks removed, it is assumed that fluctuations in the back-
ground signal are due to degradation of the optical alignment. A second-order polynomial is
fit to the sum of counts and is shown as the red curve. The inverse of the drift fit is shown in
blue and is applied to the TERS map to compensate for the optical drift.

4.5 Scanning Electron Microscopy

The scanning electron microscope (SEM) provides high-resolution images of a sample. A high-
energy beam of electrons is scanned across the sample and the intensity of the scattered electrons
forms a high-resolution image. The most commonly recorded signal is that of the secondary
electrons, which are liberated as ions are formed in the sample resulting from interactions with
the primary electron beam [131].

Although the SEM is a powerful tool, it has several limitations. Firstly, SEM is a destruc-
tive imaging technique [132]. Thus, imaging a TERS probe with SEM may cause changes to
the surface and alter the performance. For this reason, SEM imaging was usually performed
on probes that were not used for TERS. Secondly, charge accumulation will occur for poorly
conducting materials as a result of electron injection. The charged sample then deflects the
incoming electron beam through a Lorentz force [133]. Hence, imaging poorly conductive TERS
probes, such as those with a sparse metal coating, results in a low image quality. Despite the
shortcomings of scanning electron microscopy, the high-resolution images obtained when using a
conductive sample made this technique the most suitable for imaging TERS tips. In this thesis,
a JEOL FE-SEM was used to image TERS probes.
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4.6 Energy Dispersive X-ray Spectroscopy

Energy-dispersive X-ray spectroscopy (EDX) measures the elemental composition of a sample
at the target of an electron beam. EDX is performed by exciting inner shell electrons to a
higher energy state with a beam of focused electrons. When the hole created in the inner
shell is filled by an electron from a higher energy state, a characteristic x-ray is created. Each
element has unique characteristic x-rays, allowing the elemental composition of a sample to be
identified [134].

The characteristic electrons are produced to a depth of about 2 um and so EDX is not
strictly a surface analysis technique [135]. Nevertheless, EDX was used in this thesis to analyse
the composition of TERS probes. Of special interest was the amount of metal content at
the tip apex, which is an indication of the metal layer thickness. In addition, contamination
such as metals from previous evaporation steps, carbon contamination from SEM imaging and
hydrocarbons can be detected. In this thesis, a JEOL FE-SEM was used to perform EDX of
TERS probes.
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Chapter 5

Quantifying the Performance of
Commercial TERS Probes

This chapter assesses the imaging performance of commercially available tip-enhanced
Raman spectroscopy probes. A method is described for measuring the one-dimensional
point spread function. The point spread function is used to calculate the optical
contrast and spot diameter of three commercially available probes, which results
in some conclusions on recommended use cases. Current methods of character-
ising tip-enhanced probe performance rely on numerical assumptions about the
near-field and far-field beam areas. Other methods do not adequately discriminate
between bundles and isolated nanotubes when using them as one-dimensional scat-
tering objects. By using the AFM topography and Raman spectrum (with 785nm
illumination to excite the radial breathing mode), single-walled carbon nanotubes
suitable as 1D scattering objects are identified. Elemental analysis and boundary
element simulations are employed to explain the formation of multiple peaks in the
point spread functions as a consequence of random grain formation on the probe

surface.

Publications Arising from this Chapter

e Reprinted with permission from L. R. McCourt, B. S. Routley, M. G. Ruppert, V. J. Keast,
CI Sathish, R. Borah, R. V. Goreham, A. J. Fleming, “Single-walled carbon nanotubes as:
One-dimensional scattering surfaces for measuring point spread functions and performance
of tip-enhanced Raman spectroscopy probes,” A CS Applied Nanomaterials, vol. 5, no. 7, pp.
9024-9033, 2022. Copyright 2022 American Chemical Society.
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5.1 Introduction

TERS imaging resolution and optical contrast are dependent on the TERS probe. This thesis
focuses on the fabrication of an improved TERS probe. Hence, an experimental method is
required to accurately characterise TERS probe performance and allow comparisons between
probes.

Finite element simulations can be used to estimate the enhancement factor of a TERS probe,
and these values are often quoted by probe manufacturers [51,57,136]. However, approximations
for probe and sample geometry are often required, reducing the validity of simulations as surface
plasmons are sensitive to surface morphology including fine grain structure [55,75]. Further-
more, Raman enhancement values from these simulations are often not indicative of laboratory
performance.

The enhancement factor, F, is often used to characterise the Raman enhancement and is

given by [137]:
I — I Ve
J R L : 5.1.1
( Ig ) Vs ( )

where I,y and Ig are the near-field and far-field intensities, and V,y and Vg are the near-
field and far-field volumes. The far-field intensity is collected with the tip retracted and the
near-field with the tip on the sample. The far-field volume is often estimated as the diffraction-
limited spot size of the illumination laser [36,138-140] and the near-field volume by the tip
apex diameter [138,139]. There are several modifications of Equation 5.1.1 that account for
factors such as the number of molecules in each scattering volume [141] or the tip acting as a
mirror [140]. For a given enhancement factor, a larger near-field volume of the same intensity
will result in a higher near-field signal. Alternatively, the contrast can be defined as (In¢/Ix),
which more accurately quantifies the measured near-field to far-field signal ratio. The literature
contains many values of the contrast, which has also been summarised [24].

For TERS imaging, rather than point spectroscopy, different methods can be used to char-
acterise the TERS system. In an optical system, the point spread function (PSF) describes
the response to a point light source. Images formed using a given system are the convolution
of the PSF and the true image [142]. For TERS, the spot diameter of the PSF defines the
spatial resolution, which depends on the volume of the near-field in the tip-sample junction [67].
The image contrast is determined by I,¢/Ig where the near-field signal is collected on a sample
molecule and the far-field signal is collected on the substrate. The image contrast quantifies the
systems ability to distinguish features on the sample. Hence, the PSF characterises the TERS
imaging performance of a system.

To measure the PSF, a scattering object that approximates a delta function is required [142].
Single-walled carbon nanotubes (SWCNTSs) act as one-dimensional scattering structures with
diameters on the order of 1 nm and lengths that may exceed 1 pm [30,143]. This makes SWCNT
superior for TERS characterisation compared to most nanoparticles that are typically on the
order of tens of nanometres in diameter. Thus, SWCNTs are suitable structures for measuring
the PSF's of TERS probes. Furthermore, the length of SWCNT's allows repeat measurements of

the same structure from a single TERS image.
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SWCNTSs have three major spectral bands of interest, the radial breathing mode (RBM),
D-band and G-band. The D-band and G-band occur at around 1350 and 1582 cm ™! respectively,
and the D-band magnitude is associated with defects. The RBM wavenumber is dependent on

tube diameter, a simple model is given by:

WRBM = C% + B (5.1.2)
where A is typically around 248cm™! and B accounts for environmental factors such as the
surrounding medium, nanotube bundling, molecular adsorption and surfactant, which all affect
the wavenumber and intensity of the RBM [144]. Hence, an analysis of the RBM wavenumber
distribution allows the distribution of diameters to be determined. This model is accurate for
SWCNTSs on the order of 1nm, while for larger diameters, the RBM is hardly observable [145,
146].

SWCNTs are not ideal for measuring the PSF of a TERS system as the scattering cross-
sections are dependent on the environment surrounding the nanotube and the polarisation. It
has been shown that SWCNTSs on a glass substrate only respond to light polarised parallel to
the tube axis [69]. The absorption of light polarised parallel to the tube axis has been found to
be 20 times greater than perpendicular polarised light due to the extreme anisotropic nature of
SWCNTs [147]. In addition, the RBM signal increases as the chiral angle decreases [148]. How-
ever, the one-dimensional nature and availability of SWCNTs make them accessible scattering
objects for measuring the PSF of TERS systems. Furthermore, the impact of environment and
chirality on the measured results can be controlled by using a single sample for all probes that
will be compared.

SWCNT's have been used previously to measure the resolution of TERS systems [149]. SWC-
NTs have also been used to fit Gaussian functions to the near and far-fields for bottom illumi-
nation TERS [140]. In doing so, the enhancement factor and optical spot size were determined.
However, the height map range of 1 um indicates that bundles of nanotubes were imaged. Sim-
ilarly, nanotube bundles have been imaged and the bundle width was used to estimate the
enhancement factor [150].

This chapter describes a method for measuring the PSF of TERS probes using SWCNTs.
The RBM of SWCNTSs is analysed to identify single nanotubes. High-resolution TERS cross-
sections of the SWCNTs are collected and the PSF is calculated. From the PSF, the contrast
and spot diameter are calculated, allowing a comparison of the imaging performance. This is
repeated with 638 nm and 785 nm laser excitation to quantify probe performance at these two
wavelengths, which are commonly used for TERS imaging of different materials. The method
is used to characterise the TERS imaging performance of four commercially available TERS

probes.
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5.2 Method

5.2.1 Sample preparation

Polished silicon substrates were coated with a 50 nm thick gold layer using thermal evaporation.
(6,5) chirality SWCNTs were purchased (Signis SG65i) with a reported average diameter of
0.78 nm as measured using near-infrared fluorescence spectroscopy. The nanotubes were dis-
persed in N-Methyl-2-pyrrolidone with an initial mass loading of 1 mg/mL. The mixture was
bath sonicated for 15 minutes. The initial mass loading was found to be too high as a sediment
was formed. The mixture was diluted ten-fold and bath sonicated for 15 minutes. The translu-
cent decantate of this mixture was further diluted five-fold and sonicated for 15 minutes. The
solution was drop cast onto the gold substrate, which was held horizontal using reverse action

forceps and was left to dry for several days.

5.2.2 TERS

Figure 5.1(a) shows a schematic of the TERS microscope used for this work. The Horiba XploRA
Plus confocal Raman microscope provides the spectrometer and filters to process the Raman
scattered light collected from the sample. The XploRA unit also provided the 785nm laser
excitation. The system was modified to include a 638 nm fibre coupled laser. The microscope
operates with side illumination, where the laser is focused onto the tip apex using a 100x, 0.7
numerical aperture side objective lens. A laser power of 0.7 mW measured at the probe results in
a power density of approximately 4.3 x 105 W /cm? for the 638 nm laser and 2.8 x 10° W /cm? for
the 785 nm laser. Both laser sources were aligned with a vertical polarisation. The laser align-
ment procedure is detailed in Figure 5.3. A 600 g/mm grating resulted in a spectral resolution
of 3.1em™1.

An AIST-NT atomic force microscope was used to control the tip scanning. The scanning
protocol used was a hybrid mode where the Raman signal is collected in contact mode for
the specified acquisition time. The height map and movement between pixels are performed
in tapping mode. The Raman acquisition time was minimised while achieving an acceptable
Raman signal-to-noise and was generally 0.1-0.5s. This reduced the duration of mapping and
avoided unnecessary optical drift. An example G-band TERS map of a SWCNT is shown in
Figure 5.1(c).

AFM maps were acquired using tapping mode to minimise sample and probe damage. These
AFM maps are used to identify suitable carbon nanotubes that appear as isolated tubes, free
from any bundles and are roughly aligned with the x-axis. An example of a suitable SWCNT is
shown in Figure 5.2(a). Once a suitable SWCNT is found, the tip is put into contact with the
nanotube and the laser alignment is adjusted to optimise the Raman signal. The Raman signal
is checked for the presence of a single radial breathing mode peak at approximately 280 cm™!.
A narrow line width supports the conclusion that this is an isolated SWCNT. If this peak is not
present, appears to be broadened or there are multiple peaks then the CNT is deemed unsuitable
and another is found. If a Raman spectrum typical of a SWCNT can’t be produced, the TERS
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Figure 5.1: (a) Schematic of the experimental setup used for tip-enhanced Raman spec-
troscopy (TERS). The side illumination setup requires TERS probes with the access tip
geometry as shown. The inset (b) shows an illustration of a TERS probe scanning over a
SWCNT on a gold substrate. The far-field light excites surface plasmons on the tip surface
that produce an enhanced near-field. The near-field amplifies the Raman scattering in the lo-
calised area. The TERS map (c) shows the G-band counts of a single-walled carbon nanotube
(SWCNT).
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Figure 5.2: (a) An AFM map of a SWCNT that is suitable for collecting TERS cross-sections.
The nanotube (surrounded by the white box) is approximately aligned horizontally. The spec-
trum of the SWCNT is collected to ensure the radial breathing mode (RBM) is present when
illuminated with the 785 nm laser. The scan area (shown by the cyan box) is 400 x 5nm with
a pixel size of 1nm?. (b-c) Example TERS spectra of a SWCNT for 785 nm and 638 nm illu-
mination. The RBM peak at 282.2cm ™! gives a SWCNT diameter of 0.86 nm. (d) Example
TERS cross-sections plotted for the RBM, D-band and G-band. These cross-sections are used
to calculate the PSF, contrast and spot diameter of TERS probes.
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probe is deemed to have failed. Example SWCNT spectra for 785 nm and 638 nm excitation are
shown in Figure 5.2(b-c) where the RBM mode occurs at 288 cm™!, the D-band at 1289 cm™!,
and the G-band at 1587cm™! and 1580cm™! for 638 nm and 785nm excitation respectively.
The RBM is only excited with the 785 nm excitation.

For a suitable SWCNT, a TERS map is acquired with an area of 5nm x 400 nm with the
long axis aligned perpendicular to the SWCNT and a pixel count of 5 x 400. The map contains
5 cross-sections of the SWCNT. Examples of RBM, D-band and G-band TERS maps are shown
in Figure 5.2(d) with the SWCNT occurring at approximately y = 200. The optical alignment
and scanning methodology are summarised in Figure 5.3.

For a given wavenumber w, let the Raman map be denoted as:

mi1 ... 11,400
M,=| 1 - : , (5.2.1)

ms1 ... "M5400

where m; ; are the Raman counts at each pixel and each row has been aligned so that the
SWCNT is positioned approximately at index 200. Assuming the PSF is symmetric in the x
and y-axis: .
PSF,,; = % (5.2.2)
max () ., mi ;)
The far-field contribution is estimated by taking the mean of the PSF with the near-field peak

removed: l .
Zj:l PSFw,j + Zj:r PSFw,j
n

PSFg = , (5.2.3)

where [ and r are the j indices at two full maximums to the left and right of the PSF peak
respectively, and n is the number of elements in the numerator.
The near-field PSF is then:

PSF,; = PSF — PSFg. (5.2.4)
The contrast is calculated as:
1 - PSF
= ——£ (5.2.5)
PSFg

which quantifies the ratio of near-field to far-field contributions. Hence, a high contrast will
allow objects of interest to be distinguished from the substrate. The starting wavenumbers
were 285cm ™! for the RBM, 1292cm™! for the D-band and 1606 cm™! for the G-band. The
wavenumbers were adjusted to maximise the contrast for each band. The mean contrast is calcu-
lated across the spectral bands to reduce the effects of band ratio variation between nanotubes.
For 638 nm excitation, the RBM is not included in the calculation as it is not effectively excited

at this wavelength. The mean contrasts are:

CreMm + Cp + Cg

6785 = 3

(5.2.6)
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and

From Equation 5.2.4, the spot diameter d is the diameter where PSF,¢ falls to 1/e? of
the maximum value. This procedure was repeated using 785 nm and 638 nm lasers. The data

processing method is summarised in the flowchart provided Figure 5.4. In this work, contrast

Ces3g =

diameter where
\_ PSF=1/e2

Cp + Cq

2

Calculate contrast
¢=(1 - PSFy) / PSFy;

Figure 5.4: Flowchart describing the data
processing used to calculate the PSF, spot
diameter and optical contrast.

(5.2.7)

and spot diameter are the metrics that characterise the imaging of a TERS system.
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Figure 5.5: SEM image of a probe showing the EDX area of analysis.

5.2.3 TERS Probes

Four commercially available probes were selected to demonstrate the method presented in this

chapter:
e A - silver and gold coated silicon (Omni-TERS-SNC Ag)
e B - gold coated silicon (Omni-TERS-SNC Ag)
e C - gold coated silicon (AppNano ACCESS-FM Au)
e D - silver coated silicon (NaugaNeedles TERS Ag)

Silver tarnishes rapidly in ambient conditions, which results in a redshift in plasmon energy
and a decreased scattering cross-section [20,77,78,151]. Hence, the silver probes were kept
in the sealed packages they were delivered in and were opened immediately before use. This
minimised the possibility of silver degradation. The Au probes were stored in gel packs in

ambient conditions.

5.2.4 SEM and EDX

A JEOL FE-SEM was used for SEM imaging and EDX element analysis. EDX was performed
where the probe was thick enough to limit effects associated with a finite electron penetration
depth and allow a comparison between the probes. The SEM and EDX were performed immedi-
ately after opening the sealed packages. These probes were not used for TERS as enhancement
was found to degrade after SEM/EDX, likely due to carbon contamination. An example SEM
image is shown in Figure 5.5 with the EDX area indicated.
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Figure 5.6: SEM images of the TERS probes reviewed in this chapter: (a) probe A, (b) probe
B, (c) probe C and (d) probe D. The approximate apex diameters are displayed on each im-
age.

5.2.5 Simulations

Boundary element method simulations were performed to investigate the role of random grain
formation on the PSF of TERS probes. These simulations were performed using the MNPBEM
MATLAB package [91]. 638nm plane wave excitation was incident on silver nanocones with
an apex diameter of 40nm. To simulate different grain formations at the tip apex of TERS
probes, several configurations of silver nanospheres with 30 nm diameters were embedded into

the nanocones. Electric field maps were calculated and analysed.

5.3 Results

This section details the experimental results acquired using the TERS probes shown in Fig-
ure 5.6. The TERS cross-sections, calculated PSFs and performance metrics are given. The
probes are also analysed using scanning electron microscope (SEM) images and energy-dispersive
X-ray spectroscopy (EDX) elemental analysis. Finally, simulations are presented to explain the
effects of random grain formation at the probe apex. Probes A, B and C exhibited Raman
enhancement. Probe D exhibited no Raman enhancement with the method presented in this

chapter and as a result, probe D is not included in several figures.

5.3.1 SEM Images and EDX Element Analysis

SEM images of the TERS probes tested are shown in Figure 5.6. The apex radius was estimated
using the SEM images with the assumption that the tip apex is a nanosphere. The element
compositions of the probes as measured using (EDX) are given in Table 5.1. Probe A has the
largest apex diameter at 430 nm. This corresponds to the highest metal composition by mass
percentage at 90%, consisting of 73% silver and 7% gold. Probes B, C and D have smaller apex
diameters at 147 nm, 203 nm and 87 nm respectively. Probes A, B and C have visible metal grain
structures on their surfaces and have metal contents exceeding 70%. Probe D has a much lower
metal content at 22% and no metal grain structure is visible in the SEM image. It is thought
that the low metal content results in a low likelihood that a metal grain will form at the tip
apex. This explains why no examples of probe D exhibited measurable Raman enhancement

using 638 nm or 785 nm excitation with our experimental setup.
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Table 5.1: Mass composition of TERS probes measured using EDX.

Probe  Silicon Silver Gold
(Mass %) (Mass %) (Mass %)
A 12 73 7
B 3 0 86
C 19 0 72
D 52 22 0

Table 5.2: Wavenumbers that maximised the contrast for each spectral band and probe.

Probe Wavelength RBM  D-Band G-Band

(nm) (em™)  (em~!)  (cm™Y)
A 638 N/A 1325 1602
785 282 1302 1585
B-1 638 N/A 1289 1587
B-2 785 288 1289 1580
C-1 638 N/A 1313 1594
C-2 785 285 1284 1587

5.3.2 Imaging Performance.

The wavenumbers that maximised the contrast for each probe are given in Table 5.2. Using
probe A, the data for 638 nm and 785 nm excitation was successfully collected with a single
probe. For probes B and C, two probes each were required as probe degradation occurred
while searching for suitable SWCNTs after switching from 785 nm to 638 nm excitation. Four
examples of probe D were tested with none producing an observable Raman enhancement using
the presented method.

Figure 5.7 shows the PSF's for the RBM, D-band and G-band for probes A, B and C with
638 nm and 785 nm illumination. The contrast for each band, the calculated spot diameters and
the apex diameter estimated from the SEM data are summarised in Table 5.3. Of the probes
tested, probe A provides the highest contrast with 638 nm and 785 nm excitation, which require
shorter acquisition times than the other probes tested. However, the spot diameter is also the
largest at 57nm and 52nm for 638 nm and 785 nm excitation respectively. This makes probe

A suitable for high-speed, lower resolution TERS imaging. However, the PSFs reveal multiple

Table 5.3: Performance characteristics of TERS probes for imaging SWCNTs at 638 nm and
785 nm laser excitations. The apex diameter was estimated using the SEM data with separate
probes.

Probe Wavelength Contrast Contrast Contrast Contrast Spot Diameter Apex Diameter

(nm) RBM D G Mean (nm) (nm)

A 638 N/A 13.59 9.82 11.21 57 430
785 24.61 44.11 21.13 30.62 52

B-1 638 N/A 1.13 1.39 1.26 45 147
B-2 785 13.73 3.62 7.23 8.19 16

C-1 638 1.14 9.48 7.68 8.58 28 203
C-2 785 2.04 3.80 3.65 3.17 20
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Figure 5.7: Data acquired from high-resolution cross-section TERS maps of SWCNTs. PSFs
with the corresponding normalised TERS map shown below for (a-i) 638 nm and (m-u)

785 nm illumination. Results are included for three TERS probes at the RBM, D-band and
G-band. SWCNT cross-sections with TERS counts per mW of laser power per second of pixel
acquisition time for (j-1) 638 nm and (v-x) 785 nm illumination. The PSFs are used to calcu-
late the contrast and spot diameter of each TERS probe, which are summarised in Table 5.3.

hot spots, which introduce artefacts into TERS maps. This appears as a ghosting effect in the
TERS maps to the right of the SWCNT in Figure 5.7(a-c) and the left in Figure 5.7 (m-o).

Probe B-1 provides poor contrast with 638 nm excitation. Hence, long acquisition times are

required for an acceptable signal-to-noise ratio. Furthermore, the spot diameter of 45nm and
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multiple hot spots make the probe unsuitable for high-resolution imaging. Conversely, probe
B-2 provides adequate contrast at 785 nm excitation, the narrowest spot diameter at 16 nm and
a single hot spot, which make the probe suitable for high-speed, high-resolution imaging.

Probe C-1 provides adequate contrast at 638 nm excitation and a spot diameter of 28 nm
making it the most suitable for high-speed, high-resolution imaging. However, the PSF of probe
C-1 shows multiple hot spots, which will result in ghosting artefacts that are visible in the
TERS maps shown in Figure 5.7(h-i). Probe C-2 provides a lower contrast at 785 nm excitation
compared to probe B-2 and thus, is less suitable for high-speed imaging. To compensate for
the lower contrast, longer acquisition times will be necessary. However, long acquisition times
introduce significant optical drift and expose the probe to an extended period of illumination
that may degrade the metal layer. On the other hand, the spot diameter is relatively small and
the PSFs show one hotspot making probe C-2 suitable for low-speed high-resolution imaging.

The measured spot diameters are significantly smaller than the apex diameters. For example,
probe A has a measured spot diameter of 57 nm when excited with the 638 nm laser, while the
apex diameter is approximately 430nm. Thus, for this example, the spot diameter is only
13% of the apex diameter, which is much smaller than previously reported [152]. This shows
that approximating the tip apex as a sphere for a grainy probe is inadequate for estimating
the spatial resolution. The complex geometry at the tip apex must be considered along with
tip-sample interactions that increase confinement [64-66]. As an example, Figure 5.6(c) shows
sharp features at the tip apex that are smaller than the apex diameter if the tip is considered
as a sphere. It is possible that higher resolution SEM images would reveal further features at
the tip apex.

Random grain formation can partially explain the differences in PSFs between probes B-1 and
B-2, likewise C-1 and C-2. The grain formation at the tip apex will determine the spot diameter
and this will vary from probe to probe [76]. However, probe A also displays different PSFs when
illuminated with 638 nm and 785 nm excitation despite being the same probe. One explanation
is that different plasmon modes are being excited that have unique enhancement distributions.
This effect has been demonstrated on gold nanoparticles in the literature [102,153]. Another
potential explanation is that the tip morphology was altered due to excessive heat generation,
although anecdotally this is usually associated with a significant decrease in enhancement and
therefore unlikely.

There are notable differences between the PSFs of the spectral bands for probe C when
illuminated with the 638 nm laser. The D-band PSF displays two distinct peaks while the G-
band PSF displays a less pronounced second peak as shown in Figure 5.7(h) and (i) respectively.
This is undesirable as it indicates that the choice of spectral band effects the measured PSF.
This effect is not present for the other measurements presented. It is possible that a bundle
of nanotubes were imaged with individual nanotubes of varying D-band and G-band scattering
cross-sections.

The presented method allows the PSF to be measured when: dswent << dspot, Where
dswent is the SWCNT diameter and dgpot is the PSF spot diameter [142]. This inequality is
true for the conditions described in this article. However, the method is likely to be unsuitable

for measuring the PSF of TERS systems that exhibit sub-nanometre resolution where dswent =~
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dspot, such as those under vacuum [64, 154]. Furthermore, as SWCNTs are only excited by in-
plane polarisation, the measured contrast will depend on the tip-sample geometry [69]. Thus,
the method presented here is suitable for comparing the performance of TERS probes in a
specific microscope, but likely not between different microscopes.

The plasmon response of grainy metal probes is highly dependent on random grain formation
at the tip apex [76,155,156]. Hence, a statistical analysis of several probes is required for a
comprehensive analysis of design parameters.

The relative intensities of the D-band and G-band have been shown to vary along the length
of a SWCNT [149]. The method presented in this chapter accounts for this by averaging five
cross-sections over a length of 5nm. The method could be improved by averaging over more lines
and a larger length. Furthermore, the method presented assumes a PSF that is symmetrical in
the x-y planes. The 2D PSF could be calculated by devolving the PSF acquired with SWCNTs
aligned with the x-axis and y-axis.

The proposed method of comparing probe imaging performance has been demonstrated on
probes A, B and C, which reveals the PSF, contrast and spot diameter. The PSFs provide
information about potential imaging artefacts due to multiple hot spots. The TERS imaging
performance is characterised by acquiring a single TERS map, which does not require assump-
tions about particle density, apex diameter, or spot diameter. Therefore, this chapter describes
an improved method for characterising the imaging performance of a TERS probe compared to
other methods in the literature that estimate the far-field [36,138-140] or near-field [138,139)
spot sizes, and calculate the enhancement using tip-in-contact and tip-retracted spectra, or re-
quire the number of molecules in the scattering volume to be estimated [140]. The disadvantages
of the method presented are that the measured contrast may be polarisation dependent and that
the spot diameter should be larger than the nanotube diameter.

A potential alternative method has been presented theoretically in the literature that uses
the TERS approach curve on an ideal two-dimensional scattering surface. The tip radius is also
measured using a topographic alignment grid [157]. This approach may provide characterisation

of TERS systems with reduced sample dependence but has not been confirmed experimentally.

5.3.3 Effects of Random Grain Formation.

Figure 5.8(a-d) shows the normalised electric field enhancement at the apex of simulated TERS
probes with a 40 nm diameter tip apex and random grain formation. The probes are illuminated
with a 638 nm planewave polarised in the § axis. Figure 5.8(e) shows the normalised electric
field cross-section perpendicular to the apex corresponding to the geometries (a-d).

Figure 5.8(a) shows a probe where no random grains have formed in the local vicinity of the
tip apex. The corresponding cross-section reveals that this configuration results in a wide spot
diameter, which would lead to poor optical resolution when used for TERS imaging.

Figure 5.8(b) shows a probe where a single grain has formed at the tip apex, acting as a
new geometric apex. The corresponding cross-section shows that this configuration results in
the narrowest spot diameter and would be suitable for high-resolution TERS imaging.

Figure 5.8(c) shows a probe where a single grain has formed but is offset from the apex. The
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Figure 5.8: (a~-d) Normalised enhancement maps of grainy silver probes acquired using bound-
ary element method simulations. These geometries are used to investigate the effects of ran-
dom grain formation on the spot diameter and the introduction of multiple peaks in the PSF.
(e) Normalised enhancement cross-sections below the grainy silvers TERS probes shown in (a-
d). Probes with multiple grains offset from the tip apex result in an increased spot diameter
and multiple enhancement peaks that introduce artefacts into TERS maps.
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corresponding cross-section reveals that this configuration results in an increased spot diameter.
In addition, multiple enhancement peaks would introduce artefacts into TERS maps. These
effects are amplified when multiple grains are offset from the apex as shown in Figure 5.8(d)
and the corresponding cross-section.

These results indicate that random grain formation has a profound effect on the performance
of TERS probes in terms of spot diameter and the introduction of artefacts in TERS maps due to
multiple enhancement sites. Random grain formation provides an explanation for the different
PSFs and spot diameters measured for the Omni-TERS Au probes (see Table 5.3). The probe
used with 638 nm illumination likely had multiple grains in proximity to the apex resulting in
a spot diameter of 45nm and multiple PSF peaks. Meanwhile, the probe used with 785 nm
illumination likely had fewer or even a single grain at the apex resulting in a spot diameter of
16 nm and a single PSF peak.

One method of overcoming the random grain formation at the apex of TERS probes involves
using a single nanoparticle as the plasmonic nano-antenna. Such probes can have a nanoparticle
with dimensions optimised using optical simulations [103]. Using focused ion beam milling or
deposition allows these nanoparticles to be created on AFM cantilevers for TERS imaging [108,
158]. The methods of measuring probe performance outlined in this work will allow a comparison
between single nanoparticle TERS probes and the existing grainy metal layer TERS probes

investigated here.

5.4 Conclusion

This chapter describes a new method for measuring the PSF, contrast, and spot diameter
of TERS probes in the side-illumination configuration. Knowledge of the contrast and spot
diameter allow probe characteristics to be matched to a given imaging application. For example,
probes that provide low contrast and a small spot diameter are suitable for high-resolution
imaging of small structures where the acquisition time can be increased without introducing
significant optical drift. On the other hand, a probe that provides high contrast is suitable for
large TERS maps where the acquisition time must be kept low to reduce optical drift. The
method presented is unique, as using 785 nm excitation of the RBM allows for selection of
isolated SWCNTs that act as one-dimensional Raman scattering probes. This ensures accurate
measurements of the near-field optical beam-width for TERS probes. Different lasers can then
be used to determine performance over a range of illumination wavelengths. This method is
used in Chapter 6 to compare the performance of a gold nanocone probe with the commercial

ones tested in this chapter.
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Chapter 6

Nanocone Probe Fabrication and

Performance

This chapter describes the fabrication and characterisation of gold nanocone TERS
probes designed in Chapter 3. The performance of a fabricated probe is found to
exceed that of the commercially available TERS probes considered in this thesis.
The nanocone probe exhibited superior optical resolution, chemical stability and

collocation of TERS and height maps while providing comparable contrast.

Publications Arising from this Chapter:

e L. R. McCourt, B. S. Routley, M. G. Ruppert, A. J. Fleming, “Gold Nanocones for
Collocated Tip-Enhanced Raman Spectroscopy and Atomic Force Microscope Imaging,”

Journal of Raman Spectroscopy, Submitted.
Acknowledgements:

e The author would like to acknowledge the Research and Prototype Foundry, The University

of Sydney, which performed the FIB milling and electron beam evaporation in this chapter.

6.1 Introduction

As discussed in Chapter 1.5 and shown experimentally in Chapter 5, commercially available
TERS probes have several disadvantages that are consequences of using a grainy metal layer.

These disadvantages include:
1. An offset between AFM and TERS maps.
2. Artefacts in TERS maps due to multiple hot spots.

3. Unreliable Raman enhancement with some tip producing no measurable enhancement.
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Figure 6.1: Two possible geometries for gold TERS probes based on the cone shape are
shown. (a) The nanocone geometry consists of a solid gold nanocone attached to a plateaued
silicon AFM tip with a thin adhesive layer (chromium or titanium). (b) The nanocap geom-
etry consists of a gold layer on a silicon AFM tip with a ring of gold removed to electrically
isolate the gold cap at the apex.

4. Decreased AFM and TERS resolutions if a thick metal layer is used to ensure reliable

enhancement.
5. Short lifetimes for silver probes due to rapid degradation in ambient conditions.

Chapter 2 identified gold nanocones as suitable single-particle TERS probes. Smooth nanocones
remove the issues associated with random grain formation observed with commercially available
TERS probes. Furthermore, the resonance wavelength can be tuned with nanocone length
without affecting the optical or topographical resolutions.

In Chapter 3, numerical models were found that allow optimised gold nanocone TERS probes
to be designed for a chosen excitation wavelength. These models assume a smooth and solid
metal nanocone particle with a finite length. Optical simulations revealed that a gold-coated
nanocone with a thickness of 35 nm performs equivalent to a solid gold nanocone. Figure 6.1
illustrates two possible geometries for gold nanocone TERS probes. The solid nanocone geome-
try is shown in (a) and consists of a solid gold nanocone attached to a plateau on an AFM tip.
The nanocap geometry consists of a gold-coated AFM tip with a ring of exposed silicon that
optically isolates the apex at optical frequencies.

This Chapter discusses the fabrication of optimised nanocone TERS probes and compares

their performance to commercially available probes using the method presented in Chapter 5.
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6.1.1 Nanocones Probes in the Literature

The use of nanocone arrays in SERS is well documented in the literature. The transverse mode
of a gold nanocone array has been used to enhance in-plane excitation [159]. Likewise, silicon
or silver double nanocone substrates have been shown to improve Raman sensitivity [160,161].
Arrays of gold nanocones have also been fabricated and the plasmon resonance wavelength has
been demonstrated to be tuneable from 600-700 nm [162].

The fabrication of gold nanocone near-field probes is described in [108]. The authors suc-
cessfully produced gold nanocone probes with lengths ranging from 15-175 nm. The probes were
fabricated by FIB milling a plateau on an AFM tip before coating with a stack consisting of a
chromium adhesion layer and a ticker gold layer using thermal evaporation. An SiOy etch mask
was deposited on the stack with a 50 nm base diameter and a height of 100-300 nm using fo-
cused electron beam induced deposition. Milling with an argon ion beam resulted in nanocones
with a base angle of 60-70° being formed. The plasmon resonance wavelength was measured
using dark-field scattering. Increasing the nanocone length tuned the resonance wavelength
from 500-675nm. However, it is likely that longer resonance wavelengths could be achieved
with loner nanocones. A proof of concept was achieved by showing Raman enhancement of a
dilute CNT sample. The probes were also demonstrated to provide high-resolution topograph-
ical measurements as AFM probes. However, the probes were not used for TERS imaging and
their performance was not measured or compared to commercially available probes.

The same group has also demonstrated the fabrication of gold nanocones without the depo-
sition of an SiO, etch mask [163]. Instead, a titanium, gold and Al,OAj3 stack was deposited.
A ring-shaped ion beam milling profile was then used to create a pillar. Subsequent milling
utilised the AlyOAug layer at the top of the stack as an etch mask. The resulting probes were
not tested for TERS or AFM performance.

To the author’s knowledge, there have been no reports of high-resolution TERS mapping
with gold nanocone probes in the literature. Furthermore, these probes have not been compared

to commercially available probes or fabricated probes consisting of a grainy metal surface.

6.1.2 Manufacturing Methods

The following sections discuss possible techniques for fabricating optimised gold nanocone TERS
probes. The advantages and disadvantages are discussed and the availability of suitable equip-

ment is discussed.
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Electrochemical Etching

For electrochemical etching, a metal wire is dipped into an etch solution with a counter electrode.
A DC voltage causes the wire to be dissolved, leaving a sharp tip apex. This allows silver and
gold tips to be fabricated with diameters of 50-100nm [22]. However, this method results in
large morphology and enhancement variations from tip to tip [164]. Researchers have estimated
only a few out of 20 tips manufactured will give adequate near-field enhancement resulting in
poor TERS signal-to-noise ratios [106]. Furthermore, if grain structures are formed then tip
convolution with the sample is difficult to estimate [106].

Based on the literature, electrochemical etching is not a fabrication method that solves the

current issues with commercially available TERS tips. Thus, this method was not considered.

Vacuum Deposition

Vacuum deposition is performed by thermally evaporating a metal source in a vacuum, allowing
metal molecules to reach the sample. Using this method, several tips can be coated with silver,
gold or another metal simultaneously. This results in a grainy structure and there is a chance
that a single nanoparticle is deposited at the apex of the AFM tip. However, this method is
unreliable with large variations in morphology and enhancement [164]. In addition, the random
nature of the particle at the tip apex leads to variation in spatial resolution and the direction of
dipole polarisation. This induces inconsistent imaging from tip to tip [165]. Furthermore, the
tips exhibit poor mechanical stability with wear and peeling during scanning. The morphology
can somewhat be controlled through deposition rate with high deposition rates resulting in
smoother surfaces [166].

Although vacuum deposition commonly results in a grainy surface, a thick metal layer can
be deposited and subsequently shaped using a sputtering method. This yields a relatively pure

nanoparticle and is used in this work to deposit a gold layer.

Electroless Deposition

Electroless deposition is performed by exposing an AFM tip to a cleaning agent such as hy-
drofluoric acid vapour to remove oxide layers. The tip is then immersed in a silver or gold
solution allowing particles to grow. This process results in unpredictable and non-uniform cov-
erage [167] [21]. Furthermore, the use of HF is problematic due to its acute toxicity if inhaled,
ingested or comes into contact with skin.

Due to the poor control over particle geometry, electroless deposition was not considered.
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Figure 6.2: Illustration of a crossbeam FIB-SEM experimental setup with a precursor gas ca-
pable of FIB or SEM induced deposition. For FIB milling, high energy ions enter the sample,
sputtering surface molecules. Ions are also implanted into the sample to a depth of approxi-
mately 20nm. The system illustrated can also be used for FIB induced deposition where the
ion beam is used to decompose precursor gas molecules that have adsorbed to the surface.
The electron beam in a crossbeam system can be used to image the sample simultaneously
to FIB operation. Alternatively, the electron beam may be used to perform electron beam in-
duced deposition.

Focused Ion Beam Milling

Focused ion beam (FIB) milling is most commonly performed by accelerating metal ions, such
as gallium, at a target. A liquid metal ion source is positioned in contact with a sharp tungsten
needle with a high voltage extraction field. The liquid metal is pulled onto the tip, ionised and
accelerated towards the target with a voltage between 5-50 keV. The metal ions enter the sample
and sputter surface material while also implanting the metal ions [168]. Other effects include
displacement of sample atoms, sample heating, secondary electrons forming in the sample and
the breaking of chemical bonds [169]. FIB milling is performed using an FIB-SEM cross-beam
setup as illustrated in Figure 6.2. Sputtering sample atoms allows FIB milling of small features
on the sample. Milling resolutions of 5 nm have been demonstrated. FIB milling can be operated
in a cross-beam configuration with a scanning electron microscope as illustrated in Figure 6.2.
This allows real-time monitoring of the FIB milling process during device fabrication.

FIB milling is well suited to machining bulk metal layers into nanoparticles [170]. These
nanoparticles can be produced at the apex of an AFM tip and serve as the TERS probe.
Consistent surface morphology can be achieved and the dimensions can be tuned by varying
sputter rate and the dimensions of the etch mask if one is used.

FIB milling has been used to successfully produce nanocone probes for near-field scanning
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optical microscopy [108]. This example used an SiO, etch mask that was deposited using
electron beam induced deposition. The etch mask reduces the etch rate over the given area,
allowing a nanocone to form with an angle dictated by angle dependant sputtering. The length
of the final nanocone was controlled by varying the etch mask thickness. Furthermore, these
nanocones were produced with apex radii of approximately 10 nm, providing superior optical
and mechanical resolution to commercially available silver coated tips. Thus FIB milling is well
suited to fabricating the nanocone geometry illustrated in Figure 6.1(a). FIB milling has also
been used to mill a ring on a pyramid AFM probe to create a nanopyramid notch [171]. This

method achieved results similar to the nanocap illustrated in Figure 6.1(b).

Focused Beam Induced Deposition

Focused electron beam induced deposition (FEBID) of material is possible by using a precursor
gas. The precursor gas contains the desired material to be deposited and a volatile component.
Secondary electrons from the sample surface decompose the precursor gas allowing the target
material to adsorb to the surface. FEBID is illustrated in Figure 6.2 with SEM nozzle and
precursor gas system. Similarly, focused ion beam induced deposition FIBID allows metals to be
deposited. Direct deposition of materials using FIBID and FEBID have both been demonstrated
with resolutions as low as 3nm. However, FIBID has been reported to deposit higher metal
contents [172,173].

FEBID would allow for direct deposition of metallic nanoparticles at the apex of an AFM tip
for use in TERS. However, the resulting nanoparticles are typically heavily contaminated. Car-
bon from the ion source can comprise up to 28% of the sample [174]. Furthermore, organometallic
precursors result in low metal content nanoparticles with carbon embedding causing the metal
to separate into small clusters [175]. The overall purity of metals deposited using FEBID is low,
which is not ideal for producing TERS probes as it is unlikely that a strong plasmon response
will be produced. This contamination can be removed by exposing the structure to a scanning
electron beam operated in a 10 Pa HoO environmental chamber [176]. Direct focused ion beam
deposition in combination with contamination removal presents a valid method for producing

nanocone TERS probes. However, a suitable fabrication facility could not be found in Australia.
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Summary

A suitable fabrication facility could not be found to perform FIBID and decontamination. Thus,
FIBID was not used to produce TERS probes. Instead, FIB milling was used to etch nanopar-
ticles from solid metal layers. This avoids the contamination from the precursor gas and metal

layers were deposited using e-beam or vacuum deposition.

6.2 Probe Design

The empirical model for gold nanocone resonance wavelength developed in Chapter 3.3.1 was

used to design an optimal TERS probe for 638 nm illumination. The model is as follows:

)\res — 610+ 7.10 — 0.3r + )\termination
1.5 ’

L =

(6.2.1)

where \¢s is the resonance wavelength, 6 is the half angle and r is the tip radius. The termination
constant A¢ermination accounts for the shift in resonance wavelength due to the termination on
a non-vacuum material. Optical modelling showed a termination offset of +15nm with gold
nanocones on silicon and this value is used here. For a 638 nm target resonance wavelength, a
28° angle and 15 nm tip radius, the length of an optimal gold nanocone is expected to be 158 nm.

For a 785 nm target wavelength, the optimal length is estimated to be 256 nm.

6.3 Fabrication

Attempts were made to fabricate gold nanocones and gold nanocaps as shown in Figure 6.1 (a)
and (b) respectively. The nanocap fabrication was ultimately unsuccessful and is described in
Appendix C. The remainder of this chapter focuses on the fabrication of gold nanocones.

The substrate cantilever is an uncoated Access probe (ACCESS-FM-20) from AppNano.
The cantilevers were mounted directly on an aluminium block to minimise potential charging
during FIB milling and were secured using adhesive tape as illustrated in Figure 6.3(a). The
access probes have a 127° angle between the cantilever and the back face of the tip and a 107°
angle to the front face. The aluminium mount was designed so that when sitting on a flat surface,
a horizontal FIB cut will create a plateau that is normal to the average angle of the tip. This
allows the resulting nanocone to maintain the original tip angle for optimal laser alignment. This
mounting solution also minimised the handling of cantilevers required throughout the fabrication
process.

Figure 6.3(b-e) illustrates the gold nanocone fabrication process. (b—c) The AFM tips were
FIB milled using a Zeiss Crossbeam 540 FIB-SEM with a 30kV, 300 pA gallium beam such that
a flat triangular plateau approximately 1 um in diameter was created parallel to the mount base.
(¢c—d) The mount was then placed in an AJA ATC-1800-E electron beam evaporator. 20nm
of titanium at 1 A/ s was deposited followed by 300 nm of gold at QA/ s. The titanium acts as
an adhesion layer for the gold and improves the otherwise poor adhesion of gold to silicon. The

gold layer was made thick enough to accommodate all of the planned nanocone lengths. (c—d)
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Figure 6.3: Illustration of the method used to fabricate gold nanocones. (a) The cantilevers
were mounted on an aluminium wedge to give a convenient horizontal FIB milling angle. The
cantilevers are secured using adhesive tape. (b) A zoomed image of the AFM tip with the
planned FIB cut line to produce a plateau. (c) FIB milling is used to create a plateau. (d)

A thin platinum adhesion layer is deposited followed by a thicker gold layer. (e) FIB milling is
used to fabricate an isolated gold nanocone TERS probe.
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Figure 6.4: SEM images of the fabrication of gold nanocone TERS probes. (a) A 1 um diame-
ter plateau. (b) A 150 nm long gold nanocone on a silicon pillar. The image is axis corrected,

allowing the dimensions to be measured from the SEM image. (¢) A view showing the 150-nm
long gold nanocone on the silicon plateau.

The cantilevers were then placed into the FIB with the ion beam oriented collinearly with the
desired tip axis. A 30kV, 50pA Ga beam was scanned in an annular, single-pass, reducing
spiral with an outer diameter of 3 um and an inner void diameter of 200 nm, for a total dose
of 0.5nC/um?. This produced a sharp tip approximately 300 nm in length. The overall height
of the metal tip was monitored using the secondary electron detector while performing a 0.1 us
dwell time milling scan with the same FIB beam over a 30 um diameter disk area. The milling
was terminated once the desired tip length was achieved.

This fabrication process was performed in collaboration with Steven J. Moody from the
Research and Prototype Foundry at the University of Sydney. Of the 12 mounted cantilevers,
only 4 gold nanocone probes were successfully fabricated due to handling errors.

Figure 6.4(a) shows an SEM image of the FIB milled plateau with a diameter of approx-
imately 1 pm. A zoomed image of a 150 nm long gold nanocone is shown in (b). The image
is axis corrected allowing the dimensions to be measured. This example is 150 nm long, has a
15nm tip radius and a half angle of 28°. A zoomed out image of the nanocone and plateau are
shown in (¢). The nanocone is distant from any other metal layers and will act as an isolated
nano-antenna. The lengths of the successfully fabricated nanocones were 150, 175, 225 and
250 nm.

Following the fabrication, the aluminium mount was placed onto a heat pad at 80°C to dena-
ture the adhesive tape. This allowed the cantilever and the tape to be pried from the aluminium
block. The cantilever and tape were placed onto carbon tape. The increased adhesiveness of the
carbon tape allowed the top-side tape to be removed. The cantilever was then removed from
the carbon tape and placed into a gel pack.
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6.4 Performance Characterisation Method

In Chapter 5, a method was developed that allowed the performance of TERS probes to be
reliably measured. In addition, the performance of four commercially available TERS probes
were measured and compared. For a more detailed description refer to Chapter 5.2. The same
experimental methods are used in this Chapter to measure the performance of the fabricated
nanocone TERS probes and compare them to commercially available TERS probes.
Additionally, large area TERS maps of carbon nanotube bundles were collected using a
nanocone probe and an Omni-TERS Ag probe. This allows a direct comparison between the
collocation of the AFM and TERS maps. The sample for these experiments is a commercially
available test sample consisting of CNT bundles and graphite flakes (TS0001 from Horiba,

France). The maps were collected using hybrid contact mode.

6.5 Results

The 175, 225 and 250nm long nanocones initially gave a measurable Raman enhancement.
However, soon after alignment, the Raman signal disappeared. It is believed that an increased
coupling efficiency of the 785 nm laser with these long nanocones caused the nanocone to melt.
The 150 nm long nanocone was able to withstand the laser power and allowed for the collection
of the data presented in this chapter. This nanocone is close to the optimal length of 158 nm
for 638 nm illumination identified in Chapter 6.2

Figure 6.5 shows the measured PSF's of the gold nanocone probe along with those measured

for commercial probes in Chapter 5. The calculated performance metrics are given in Table 6.1.

6.5.1 Performance Metrics: 638 nm Illumination

The PSFs of the gold nanocone probe with 638 nm illumination are shown in Figures 6.5(al),
(b1) and (cl) for the RBM, D-band and G-band respectively. The D-band and G-band PSFs
display a single narrow peak. This is due to a single hot spot and will allow the nanocone
probe to produce artefact-free TERS maps. Furthermore, the calculated spot diameter of 19 nm
is significantly narrower than the commercial probes investigated, where the narrowest spot
diameter was 28 nm using the ACCESS Au probe. This demonstrates that nanocone probes can
produce higher-resolution TERS maps.

The gold nanocone achieved a mean contrast of 8.05 with 638 nm illumination. This is
28% lower than the Omni-TERS Ag, 6% lower than the ACCESS Au and 650% that of the
Omni-TERS Au. Hence, the contrast achievable with the gold nanocones is comparable to the

commercial probes tested.
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Figure 6.5: Data acquired from high-resolution cross-section TERS maps of SWCNTs. (al-
11) PSFs with the corresponding normalised TERS maps shown below for 638 nm illumina-
tion. (ml-o1) SWCNT cross-sections with counts per mW-s for 638 nm illumination. (a2-02)
PSF's, normalised TERS maps and cross-sections for 785 nm illumination. The PSF's are used
to calculate the contrast and spot diameter of each TERS probe, which are summarised in Ta-
ble 6.1. The gold nanocone fabricated in this chapter provides the narrowest spot diameter
while maintaining adequate contrast with 638 nm and 785 nm illumination.
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6.5.2 Performance Metrics: 785 nm Illumination

The PSFs of the gold nanocone probe with 785 nm illumination are shown in Figures 6.5(a2),
(b2) and (c2) for the RBM, D-band and G-band respectively. The PSFs for the RBM, D-band
and G-band all display a single peak. This supports the previous conclusion that this probe has
a single hot spot. The calculated spot diameter of 12.5 nm is the lowest of all measured TERS
probes. This result demonstrates that the nanocone probe can provide an optical resolution
superior to the commercial TERS probes tested.

The gold nanocone achieved a mean contrast of 6.59 with 785 nm illumination. This is com-
parable to the contrast measured with the Omni-TERS Au and ACCESS Au probes but is only
22% of the Omni-TERS Ag probe. One possible explanation is that the 150 nm long nanocone
is not long enough to adequately excite the fundamental plasmon mode at this wavelength. It

is expected a nanocone of optimal length would provide improved contrast.

Table 6.1: Performance characteristics of TERS probes for imaging SWCNTs at 638 nm and
785 nm laser excitation.

Probes Wavelength  Contrast Contrast Contrast Contrast Spot Diameter

(nm) RBM D G Mean (nm)
Gold Nanocone 638 N/A 8.27 7.27 8.052 19
150 nm Long 785 1.80 10.07 3.12 6.59 12.5
Omni-TERS 638 N/A 13.59 9.82 11.21 57
Ag 785 24.61 44.11 21.13 30.62 52
Omni-TERS 638 N/A 1.13 1.39 1.26 45
Au 785 13.73 3.62 7.23 8.19 16
ACCESS 638 1.14 9.48 7.68 8.58 28
Au 785 2.04 3.80 3.65 3.17 20

6.5.3 TERS Mapping

Figure 6.6 shows the mapping of CNT bundles on a gold substrate collected using the Omni-
TERS Ag probe. This probe features a grainy surface as shown in Figure 5.6(a). Figure 6.6(a)
shows the TERS D-band map and (b) shows the AFM height map. Features are identified and
labelled on the TERS map. The TERS D-band counts and AFM height are plotted in (c-d) as a
function of distance along the x-profile and y-profile respectively. There appears to be a minor
offset between the TERS and height maps in the x-axis with feature 1 peaking in the height map
12nm after peaking in the TERS map. The offset is more significant in the y-axis with feature
3 peaking 72nm earlier in the TERS map compared to the height map. This offset makes the
identification of structures difficult as the AFM height and TERS maps have a spatial offset,
which becomes significant when small scan areas are used. For example, if a 100 x 100 nm scan
area is used then most features appearing on the TERS map will be missing in the topography
map and vice versa.

Figure 6.7 shows the mapping of CNT bundles on a gold substrate collected using the
nanocone TERS probe, (a) shows the TERS D-band counts and (b) shows the AFM height
map. The D-band counts and AFM height as a function of distance along the x-profile and
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Figure 6.6: Mapping of CNT bundles on a gold substrate collected using an Omni-TERS Ag
probe. (a) D-band TERS map with features labelled 1-3. (b) AFM height map. (¢) Raman
D-band counts and AFM height along the x-profile. There is an approximately 12 nm offset
between the TERS and height maps in the x-axis. (d) Raman D-band counts and AFM height
along the y-Profile. There is an approximately 72 nm offset between the TERS and height
maps in the y-axis. The poor collocation seen here is typical of TERS probes with grainy sur-
faces.

y-profile are plotted in (c¢) and (d) respectively. The AFM and TERS maps are collocated
with features appearing at the same position in both axes. This means that TERS and Raman
maps will be collocated, allowing for more accurate surface characterisation, particularly when

performing small-area, high-resolution scans.
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Figure 6.7: Mapping of CNT bundles on a gold substrate collected using the nanocone
TERS probe described in this chapter. (a) D-band TERS map with features labelled 1-3. (b)
AFM height map. (¢) Raman D-band counts and AFM height along the x-profile. The gold
nanocone TERS probe provides collocated TERS and AFM maps.

6.5.4 Chemical Stability

The TERS maps presented in this work were acquired 12 days after the gold nanocone TERS
probes were fabricated. The probes were stored in ambient conditions. There did not appear
to be a noticeable drop in performance over this time period. A microscope software failure
resulted in the probe being crashed into the sample. Thus, follow-up measurements could not be
performed to measure long term performance stability. However, given the chemical stability of
gold, it is likely that the nanocone probes provide superior lifetimes than commercially available

silver probes.
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6.6 Simulations

Figure 6.8 shows BEM simulation results comparing the performance of grainy silver probes to
a gold nanocone. The enhancement maps for several grain configurations are shown in (a-d)
where the base probe is a silver nanocone with a 40 nm radius and 15nm radius nanospheres
acting as grains. The enhancement map for a gold nanocone with a 15nm radius is shown in
(d). The enhancement as a function of x-position is shown in (3) for the various geometries. The
grainy probes result in a broader enhancement cross-section with multiple hot spots. This is a
consequence of multiple plasmon enhancement sites close to the tip apex. Meanwhile, the gold
nanocone results in a single and narrow hot spot. Thus, the superior experimental performance
displayed by the gold nanocone TERS probe is due to having a single enhancement site near

the apex, which results in a single, narrow enhancement hot spot.
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Figure 6.8: BEM simulations comparing grainy silver TERS probes and a gold nanocone.
Normalised enhancement maps are shown for (a) multiple grains offset from the apex, (b) a
single grain offset from the apex and (c) two grains acting as the apex. These grainy probes
consist of a silver nanocone with a 40 nm radius and 15 nm radius nanosphere grains. (d)
Shows the enhancement map for a gold nanocone with a radius of 15nm. (e) Shows the en-
hancement verses x-position under the tip apex. The nanocone geometry results in an en-

hancement cross-section with a single narrow hot spot. Meanwhile, the grainy geometries re-
sult in multiple hot spots and a broader peak.
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6.7 Conclusion

The gold nanocone TERS probe presented in this chapter addresses the limitations of commercial
probes. These limitations are circumvented by removing the random grain formation used with
commercial probes and instead using an optimised smooth gold nanocone. The nanocone probe
exhibited the narrowest spot diameter of 12.5nm and 19 nm measured with 638 nm and 785 nm
illumination respectively. The nanocone contrast was comparable to the commercial probes
with 638 nm and 785 nm illumination. The nanocone also provided artefact free and collocated
TERS and AFM height maps due to the single TERS hot spot and mechanical apex. Finally,
the nanocone probe was able to be stored in ambient conditions without noticeable performance
degradation. These factors strongly support the use of gold nanocone probes for high-speed,
high-resolution TERS imaging. To the authors knowledge, the work presented here contains the
first high-resolution TERS maps acquired with a gold nanocone TERS probe.

6.8 Future Work

Due to the COVID-19 pandemic and associated restrictions, probe fabrication took longer than
expected due to access limitations at fabrication facilities. The experimental data presented in
this chapter was measured using a single 150 nm long gold nanocone. Future work should include
a statistical analysis of multiple probes with various dimensions to allow the relationship between
dimensions and length to be investigated, along with statistical variations in performance. The
stability of the probes should also be tested over a longer time period so that storage protocols

can be developed.
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Chapter 7

Modulated-Illumination
Intermittent-Contact TERS

This chapter describes a new TERS imaging mode where the illumination laser is
modulated during intermittent-contact AFM, which will be referred to as modulated-
illumination intermittent-contact TERS (MIIC-TERS). The modulation is syn-
chronous with the cantilever oscillation so that the tip is only illuminated for a
brief duration while the tip is very close to, or in contact with the sample. This
allows the high Raman enhancement of contact mode TERS to be maintained
while reducing the tip-sample forces that result in tip contamination and sample
damage. Modulating the laser also reduces the tip and sample heating compared
to constant illumination The MIIC-TERS method is experimentally demonstrated
using a grainy silver probe and a gold nanocone probe. The effect of AFM setpoint

and laser duty cycle are predicted theoretically and verified experimentally.

Publications Arising from This Chapter

e M. G. Ruppert, B. S. Routley, L. R. McCourt, Y. K. Yong , A. J. Fleming, “Modulated-
IMlumination Intermittent-Contact Tip-Enhanced Raman Spectroscopy: Simultaneous Imag-

ing of Surface and Material Properties,” Nature Communications, Submitted.

Author Contributions:

— Experimental work 50%
— Optical modelling
— Data analysis 50%
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7.1 Introduction

TERS enhancement is dependent on the tip-sample separation [53]. Figure 7.1(a) shows the op-
timal condition where the tip is in contact with the sample, resulting in maximum enhancement,
which produces a strong Raman signal. Figure 7.1(b) shows a tip that is retracted, resulting in
reduced enhancement at the sample. The spectrometer will still collect light that originates from
outside the near-field volume. Hence, the TERS signal-to-noise will be reduced. Figure 7.1(c)
shows that the enhancement as a function of tip-sample separation as calculated using boundary
element simulations and presented in Chapter 3.3.1. Hence, the average enhancement at the
sample depends on the cantilever dynamics.

The following section describes the contact, hybrid-contact and intermittent-contact TERS
modes. These modes are based on AFM modes that have distinct advantages and disadvantages.
Modulated-illumination intermittent-contact TERS (MIIC-TERS) is introduced as a method
that combines the advantages of the formerly mentioned modes. MIIC-TERS has been presented
in the literature previously in the bottom illumination configuration with 1D line scans of a
carbon nanotube [177]. In this chapter, MIIC-TERS is demonstrated in the side-illumination

configuration and high-resolution TERS images are presented.

7.1.1 TERS Modes of Operation

Contact

Figure 4.2 shows a schematic for the experimental setup used to perform TERS in contact mode.
The probe is kept in physical contact with the sample while a scan is performed. The tip-sample
forces are predominantly repulsive due to electron-electron repulsion. The most common method
for maintaining the tip-sample separation is the constant force mode. In this mode, the sample
z-position is altered using a piezoelectric nanopositioner with a feedback loop, which aims to
keep the optical beam deflection signal constant [125]. The z-axis controller signal is used to
generate the AFM topography estimate. Laser light from the Horiba XploRA plus unit is
directed through a series of mirrors and focused through a side objective lens onto the apex of
the metal AFM tip. The geometry of the laser requires the tip to be angled with respect to the
cantilever. The Raman scattered light is generated by molecules on the sample and collected
by the illumination objective. This light is then directed back into XploRA spectrometer where
the Raman signal is acquired.

Contact mode often results in damage to the sample and tip as high shear forces may
displace surface particles or modify the fragile surface metal layer of some TERS probes [46,
126]. Furthermore, there is a high chance that sample molecules may attach to the TERS tip,
which can introduce a constant Raman signal independent of the surface chemistry [178]. The
advantage of contact mode TERS is that the tip-sample separation is minimised resulting in

maximum Raman enhancement and therefore, the highest signal-to-noise ratio.
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Figure 7.1: The effect of tip-sample separation on enhancement. The illustrations show Ra-
man scattering when the tip is (a) in contact with the sample and (b) when retracted. (c¢) En-
hancement versus separation as measured below the tip apex, at the sample and below the tip
apex with no substrate present. These results were calculated using BEM simulations for a
gold nanocone with an apex diameter of 20 nm and were first presented in Chapter 3.3.1.
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Intermittent Contact

Intermittent, or contact mode TERS, is performed by oscillating the cantilever at its resonance
frequency using a piezoelectric actuator [127]. For reference, the cantilevers used in this thesis
have a resonance frequency between 50kHz - 150kHz and the free-air amplitude is typically
between 20-60 nm. When the tip comes into contact with the sample surface, energy is dissipated
and the oscillation amplitude is reduced [128]. A feedback loop is used to maintain a constant
oscillation amplitude by varying the sample z-position, allowing the topography to be tracked.
Intermittent contact mode reduces the tip-sample friction when compared to contact mode due
to the absence of lateral tip forces. Low oscillation amplitudes reduce tip-sample contact, which
decreases sample deformation. High oscillation amplitudes increase sample deformation, which
is suitable for stiff samples and has the advantage of improved lateral resolution [179].

The advantage of intermittent contact mode is a reduction in tip-sample friction, which
reduces shear forces. This allows intermittent contact mode to be used for softer samples than
is possible using contact mode without damaging the sample [126]. Furthermore, the reduced
tip-sample interaction reduces the likelihood of probe damage or contamination adhering to the
probe that would reduce enhancement or introduce artefacts into the Raman spectrum [178].

The disadvantage of intermittent contact is the decreased Raman signal and signal-to-noise
ratio. The average tip-sample separation is greater than contact mode for the majority of the
oscillation cycle, which decreases the average electric field enhancement at the sample. Thus,
the measured TERS signal will have increased far-field contributions and the system noise may
obscure spectral peaks. As a result, TERS maps acquired using intermittent contact mode

display poor contrast.

Hybrid Contact

The hybrid contact mode switches between contact and intermittent contact modes to maximise
Raman signal and minimise damage to the probe and sample. Hybrid contact mode is performed
by acquiring the Raman spectra of a pixel in contact mode before switching the z-axis feedback
to constant amplitude intermittent contact mode for topography acquisition. When the next
pixel is reached, the system switches back to contact mode and another spectrum is acquired.
Since the Raman spectra is only acquired while the tip is in contact with the sample, the signal-
to-noise ratio is maximised. However, switching between contact and tapping mode at every
pixel slows acquisition and may result in poor topography measurements.

Laser beams exhibit pointing drift over time. High-frequency drift is a consequence of vibra-
tions in the optical setup including mirrors and the laser itself, or fluctuations in the refractive
index of air along the beam path. Lower frequency drift is most commonly the consequence of
thermal changes in optical components. For example, the heating of a mirror or mount will re-
sult in a variation in output laser angle and position [183]. The enhancement of a TERS probe
is highly dependent on the position of the excitation laser beam at the tip apex. Therefore,
laser pointing drift will result in decreased enhancement as TERS scan duration increases. As
a result, TERS maps acquired with long scan times often exhibit a decrease in optical contrast

with time and give a poor representation of the sample. For short acquisition times, the effects
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Figure 7.2: MIIC-TERS laser timing. The tip-sample separation is shown over one cantilever
oscillation, the laser is off when the tip-sample separation is large, which reduces far-field scat-
ter contributions measured by the spectrometer. The laser is on when the tip-sample separa-
tion is minimised, which results in maximum enhancement at the sample and a high near-field
Raman signal detected at the spectrometer.

of pointing drift can be ignored. For large scans, the slow scan speed of hybrid contact mode
TERS requires compromises to either spectrum acquisition time or scan resolution to minimise
scan time and the associated optical drift.

The hybrid contact mode is a preset mode of the Horiba NanoRaman system and was used

extensively in this thesis due to the high Raman enhancement that is achieved.

MIIC-TERS

In intermittent contact mode, the tip is only in contact with the sample for a small fraction of a
cycle [127]. If TERS signal acquisition and tip illumination are performed over the entire cycle,
the signal-to-noise ratio is reduced as the enhancement is small when the tip is not in contact
with the sample. By modulating tip illumination [177] or time-gating the spectrometer [53,118]
to the tip-sample contact interval, the signal-to-noise can be kept comparable to TERS operated
in contact mode.

MIIC-TERS combines the high-speed, non-destructive attributes of intermittent contact with
the high-enhancement of contact mode. This is achieved by modulating the illumination laser on
when the tip-sample separation is small. This increases the average enhancement at the sample
over an oscillation cycle when compared to constant-illumination intermittent contact mode.

The laser is off when the tip-sample separation is large, which reduces the signal collected by
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the spectrometer from far-field scatter [177]. Figure 7.2 illustrates the operation of MIIC-TERS
over one oscillation cycle. The duty cycle is the percentage of time that the laser is turned on.

The disadvantage of MIIC-TERS is a lower total Raman signal per unit time as the laser
illumination is intermittent. However, the tip-sample shear forces are reduced compared to
contact mode, which reduces the probability of sample damage or tip contamination. Compared
to hybrid contact, MIIC-TERS offers improved scan speeds and improved topography estimates
as the switching between contact and intermittent contact is removed. In addition, low duty
cycles reduce the probe temperature, or allow higher laser power to be used to increase the
Raman signal. Lower laser power is a significant advantage of MIIC-TERS compared to a
time-gated spectrometer where laser illumination is constant. The following sections focus on
modelling the performance of MIIC-TERS in terms of cantilever dynamics, the implementation
of MIIC-TERS and the characterisation of system performance based on the cantilever dynamics.

The following sections focus on modelling the performance of MIIC-TERS in terms of can-
tilever dynamics, the implementation of MIIC-TERS and the characterisation of system perfor-

mance based on the cantilever dynamics.

7.2 Modelling

The enhancement at the sample depends on the cantilever dynamics and the laser modulation.
Large cantilever oscillation amplitudes increase the average tip-sample separation and lower
setpoints will affect the tip-sample contact time. The laser modulation duty cycle and phase
offset will affect the enhancement at the sample and the total amount of signal collected at the
spectrometer. This section discusses the cantilever dynamics that affect the performance of a

MIIC-TERS system using optical and mechanical models.

7.2.1 Optical Simulations

Boundary Element Method (BEM) simulations were used to simulate the optical response of
a 1 pm long silver nanocone with a 200 nm radius tip apex and a 15° half angle above a glass
substrate with a 638 nm planewave illumination. The resulting surface charges were used to
calculate the electric-field enhancement at the sample surface. This was repeated with several
tip-sample separations. An exponential model of the form f(z) = ae®® + ce® was fit to the
enhancement as a function of tip-sample separation. The resulting fit is given in Figure 7.3(a)
with the following coefficients a = 42.7, b = -0.2108, ¢ = 16.65, d = -0.0337.
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Figure 7.3: Simulations used to study the effects of AFM imaging parameters and TERS tip
illumination on average electric field enhancement at the sample during tapping mode oper-
ation. (a) Shows the relative electric field enhancement at the sample as a function of tip-
sample separation, calculated using boundary element method simulations. (b) Shows time
domain simulations of AFM dynamics over an oscillation period. The tip-sample separation
is shown in blue. The relative electric field enhancement is shown in orange and is maximised
when the tip is in contact with the sample. The tip-sample force F}, is shown in purple. The
highlighted area illustrates the definition of the illumination duty cycle. (c) Shows the aver-
age electric field enhancement at the sample as a function of the illumination duty cycle and
AFM setpoint. The highest average electric field enhancement is observed when the illumina-
tion duty cycle is limited to the interval that the tip is in contact with the sample.
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7.2.2 Cantilever Dynamics

The cantilever dynamics when interacting with a gold sample are modelled by solving

w
y"(t) + aoy’(t) + wiy(t) = u(t), (7.2.1)
where the input force is given by
w2
u(t) = > [Fasin(wot) + Fis(d, 1)), (7.2.2)

with tip-sample separation d, quality factor (), resonance frequency f, drive force amplitude
F4 and tip-sample force as a function of tip-sample distance Fis(d,t) [180]. The Derjaguin-
Muller-Toporov model is used for the tip-sample interaction, which uses classical Hertz contact
mechanics with attractive van der Waals forces [181]. The simulations resulted in repulsive tip-
sample interactions with setpoints of 35%, 55% and 75%. The repulsive interactions indicate
that these setpoints produce intermittent contact with the sample. A setpoint of 95% gives an
attractive tip-sample interaction, indicating no contact between the tip and sample. The model
parameters are given in Table 7.1, which were adapted from published data [182]. An example

of the calculated tip-sample separation and tip-sample force is shown in Figure 7.3.

Table 7.1: Parameters used for AFM cantilever dynamics simulation. Adapted from [182].

Parameter Description Value
Ay Free air amplitude 30nm
Q Quality factor 200
k Stiffness 10N/m
Fy Drive force amplitude kAg/Q
wo Resonance Frequency 2760 kHz
SP Setpoint 35
R Tip radius 200 nm
ag Atomic separation 0.164 nm
B Elastic modulus tip 13- GPa
Vg Poisson ratio tip 0.3
E Elastic modulus sample 80 GPa
Vg Poisson ratio sample 0.3
H Hamaker constant 7.1e 20 J

7.2.3 Combined Model

The enhancement model was incorporated into the cantilever tip-sample separation curves to
calculate the relative enhancement at each separation. An example of the enhancement as a
function of tip-sample separation over a cantilever oscillation cycle is shown in Figure 7.3(b).
This was repeated for setpoints of 35%, 55%, 75% and 95%. The average electric field enhance-
ment over an oscillation cycle was calculated as a function of the laser modulation duty cycle

with the laser pulse aligned to the tip-sample contact time.
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Figure 7.4: Schematic of the experimental setup used for MIIC-TERS. The lock-in amplifier
phase is used to control the acousto-optic modulator (AOM). The AOM modulates the illu-
mination laser in phase with the tip-sample contact interval. The duty cycle is adjusted to
obtain an adequate Raman signal.

Figure 7.2(c) shows the simulated average electric field enhancement over an oscillation
period as a function of duty cycle and AFM setpoint. The average enhancement is maximised
when the duty cycle is approximately 5%, which corresponds to the tip-sample contact interval.
Increasing the duty cycle will yield a higher signal as the spectrometer will collect more light.
However, the TERS signal-to-noise ratio will decrease as far-field contributions will become more
significant when the near-field enhancement is decreased. A 100% duty cycle represents constant
tip illumination and spectrometer collection. In this case, the average enhancement at the sample
ranges from 30% to 50% compared to contact mode depending on the amplitude setpoint. Thus,
constant illumination will result in a poor Raman signal-to-noise ratio. In addition, the AFM
setpoint must be sufficiently low to ensure the tip makes contact with the sample. This is evident
by observing that the 95% setpoint does not achieve an average enhancement of 1, even with
an arbitrarily small duty cycle. Finally, low setpoints give a higher average enhancement for
large duty cycles. This would allow an increased signal per unit time to be acquired and higher
scanning speeds to be achieved. However, low setpoints increase the tip-sample interaction and

increase the likelihood of tip damage, sample damage or tip contamination.
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7.3 Experimental Results

7.3.1 Experimental Setup

Figure 7.4 shows a schematic of the experimental setup used to perform MIIC-TERS. A 638 nm
fibre coupled laser is used with a 40 mW power output. The lock-in amplifier acquires the can-
tilever deflection signal phase, which is then used to drive the acousto-optic modulator (AOM).
The resulting acoustic waves act as a diffraction grating, causing the input laser beam to be
diffracted. This allows the AOM to rapidly modulate the illumination beam in phase with the
cantilever oscillations. The spectrometer and filters are contained in the Horiba XploRA Plus
unit and the AFM scanning is controlled with the AIST-NT atomic force microscope. The phase
offset of the modulator drive signal is varied to maximise the Raman signal-to-noise ratio. The
duty cycle is adjusted to obtain adequate Raman counts. However, an excessive duty cycle will
reduce the signal-to-noise ratio as the average electric field enhancement at the sample will be

reduced.

7.3.2 Performance Analysis

Grainy Silver Probe

Figure 7.5 shows a comparison of hybrid and MIIC-TERS imaging modes. These maps were
acquired using an Omni-TERS Ag probe, that features a grainy surface, and a Horiba test
sample consisting of CNT bundles and graphite flakes on a gold substrate. All imaging was
performed using the 638 nm laser and the average power was normalised to 1 mW. The setpoint
for MIIC-TERS imaging was 50% with a 60 nm free air amplitude. A 0.5s acquisition time was
used.

The hybrid TERS maps have the highest contrast as shown in Figure 7.5(al). The 10% duty
cycle MIIC-TERS map (b1) allows the CNT loop to be identified but the contrast is lower than
the hybrid image. Constant-illumination intermittent-contact TERS (c1) provides no contrast
between the CNT and sample. The decreased contrast is expected as the average enhancement
at the sample is reduced with an increased duty cycle, as shown in Figure 7.3(c).

The AFM maps provide a similar contrast with the CNT clearly visible in the maps from
each mode. However, the Hybrid mode AFM map (a2) displays many artefacts.

Gold Nanocone Probe

Figure 7.6 shows D-band TERS (al-cl) and AFM (a2-c2) images that compare the hybrid and
MIIC-TERS imaging modes. These maps were acquired with the 150 nm gold nanocone probe
described in Chapter 6.

Hybrid and 50% setpoint MIIC-TERS provide equivalent TERS image quality as shown in
Figure 7.6(al) and (bl). The 70% setpoint MIIC-TERS image (c1) provides considerably lower
contrast and the CNT bundle is difficult to identify. This is likely due to the lower contact time
with the higher setpoint.
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Figure 7.5: A comparison of TERS imaging modes acquired using an Omni-TERS Ag grainy
probe and a sample of CNT bundles on a gold substrate with 638 nm laser excitation. MIIC-
TERS was performed with a 50% setpoint. All maps were acquired with an average laser
power of 1mW. D-band TERS maps are shown for (al) hybrid mode, (b1) 10% duty cycle
MIIC TERS and (cl) constant illumination intermittent contact TERS. The associated AFM
height maps are shown in (a2), (b2), (c2). The hybrid mode provides the best TERS maps
with high contrast. The 10% duty cycle MIIC-TERS map shows low contrast of the CNT
bundle. The constant-illumination TERS map shows no contrast of the CNT bundle. The
height maps are similar except for point artefacts in the hybrid AFM map.
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The Hybrid mode produced the best AFM height map with the CNT structures clearly
visible in Figure 7.6(a2). The AFM images acquired using MIIC-TERS display poor contrast
between the CNT structures and the substrate. The reason for the poor AFM imaging with
MIIC-TERS is unknown at this stage but is believed to be due to the number signal acquisition
samples used from the z-axis controller in the Horiba software and will be investigated as part

of future research.

Grainy Silver vs Gold Nanocone Probe

The MIIC-TERS maps for the Omni-TERS Ag grainy probe in Figure 7.5(b1) and the gold
nanocone probe in Figure 7.6(b1) were both acquired using 10% duty cycle and a 50% setpoint.
The nanocone produced a map with superior contrast. Notably, the nanocone provided similar
contrast with MIIC-TERS and hybrid modes. On the other hand, the grainy probe performed
significantly worse with the MIIC-TERS mode.

It is believed that the grainy probe performs worse with MIIC-TERS as there is an offset be-
tween the physical tip apex and the primary hot spot located on a metal grain. This is illustrated
in Figure 7.7(a). With a low sample indentation, there is a significant distance between the pri-
mary hot spot and the sample. This will reduce the Raman enhancement with the magnitude of
the effect depending on the separation. As the sample indentation is increased, a point will be
reached when the separation between the hot-spot and surface is minimised and the resulting
Raman enhancement is maximised. Hence, MIIC-TERS with lower tip-sample indentation will
result in a lower TERS signal compared to the hybrid mode where the indentation is higher.
When the physical tip apex and primary hotspot are collated there is no indentation required
to minimise the hot spot-sample separation. This is the case for a gold nanocone as illustrated
in Figure 7.7(b). Hence, the TERS signal for hybrid and MIIC-TERS should be the same if
normalised for tip-sample contact time when using the gold nanocone.

The MIIC-TERS AFM maps acquired with the gold nanocone probe show reduced contrast
for the CNT bundle compared to those acquired with the hybrid mode. This issue is not present
in the AFM maps acquired using the grainy probe. The cause of this is unknown at present and

will be investigated as part of future research.

Duty Cycle and Setpoint

To measure the effects of setpoint and duty cycle, an experiment was conducted using the Omni-
TERS Ag probe on a sample of SWCNTs on a gold substrate. The probe was positioned above
a SWCNT and Raman spectra were collected for various setpoints and duty cycles.

Figure 7.8(a) shows an example TERS spectrum of a CNT bundle on a gold substrate using
an Omni-TERS Ag probe. The background is estimated using a 6! order polynomial from the

spectrum with the D and G bands removed. The D-band contrast was calculated using:
C' = Countsycal /Countspackground- (7.3.1)

The D-band contrast as a function of the laser duty cycle for different AFM setpoints is shown
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Figure 7.6: A comparison of TERS imaging modes acquired using a 150 nm long gold
nanocone probe on a sample of CNT bundles on a gold substrate with 638 nm excitation.
MIIC-TERS was performed with a 10% duty cycle. All maps were acquired with an average
laser power of 1 mW. D-band TERS maps are shown for (al) hybrid mode, (b1) 50% setpoint
MIIC TERS and (c1) 70% MIIC-TERS respectively. The bend of the CNT bundle has been
labelled in each TERS map. The associated AFM height maps are shown in (a2), (b2), (c2).
The hybrid mode provides the best AFM height map with high contrast of the CNT bundle.
The 50% setpoint MIIC-TERS map provides similar image quality to the hybrid mode. The
70% setpoint MIIC-TERS map displays poor contrast due to the small contact time.
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Figure 7.7: The effect of an offset between the primary hot spot and physical tip-apex as a
function of sample indentation for (a) rough metal and (b) gold nanocone probes. For the
grainy probe, A low indentation results in a separation between the hot spot and sample sur-
face. A high sample indentation is necessary to reduce this separation and maximise the Ra-
man enhancement. The nanocone geometry does not require high indentation to maximise the
Raman enhancement.

in Figure 7.8(b). The contrast decreases as the duty cycle is increased. This is expected as the
mean enhancement at the sample while the laser is on decreases as the duty cycle increases. In
other words, there is increased far-field contribution as the duty cycle increases. The contrast
increases with a decreased setpoint. This is because the minimum tip-sample separation is
reduced. Furthermore, the tip-sample contact time is increased resulting in a relatively constant
contrast from 10-50% duty cycles with the 35% setpoint measurements. An increased tip-sample
force increases the chance of tip-contamination or sample damage. Thus, the setpoint should be

lowered until acceptable Raman contrast is achieved. This will minimise tip contamination.

7.4 Conclusion

In this chapter, the MIIC-TERS mode is experimentally compared to hybrid contact mode.
MIIC-TERS is found to have an equivalent optical performance to the hybrid mode with a
gold nanocone probe, provided the setpoint is appropriately low. MIIC-TERS provided inferior
optical performance to the hybrid mode when using a grainy silver probe. This is likely due
to an offset between the hot spot and the physical tip apex, which requires increased sample
indentation to minimise the distance between the hot spot and the surface. MIIC-TERS contrast
was found to be inversely proportional to the laser duty cycle. Furthermore, low setpoints
increase the optical contrast but may increase the likelihood of tip contamination and sample

damage.
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Figure 7.8: MIIC-TERS performance. (a) An example TERS spectrum of a nanotube. The
contrast is given by the D-band peak height divided by the background at the same Raman
shift. (b) The D-band contrast versus laser duty cycle for different AFM setpoints.

7.5 Future Work

The experimental work in this chapter discusses the performance of MIIC-TERS as a function
of laser duty cycle and AFM setpoint on a sample of SWCNTSs on gold. Future work should
investigate the practical imaging performance on a large range of samples. It remains unclear
why the nanocone probe provides poor AFM maps when acquired with the MIIC-TERS mode.

The mechanism behind this issue requires further investigation.
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Chapter 8

Conclusions and Future Work

The three main contributions of this thesis are the design and fabrication of improved TERS
probes, the development of a new method for quantifying TERS probe performance, and the
implementation and analysis of the MIIC-TERS imaging mode. These contributions are sum-

marised in the following sections

8.1 Gold Nanocone TERS Probe

Commercially available TERS probes consist of a grainy metal layer on a silicon AFM probe.
The metal is typically silver as it provides superior enhancement. However, these probes exhibit
several downsides, namely unreliable TERS performance, low spatial resolution, poor lifetimes
and an offset between AFM and TERS maps. In Chapter 2, boundary element method simula-
tions were used to identify the smooth nanocone as a suitable geometry for an improved TERS
probe. The length of the nanocone can be altered to tune the plasmon resonance wavelength
independently of the spot size at the tip apex. Furthermore, the physical tip apex is collocated
with the enhancement hot spot, which should result in collocated AFM and TERS maps. In
Chapter 3, numerical models were developed for the electric field enhancement and resonance
wavelength of silver and gold nanocones. It was found that gold nanocones could be designed to
provide sufficient enhancement while exhibiting superior chemical stability compared to silver
probes. In Chapter 6, a gold nanocone probe was fabricated using the developed models, and
the TERS imaging performance was shown to be superior to commercially available probes. The
nanocone probe exhibited comparable optical contrast while providing superior optical resolu-
tion and collocation of AFM and TERS maps.
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8.1.1 Summary of Contributions

1. Modelling of electric field enhancement and resonance wavelength for silver and gold

nanocones

2. Design of a gold nanocone TERS probe that provides superior imaging performance com-

pared to commercially available probes

3. Demonstration of the first TERS images using a gold nanocone probe

8.1.2 Future Work

The numerical models presented in Chapter 3 predict the electric field enhancement and res-
onance wavelength of nanocone probes, and were used to optimise the geometry of the gold
nanocone probe. To verify these models, a statistical analysis of gold nanocones with varying

lengths, half angles and tip radius is required.

8.2 Quantifying TERS Imaging Performance

Chapter 5 presents a method for characterisation of TERS imaging performance. SWCNTSs
were used as 1D scattering objects, allowing the PSF to be measured. The PSF was used
to calculate two metrics that characterise imaging performance, namely optical contrast, which
quantifies the near-field to far-field contributions and spot diameter, which quantifies the spatial
resolution. The method was successfully used to characterise the imaging performance of several

commercially available probes and compare them to the gold nanocone probe.

8.2.1 Summary of Contributions

1. Development of a new method for characterising TERS imaging performance using SWC-
NTs

2. Experimental comparison of the imaging performance of commercially available probes

and a gold nanocone probe

8.2.2 Future Work

The method presented has several limitations. Most notably, calculating the PSF assumes a
symmetric electric field distribution in the sample plane. This assumption could be removed and
the full 2D PSF recovered by collecting the TERS cross-sections over two orthogonal SWCNTs.
A de-convolution would then be performed to recover the 2D PSF. Furthermore, the presented
method is valid when the SWCNT diameter is smaller than the spot diameter, which was true
for the work presented in this thesis. However, if sub-nanometre resolutions are investigated

under high-vacuum then a new method will be required.
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8.3 MIIC-TERS

The MIIC-TERS imaging mode was introduced in Chapter 7 using a combination of mechanical
and optical simulations. It was shown that MIIC-TERS could provide similar Raman signal-
to-noise ratios as contact mode while reducing the chance of sample damage, tip damage or
tip contamination. MIIC-TERS was experimentally demonstrated using a grainy silver probe
and a gold nanocone probe. Compared to contact and hybrid mode imaging, MIIC-TERS was
shown to provide a similar Raman signal-to-noise ratio but with reduced sample damage and
less probe contamination. The gold nanocones were found to provide higher optical contrast
than grainy silver probes. It was also demonstrated that lower laser duty cycles increased the

optical contrast by reducing the contribution of far-field Raman scatter.

8.3.1 Summary of Contributions

1. Implementation of the MIIC-TERS imaging mode and demonstration using grainy silver

and gold nanocone probes

2. Analysis of the imaging performance as a function of laser duty cycle and amplitude

setpoint

8.3.2 Future Work

A more robust analysis of the effects of laser duty cycle and amplitude setpoint are required,
especially on samples of varying stiffness, which may influence the recommended parameters for
optimal TERS image quality. Further experiments should be conducted to verify the hypothesis
that a hot spot-tip apex separation is responsible for the poor performance of grainy silver

probes.
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Appendix A

Boundary Element Method

A.1 Boundary Element Method Derivation

Beginning with Eq. B.1.1, B.1.2, B.1.3 and B.1.4, the vector magnetic A, and the scalar magnetic

¢ fields are introduced in
E=ikA - V¢ (A.1.1)

and
B=VxA (A.1.2)

There is redundancy in Eq. A.1.2 as curl free components are ignored. To remove this the

Lorenz gauge condition is used:
V- A =ikep (A.1.3)

Using A and ¢, Gauss’ and Amperes Laws are transformed to:

(V2 + k2ep)op = —4w(§ + o) (A.1.4)
(V2 + E2ep)A = —%(uj +m) (A.1.5)
Where: ) .
0.=,-D-V- (A.1.6)
m = —i(z’wqﬁV(eu)) +H x V) (A.17)

o0s and m are only nonzero when the gradient of e is nonzero which occurs at the boundary
separating two distinct dielectric functions.
Eq.s A.1.4 and A.1.5 have the following general solutions:

1 ’Gi(lr —r’|)p(r’ sGi(lr —s|)o;(s
[ = o) + [ dsG (i —slhats) (A.18)

€ (w s;

¢(r) =
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A = ) [ e — i) + [ dsG (e = sy (9 (A.19)

Cc
J

Where S; is the boundary of medium j, and:

G,(r) = (A.1.10)

which is the green function of the following wave equation:
(V2 +k2)G(r) = —4md(r) (A.1.11)

The tangential electric field and normal magnetic induction at the boundary must be continuous,
and so the general solutions for ¢ and A must have the same value on either side of the interface.

This leads to the following continuity equations:

G10'1 7G20‘2 :gbg—gb‘i (A112)
Gihy — G2hy — A — AS (A.1.13)
Where:
62 (s) = L/dr’a(\sfrq) () (A.1.14)
7T W) g g .
AS(s) = @ /dr’Gj(|s — () (A.1.15)

And these are the scalar and vector potentials that would induced at the interface, provided the
entire space was filled with medium j, due to external charges.

In the nonmagnetic case, when u, = 0, the continuity of the tangential magnetic field and
the vector potential means the tangential and normal derivatives of the vector potential must be
continuous. Along with the Lorenz gauge it follows that (n,-V)A —ingkeue is also continuous.
Substituting Eq.s A.1.8 and A.1.9 into this, the following is obtained:

H1h1 — H2h2 — ik‘ns(G1€1/,élo'1 — G2€2/.t20'2) =a (A116)

where:
= (ng- V) (AS — AS) +ikng (e 1107 — eapind) (A.1.17)

and H; is the normal derivative of the Green function G, taken from both sides of the interface.
This is for nonmagnetic materials only.
For magnetic materials, an adjustment must be made to the tangential part, eventually

yielding the following;:

H1610'1 - HQEQO'Q - ikl’ls . (G1€1h1 - G2€2h2) = D° (A118)
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where:

D® = n, - (e1(ikAS — V¢%) — ea(ikAS — V,65)) (A.1.19)

which is the difference in normal displacement at the interface if the entire space was filled with

either medium, j.

When the surface and current charges o; and h; are calculated self consistently from equa-
tions A.1.12, A.1.13, A.1.16, A.1.19, then equations A.1.4 and A.1.5 give solutions to Maxwell’s
equations which satisfy the boundary conditions and go to zero at infinity [91], [92].
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Appendix B

Near-field Derivations

B.1 Maxwell’s Equations

Maxwell’s equations along with the Lorentz force law, form the theoretical basis of classical
electrodynamics. They will be used throughout the following derivations. In differential form

they are as follows:

1
V-E=—p, (B.1.1)
€0
V.B=0, (B.1.2)
OB
E=—— B.1.
V X 5 (B.1.3)

OE
V x B =puoJ + MOEOEa

with electric field E, magnetic field B, current density J , permittivity of free space €y, perme-

(B.1.4)

ability of free space pg, charge density p and the gradient operator V.
The Lorentz force gives the force on a charged particle in a magnetic and electric field:

F=¢E+VxB), (B.1.5)

with the velocity of the charge V. Additionally there are the two constitutive relations for the
displacement field D and the magnetic field strength H, which describe the fields in materials:

D =¢E +P, (B.1.6)
1

H=-B-M, (B.1.7)
n

where € and p are the permittivity and permeability of the material and P and M are the
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polarisation and magnetic response.

B.2 Near-field from an Aperture

Consider a two dimensional, perfect conductor in the x-y plane with a small circular aperture
of diameter a as shown in Figure 1.6. The uncertainty principle in the x-y plane, with the right

hand side set to 1 for simplicity is
Az, y)Akgy > 1, (B.2.1)

where k is the wavenumber: k = 27 /\. As A(x,y) is confined to the aperture

Akyy >a™t (B.2.2)
For a sub-wavelength aperture
2
A= % > a. (B.2.3)
Hence,
k
3 < a (B.2.4)
and
Akyy >a™ ' > k. (B.2.5)
Applying this result to the dispersion relation
2
B2 = k2 k2K = %e. (B.2.6)

implies k2 may be either positive or negative, so there become two distinct possibilities as the

planewave passes through the aperture. For k, > 0

A(z) = Age't==, (B.2.7)
This is the radiative wave. Alternatively, for k, > 0

A(z) = Age k=12 (B.2.8)

which will decay exponentially from the aperture, and so is termed the evanescent wave.

At large distances from an aperture, the radioactive wave will dominate. This typically occurs
beyond two wavelengths and is known as the far-field. Within one wavelength, the evanescent
wave contributes significantly. This region is known as the near-field [41]. The relationship
between the electric and magnetic fields are more complex in the near field, simplifying in the
far-field where they become orthogonal to one another and the direction of propagation [42].

The near field contains an increased power density, which decays exponentially away from

an aperture. This can be used in near-field applications to circumvent the diffraction limit. It is
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Figure B.1: Drude model consisting of a fixed lattice of positive ions e and non-interacting
electrons e scattering off lattice points, arrows indicate direction of travel —.

used in imaging techniques such as TERS, where the localised field from a metallic tip improves

the Raman signal by several orders of magnitude [15].

B.3 Bulk Plasmons - Unconstrained

The Drude model gives an approximation for the dielectric function of a material. The model
treats conduction electrons as a non-interacting gas, which relax via collisions with the lattice,
whilst the ions are stationary due to their relatively high mass, ignoring any quantum effects.
This model is illustrated in Figure B.3.1. The equation of motion for the Drude model is

d’x mrydx
ar T at

with electron mass and charge m and ¢ respectively, the decay constant 7 which accounts for

— qEq0t (1), (B.3.1)

the average time of scattering events with v being the inverse of this (y = 1/7), and the total
electric field, E¢y¢, being the sum of internal E;,; and external E.,; fields [40]).

For an oscillating external field of frequency w, the total electric field will oscillate at the
same frequency. If time harmonic excitation is assumed, i.e. E(t) = Ege~ !, then a particular
iwt

solution is x(t) = xge™**, with x( incorporating any phase shifts via

x= o B (B.3.2)

Using Eq. B.1.6 and the fact that the polarisation is given by

TL€2

P=—— B.3.3
m(w? + iyw)’ ( )
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where n is the number density of electrons, then

2E w2

D = ¢E — L, =¢(l — —2—)E, (B.3.4)
m(w? + iwm) w? 4+ iyw
where w,, is the plasma frequency
2
5 NE

= —. B.3.5
wP €gm ( )

Furthermore, € = €y¢,., where ¢ and €, are the free space and relative permittivities respectively.

And so finally, the permittivity of the free electron gas is

OJ2

=1-—2 B.3.6
W) = 1= (B.3.6)

with the real and imaginary components, €(w) = eg(w) + ie;(w), given by

W2r2
=1-—2__ B.3.7
R 1+ w272 ( )
w2T
_ pT B.3.8
‘1 w(1l + w?72) ( )

€7 gives the loss of the material, which needs to be minimal for a strong plasmon resonance. For
frequencies close to wy, €; will be minimised (Eq. B.3.8), hence the plasmon resonance occurs
at the plasma frequency. At this point €; &~ 0. This is for an ideal non-interacting electron gas
not a solid particle, and plasmon resonance will not always occur when ¢; ~ 0. Instead it is
geometry dependent. Interestingly, bulk plasmons are longitudinal compression waves (similar
to sound), and so light waves, being transverse, cannot couple directly into them. Some sort of
surface defect is needed.

Deviations from the plasma frequency will lead to considerable damping. In the low frequency

limit, the electric field decays exponentially into the material as
e—z/é
where § is the depth at which the current density falls to 1/e, known as the skin depth. In

effect, the surface is screening the bulk material from the external field. In the high-frequency

limit €; = 1 and so the material is effectively transparent to the external field [39].
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B.4 Surface Plasmons - One Dimensional Constraint

Consider a bulk material terminated at a surface as in Figure B.2, with a field propagating in

2. The normal component of D must be continuous across the boundary and so
€1E1. = e2Eo.. (B.4.1)
Furthermore, for a transverse wave, E, = 0 and k, = 0, so
kizEiz + kizEiz =0, (B.4.2)

where 7 is the material index (i.e. 1 or 2). The total dispersion in a material is given by

ki, + kD, kY = ec(; (B.4.3)
From Eqs. B.4.1, B.4.2 and B.4.3, the following dispersion relation is found
2 6162(.02
ki = (B.4.4)

v (61 + 62)02.

Consider a bulk metal (region 2) terminated by a dielectric (region 1). For the dielectric assume
free space, €; = 1. For the metal, using the Drude model and assuming zero damping (y — 0),

then e; = 1 — w?/w?. Hence

w2_w2 wg
k2= (——2)=—, B.4.5
p (WQ_WE)QC ( )

where ws = wp,/ V/2 is the plasma frequency. For a propagating wave k, must be positive and so
k2 > 0. This is satisfied only if:

1. w > wp (ky, and ko, both real) , or
2. w < w; (ky, and ko, both imaginary)

In the first case, there is propagation in both = and y. Incident waves are transmitted into
the metal without reflection, with both materials acting as dielectrics. These are known as
Brewster modes.

In the second case, the imaginary k. in both materials means the fields will decay exponen-
tially for |z| > 0, meaning the wave will be strongly localised to the surface of the metal. As
k, increases k2 — oo so the fields and charge densities become fully confined to the surface, i.e.
surface plasmons. Eq. B.4.5 is plotted in Figure B.3 and shows that direct coupling into the
surface plasmon is not possible as k. is greater for the surface plasmon than in free space, giving
a wavenumber mismatch. This can be overcome by using a prism or grating. Alternatively, and
more importantly here, defects from a perfect planar interface can allow light to directly couple

into plasmons.
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Figure B.2: Termination of bulk material (€1, 1) at an interface with another material
(€2, p12).
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Figure B.3: Modes of propagation for a Drude metal terminated by a dielectric. Produced
using Eq. B.4.5 with ¢ = 1 and wy = 1. k, is greater for the surface plasmon than the light
line, demonstrating that light cannot directly couple into these plasmon modes.
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Appendix C

Unsuccessful TERS Probe

Fabrication

C.1 First Attempt

This subsection details attempts made to fabricate nanocap TERS probes as illustrated in Figure
6.1(b) according to the dimensions detailed in Table 3.1 starting with an excitation wavelength
of 785 nm and a cone angle of 20° and a cone length of 220 nm.

For the first attempt, silicon AFM probes (AppNano ACCESS-FM), shown in Figure C.1(a~
b), were coated with a thin layer of gold. The geometry of the AFM tips makes coating all sides
of the pyramid tip with a uniform coating of gold in one static step impossible. The two-step
process illustrated in Figure C.2(a-b) was used to get a more uniform gold coverage. With the
thermal evaporation beam going top to bottom in the vertical axis, the top faces of the tip which
are perpendicular to the beam are coated efficiently.

Figure C.1(c-d) shows images of a tip after being coated with approximately 30 nm of gold as
measured using a quartz crystal monitor. energy-dispersive x-ray spectroscopy element analysis
results are given in Table C.1. The energy-dispersive x-ray spectroscopy results give the element
composition of the target area with a penetration depth that is typically on the order of 1um.
Hence, the results in the table extend beyond the surface layer. Figure C.1(c) shows that
islands or grains have been formed during thermal evaporation. The composition of these
islands is confirmed as predominantly gold as point 5 shows a mass composition of 92.7% gold.
In locations where islands are not formed, for example, areas 8 and 9, there is still a gold layer
of 68.2% and 57.3% by mass respectively. This indicates that a fairly uniform gold layer has
been deposited on the entire tip with gold islands forming randomly on the tip surface. The
formation of the islands indicates that thermal evaporation is not suitable for creating smooth
metal coatings on silicon tips.

A Helios G4 PFIB UXe DualBeam system with a xenon ion beam source was used in an
attempt to mill the gold-coated tips into nanocaps of the required 220 nm length. The milling

method used here is illustrated in Figure C.3, which removes only the surface gold layer and

120



- 100nm GICAN 3/4/2020

%30, 000 10.0kV LED SEM WD 9.4mm 11:57:52

(a) Uncoated (b) Uncoated zoomed

L] 100nm GICAN
x37,000 10.0kV LED SEM WD 15.2mm

(c) Tip after gold thermal evaporation (d) Points used for energy dispersive x-ray

spectroscopy of gold coated tip

Figure C.1: Scanning electron microscope images of silicon access probes (a-b) un-coated and
(c) coated with approximately 30 nm of gold. (d) Shows the points used for energy-dispersive
x-ray spectroscopy element analysis. The grain structures visible were confirmed to be gold
nanoparticles using energy-dispersive x-ray spectroscopy.

will be referred to as the surface-milling method. This method has the advantage that drift due
to charging of the tip can be mitigated by using an exposure width greater than the tip. The
downside is that visual contrast must be relied upon to determine when the gold layer has been
successfully removed. Figure C.4(a) shows the exposure profile in the FIB software, marked
by the rectangle. The desired gold cap length is left unmilled. The blurry edges and lack of
zoom were limitations inherent to the system used and resulted in poor control of the resulting
structure. The precision required to produce nanocaps of specific lengths was not possible using
this system. Furthermore, it was observed that the gold peeled off in clumps, showing that the

gold weakly adhered to the silicon layer. This indicates that an adhesion layer will be required.

121



5@9&&
3
0 1 abels
Z 9be1S 5
(a) Step 1 (b) Step 2

Figure C.2: Geometry for metal deposition on access AFM tips. The evaporation beam is
coming down vertically. Stage 1 and stage 2 allow for a uniform coating of gold on the tips.

Table C.1: Element analysis of gold-coated silicon access tip. The points given correspond to
those given in the scanning electron microscope image shown in Figure C.1(d).

Point Gold Silicon Carbon Oxygen
(Mass %) | (Mass %) | (Mass %) | (Mass %)
5 92.7 3.2 2.4 1.7
8 68.2 23.3 4.9 3.6
9 57.3 38.4 1.7 2.7
z
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(a) Geometry of cross-section
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Defined Exposure
(b) Tip (c) Defined (d) Resulting (e) Second (f) Final
cross-section exposure structure exposure cross-section

Figure C.3: Illustration of the first ion beam milling procedure to form a gold nanocap probe
as shown in Figure 6.1(b). This method consists of removing only the gold layer in the ex-
posure area. (b) Shows the cross-section geometry of a gold-coated TERS probe. (b) Shows
the initial cross-section consisting of a silicon base with a gold coating. (¢) Shows the first
ion beam exposure where the milling is terminated once the gold layer is removed. (d) Shows
the resulting structure after the first exposure. Following this, the structure is rotated 90°.
(e) Shows the second exposure and (f) the final cross-section which is free of gold and non-

conductive.
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(a) Focused ion beam exposure profile (b) Post focused FIB milled gold tip

Figure C.4: Focused ion beam images of the first attempt at fabricating gold nanocap tips
as illustrated in Figure 6.1(b) using a Helios G4 PFIB UXe DualBeam system with a xenon
ion beam source and the surface-milling procedure outlined in Figure C.3. (a) Shows the def-
inition of the ion beam exposure profile. The low resolution of the focused ion beam system
made defining the nanocap dimensions accurately impossible. (b) Shows the resulting struc-
ture. It was assumed that the contrast seen towards the tip apex is due to the silicon layer
being revealed.
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Figure C.5: Illustration of the second ion beam milling procedure to form a gold nanocap
probe as shown in Figure 6.1(b). This method consists of removing all material in the expo-
sure area. (a) Shows the cross-section geometry of a gold-coated TERS probe. (a) Shows the
initial cross-section consisting of a silicon base with a gold coating. (b) Shows the first ion
beam exposure where the rectangular areas are fully removed. (c¢) Shows the resulting struc-
ture after the first exposure. Following this, the structure is rotated 90°. (e) Shows the second
exposure and (f) the final cross-section which is free of gold and non-conductive.

C.2 Second Attempt

An alternative ion beam milling method is illustrated in Figure C.5. With this milling method-
ology, all material within the exposure area is removed. With this method, the gold layer can be
removed without relying on visual contrast in the scanning electron microscope image to indicate
that the silicon layer has been reached. This method was used for the attempt at fabricating a
gold nanocap that is described in this section.

A commercially available gold-coated access AFM probe was placed into a ZEISS Crossbeam
550 with a gallium ion source. An FIB image of the AFM tip is shown in Figure C.6(a). The
exposure pattern is marked as F3 and F4. F6 is a margin of error area that was calibrated to
the focused ion beam width as determined by milling a small hole in the cantilever. F1 is the
desired section of the probe to remain untouched and form the nanocap.

Figure C.6(b) shows the structure that resulted from the ion beam exposure. During the
milling procedure, the tip has become charged, causing drift in the ion beam position. This
resulted in the tip being cut in an undesired manner and no gold was left at the tip apex. This
procedure was attempted with several probes but no nanocaps were successfully fabricated. This

highlights the disadvantage of the through-milling method in that it is sensitive to drift.
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Figure C.6: Focused ion beam images of second attempt at fabricating gold nanocap tips as
illustrated in Figure 6.1(b) using a ZEISS Crossbeam 550 with a gallium ion source and the
through-milling procedure outlined in Figure C.5. (a) Shows the definition of the ion beam
exposure profile. F3 and F4 are the areas to be removed while the remaining shapes are
guides to create the nanocap geometry required. The high resolution of the system allowed
the nanocap to be defined accurately. (b) Shows the resulting structure which resulted after
drift in the ion beam caused the exposure area to cut off the tip
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