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Abstract

The use of plasmonic nanostructures in sensing applications has increased in recent
years owing to improved fabrication methods. Reports in the literature have
highlighted the great potential of film-over nanosphere (FON) and nanotriangle
surfaces as sensitive and reproducible Surface-Enhanced Raman Scattering (SERS)
substrates. The relationship between the physical and optical properties of
nanostructured arrays is of great importance and it has a significant influence on the
SERS enhancement exhibited by the arrays. However, there has been no comparative
study on the plasmonic and Raman properties of closely related FON and nanotriangle

substrates.

This research details a systematic investigation into the origin of SERS enhancement in
a series of nanostructures fabricated via modified nanosphere lithography (NSL). The
symbiotic relationship between SERS and plasmonics was exploited by using SERS to
probe and evaluate the nanostructured plasmonic surfaces. The relationship between
the physical and optical properties of the nanostructures was investigated to
understand and determine the optimal structures for use in SERS analysis. The optimal
substrates identified for every series investigated were not FON or nanotriangle arrays
but instead the closely related film-over etched nanosphere (FOEN) and nanohole
arrays which were the result of an etching step in the fabrication process. The
transition between nanotriangle and nanohole was studied and the localisation of hot-
spots on the structures was identified. Experimental SERS false-colour images showed
that in nanotriangle arrays, the electric field was concentrated at the point at which two
triangle apexes met. In nanohole arrays, the electric field was greatest on the metal
lattice that surrounds the holes. As the diameter of the nanoholes decreased, the
electric field was located around the rim of the holes and in nanohole arrays with very
small diameters the electric field was concentrated in the centre of the hole. The

experimental results were in good agreement with theoretical predications.

Nanohole arrays that were shown to have high SERS activity were used in a proof-of-
concept SERS sensing study resulting in the detection of labelled Streptavidin at
nanomolar concentrations. This method was then applied to a real-life system to probe

the interaction of Aurora A with IKK[ peptides.
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1. Introduction

CHAPTER 1 - INTRODUCTION

The study of the optical properties and applications of metals is an expanding and
active research area known as plasmonics. In recent years, there has been great
interest in nano-plasmonics which combines the fields of plasmonic and nanoscience
by investigating the optical response of metallic structures in the nanometer size
regime. This area has generated renewed interest in plasmonics and continues to
fascinate researchers with the wealth of applications that have been developed. Nano-
plasmonics has found popularity in numerous sensing applications, e.g. localised
surface plasmon resonance (LSPR) spectroscopy and surface-enhanced Raman
spectroscopy (SERS), due to the high sensitivity offered by these substrates. In parallel
with the increase in interest in nano-plasmonics, there has been an increase in the
development of fabrication methods that are able to prepare nano-plasmonic
structures. Nanosphere lithography (NSL) has shown promise as a cheap,
straightforward and reliable method of nanostructure preparation. NSL can be
modified to prepare a range of nanostructured substrates which can be tuned to the
needs of the desired application. Although several groups use NSL fabricated
nanostructures in SERS applications, there has been no systematic study which
focusses on the structure-property relationship of these structures with respect to the
SERS enhancement. This research details the investigation into the structure-property
relationship of a series of nanostructures fabricated by a modified NSL method to
determine the optimal structures for use in SERS and to evaluate the potential of these

substrates in sensing applications.

1.1 The interaction of plasmons with light

A plasmon has been defined as a “quantum quasi-particle representing the elementary
excitations of charge density oscillations in a plasma”.! The interaction of plasmons
with light gives rise to interesting optical phenomena that have been harnessed in
wide-ranging applications. When light in the visible or infra-red wavelength range
interacts with the free electron plasma of a coinage metal, a plasmon-polariton is
generated. The plasmon-polariton, also known as the surface plasmon (SP) is a

collective oscillation of the free conducting electrons of the metal. In order to detail the
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structure-property relationships in plasmonic materials, it is imperative to understand

the properties of plasmons and their interaction with light.

The optical response of a metal is governed by its dielectic function. A surface plasmon
can be excited at the surface of metals which possess the right material properties; a
metal must have a negative real and small positive imaginary dielectric constant to
support a surface plasmon. Both silver (Ag) and gold (Au) have a small negative real
value of the dielectric function which allows these metals to support a SP in the visible
wavelength range. As a result, these metals are of great interest in plasmonics as their

optical response is easily investigated.

Metallic surfaces can support two types of surface plasmon polaritons as illustrated in

NAIRIAE

Figure 1.1 - Schematic of A) a surface plasmon polariton and B) a localised surface plasmon.2

A propagating surface plasmon oscillates in a coherent manner along the metal-
dielectric interface in an x-, y- direction. This type of plasmon, also known as a
propagating surface plasmon polariton (PSPP), occurs in surfaces that are planar over
an area larger than the wavelength of the incident light. In theory, PSPP can propagate
infinitely in the x- direction. However, in a real metal the surface PSPP is damped by
absorption in the metal, decreasing the field intensity and shortening the propagation

distance. PSPP have been reported to propagate up to a distance of approximately 40
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um and 150 pm in Au3 and Ag3 4 metal films, respectively, when excited by light in the

visible wavelength region.

In planar metallic surfaces, in order for light to couple to a plasmon and excite a PSPP,
the momentum and energy of the incident radiation must be conserved. When this
occurs, the coupling conditions are met and the excitation of the PSPP can be observed
by a resonance peak. The wavelength of the resonance peak, or surface plasmon
resonance (SPR), is highly dependent on the incident wavelength, the angle of
incidence, the metal film thickness and the dielectric constant of the dielectric material.
SPR have narrow bands and are highly sensitive to changes in the dielectric

environment.

When electromagnetic radiation interacts with metallic particles that are comparable
or much smaller than the wavelength of the incident radiation, a localized surface
plasmon polariton (LSPP) arises. This type of plasmon is localized around nanoscale
features and is observed in metallic nanoparticles and in surfaces that have
nanostructured elements. Efficient coupling between the incident electromagnetic
radiation and the plasmon is required to result in excitation of the LSPP which can
subsequently be detected by a localized surface plasmon resonance (LSPR). The LSPR is
dependent on the same factors as SPR in addition to other parameters e.g. size and
shape of metallic particle. Both propagating and localised SPP are sensitive to the local
dielectric environment, with PSPP showing higher sensitivity due to sharper

resonances, and this trait can be exploited in SPR and LSPR sensing applications.

When the oscillation frequency of the surface plasmon at the metal surface is in
resonance with the frequency of the incident radiation, a large enhancement of the local

electric field at the metal surface occurs resulting in a large electric field intensity.

Electric field intensity

The electromagnetic energy at a metal-dielectric interface is confined to the surface
resulting in large local electric field intensities at this point. The surface electric field
inside the metal is parallel to the interface whereas the surface electric field outside the
metal is perpendicular to the interface.! The intensity of the electric field is higher
outside the metal and it is this feature that gives rise to surface-enhanced

spectroscopies.
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1.1.1 Surface Plasmon Resonance (SPR) spectroscopy

Surface plasmon resonance (SPR) spectroscopy is an optical analytical technique used
to investigate and evaluate changes in refractive index (RI) at a metal surface. Thin Ag
and Au films (50 nm in thickness) support a propagating surface plasmon which is
excited by visible light.5 Direct illumination of the SPP is not possible due to a mismatch
of the wavevector of light with the wavevector of the SPP and hence, a failure to meet
the coupling conditions, thus, the Kretschmann configuration, illustrated in Figure 1.2,
is the set-up most commonly used to achieve resonance between the incident light and

the SPP in practical applications.

Incident beam Detector

Prism

Metal

Dielectric

Figure 1.2 - Kretschmann configuration set-up for SPR spectroscopy.

In the Kretschmann configuration, the metal film is evaporated or mounted onto a glass
prism. The incident light undergoes total internal reflection in the glass prism and the
resulting evanescent wave penetrates the metal film and excites the SPP at the outer
face of the metal film. The SPP decays evanescently in the z- direction from the metal-
dielectric interface over a distance of approximately 200 nm and is therefore very
sensitive to changes in the refractive index of the dielectric medium. The RI of the
dielectric medium affects the wavelength of light absorbed by the SPP; increasing RI
causes red-shifting of the light in resonance with the SPP. Hence, adsorption of
molecules at the metal surface can be followed by analysis of the shift in SPP
wavelength and the shift observed is proportional to the size/number of molecules

adsorbed.¢ This process is shown schematically in Figure 1.3.
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The metallic thin film has to be modified with chemical groups or molecules that are
selective for the analyte to ensure wavelength shifts are not due to adsorption from the

bulk material.

Prism ‘ Analyte
Metal

Recognition molecule Sa_mtple
selective for analyte mixture

® o & ¢ O

eode
@
Z
=
i3]
G
@
o
AX
Wavelength

Figure 1.3 - Schematic of SPR spectroscopy

SPR spectroscopy is used to monitor and quantify binding in biological applications, e.g.
protein-protein’ and protein-DNA binding8, small-ligand screening®, and to detect the

adsorption of chemical species.10

1.1.2 Localized surface plasmon spectroscopy (LSPR)

Localized surface plasmon resonance (LSPR) spectroscopy is used to investigate the
change in RI of the dielectric at a nanostructured metal surface. It can sensitively detect
and quantify changes in the molecular adsorbate layer on the metal surface. Like SPR
spectroscopy, the analyte does not have to be tagged with an identifying label to enable
detection. LSPR spectroscopy most commonly investigates the wavelength shift of
transmitted /reflected light from the metal surface at a constant angle of incidence.
LSPR spectroscopy measures the extinction spectra of a sample and can be performed
using two-different experimental set-ups depending on the structure of the metal
surface. Transmission ultraviolet-visible (UV-vis) spectroscopy, as shown in Figure

1.44, is used when the metal takes the form of colloidal metallic nanoparticles in
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solution or when the metal sample is transparent. Incident light with a wavelength in
the UV-vis region illuminates the sample and the light transmitted from the sample is
collected and analysed to determine the LSPR wavelength. Identification of the
wavelength at which the maximum amount of light was transmitted results in the
determination of the LSPR peak. For opaque samples, UV-vis spectroscopy is used in an
epi-illumination configuration, as shown in Figure 1.4B, in which a probe fibre bundle
is used to both illuminate the sample with incident radiation and collect the light
reflected from the surface. The reflected light is analysed and the LSPR is determined

by locating the wavelength at which the minimum amount of light was reflected.

A B

|

Miniature

spectrograph
with CCD

il
PC y Reflectance probe
@
White light oo
source |

Fiber oo

=

PC

Miniature

spectrograph
with CCD

source

.

| White light

Figure 1.4 -A) LSPR spectroscopy instrumental set-up in transmission (trans-illumination) configuration.2
B) LSPR spectroscopy instrumental set-up in epi-illumination configuration.2

Comparison of the LSPR wavelengths of a bare sample and the same sample after
addition of the analyte results in a wavelength shift which is indicative of analyte

concentration.

Both SPR and LSPR spectroscopy can afford quantitative measurements and real-time
kinetic data for binding events that occur at the metal surface. SPR spectroscopy is
more sensitive to changes in the bulk refractive index than LSPR spectroscopy. The
electromagnetic field decay length of a LSPR sensor is around 40 times smaller than
that of a SPR sensor.1% 12 This results in LSPR surfaces interrogating smaller sensing
volumes than SPR surfaces, leading to more efficient sensing of molecular adsorption
processes by LSPR.13 LSPR sensors can be tuned to a specific wavelength region, from
the visible to the infra-red,’* by controlling the morphology of the nanostructured

surface. This provides an additional degree of flexibility in LSPR sensing strategies.
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However, both techniques suffer from disadvantages. Only molecules with a molecular
weight/size greater than a certain limit can be detected as small molecules do not cause
a significant change in RI at the metal-dielectric interface. This can be overcome by
conjugation of small molecules to metallic colloidal nanoparticles which dramatically
increases the RI change allowing detection to occur. Secondly, it is impossible to
confirm if an observed LSPR wavelength shift is a result of binding to the analyte
molecule or non-specific binding from the bulk matrix. Both sensing techniques

ultimately rely on the surface chemistry to selectively bind the analyte.

1.2 Raman Scattering

When light interacts with a molecule, several optical processes can occur. A molecule
can absorb a photon causing an electron to be excited to a higher energy level. If the
wavelength of the photon is within the UV or visible range, the electron is promoted to
an electronic excited state. If the photon is within the infra-red wavelength range, the
electron is promoted to a higher energy vibrational/rotational state in the same
electronic energy level. For absorption to occur, the energy of a photon has to match
the energy transition between energy levels. The energy of the absorbed photon can be
emitted via several mechanisms which ultimately result in the excited electron being
relaxed to a lower energy level. Emission of an absorbed photon is known as
luminescence; a process in which the emitted photon has the same energy as the
incident photon. Fluorescence is the most common form of luminescence in which the
emitted photon is of equal or lower energy than the incident photon. The difference in
energy between the incident and emitted photon is known as the Stokes shift. A photon
can also be emitted by phosphorescence which is a slower process than fluorescence
due to the electron undergoing a forbidden singlet to triplet transition. Similar to
fluorescence, the emitted photon undergoes a Stokes shift when emitted via

phosphorescence.

In addition to absorption, a second optical process can occur when light interacts with a
molecule. The incident photon can cause distortion of the electron cloud surrounding
the nucleus of the molecule resulting in scattering of the photon. Elastic scattering
occurs when the scattered photon is of the same energy as the incident photon. This is

known as Rayleigh scattering. If the scattered photon is different in energy to that of
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the incident photon, the scattering process is known as Raman scattering. The energy
of the incident photon does not have to be equal to that of an energy transition for
scattering to occur. Instead, the excited electron is promoted to a virtual state which
may or may not be equal in energy to that of an electronic, vibrational or rotational
energy level. The Raman shift is the change in energy of a photon as a result of the
scattering process. A Raman shift corresponds to a vibrational mode of a molecule

allowing identification of a vibration in a molecule.

Raman scattering can occur via two mechanisms, Stokes or anti-Stokes scattering, as

illustrated in Figure 1.5.

Virtual states

Ground electronic states

m

Rayleigh Stokes anti - Stokes
scattering scattering  scattering

E=hv E=hv-E,, E=hv+E, ,

Figure 1.5 - Diagrammatical representation of scattering processes.

Stokes scattering occurs when the incident photon is of higher energy than that of the
scattered photon resulting in a positive Raman shift whereas anti-Stokes scattering
occurs if the incident photon is lower in energy than the scattered photon and results in
a negative Raman shift. Stokes scattering is generally more intense as the majority of
the molecules are in the ground state prior to the scattering interaction as predicted by

the Boltzmann distribution.!

Each Raman-active vibration within a molecule results in a characteristic peak and so
Raman scattering is a vibrational spectroscopic technique which gives a characteristic,
fingerprint spectrum for the analyte molecule. One of the great advantages of Raman

spectroscopy is that water is only weakly Raman active hence does not interfere in the
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spectra obtained from molecules in an aqueous environment. This is hugely beneficial
in a wide-range of applications, particularly so in the analysis of biomolecules as it

allows them to be analysed in biologically-relevant buffers.

Raman scattering is an inherently weak process; at maximum efficiency, only one
photon in every ten million undergoes Raman scattering. However, scattering
efficiencies can be enhanced by the use of resonance Raman scattering (RRS), surface-
enhanced Raman scattering (SERS), or a combination of both these techniques, surface-

enhanced resonance Raman scattering (SERRS).

RRS occurs when an electron is excited to a virtual state and the energy transition is in
resonance with an electronic transition within the analyte molecule. This results in a

resonance contribution toward the Raman enhancement of approximately 103 - 104.15

1.2.1 Surface-enhanced Raman Scattering (SERS)

The Raman scattering enhancement obtained when a molecule is adsorbed onto a
roughened metal surface was first observed by Fleischmann and co-workers in 1974.16
Independent investigations in 1977 by Jeanmaire and Van Duyne!? and by Albrect and
Creighton!8 confirmed this observation. The effect was denoted surface-enhanced
Raman scattering (SERS) and it has been shown to enhance the Raman scattering in the

order of 106 - 107 and up to 1014 under certain conditions.9

1.2.1.1 Enhancement mechanisms

There are two proposed theories that explain the enhancement in Raman scattering
observed when a molecule is adsorbed onto a roughened metal surface.
Electromagnetic enhancement is postulated to originate from coupling of the incident
and Raman scattered photons with the SPP of the roughened metal surface. As
discussed in section 1.1, interaction of electromagnetic radiation with a Ag or Au
surface generates a SPP which results in an enhanced local electric field at the metal
surface. The metal surface has to be roughened at the nanoscale so as to trap the SPP
and prevent it from propagating in the x-, y- direction. The trapped SPP gives rise to
intense electric fields localised at the metal surface which enhances the Raman
scattering efficiency. As a result of this local electric field, molecules which are

adsorbed on or are in close proximity to the metal surface and so within the enhanced
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electric field, undergo a large enhancement in Raman scattering. The electromagnetic
mechanism is regarded to be the major contributing factor to the SERS enhancement.20
21 The second enhancement theory, charge transfer theory, is generally accepted to
have a smaller contribution. This theory postulates that when a molecule is
chemisorbed onto a roughened metal surface, a new species is formed which can
undergo charge transfer from the molecule to the surface and vice versa. The charge-
transfer causes resonance-type effects resulting in enhancement of the Raman
scattering. The charge-transfer theory requires the analyte to be chemically adsorbed
on the metal surface and so does not explain enhancement observed from molecules
that are in close proximity to the metal surface. Both theories have undergone thorough
fundamental investigation however it is difficult to separate the relative contributions
of the electromagnetic mechanism and the chemical mechanism to the overall
enhancement. Today, it is generally regarded that the electromagnetic contribution is

dominant in the enhancement observed in SERS experiments.

1.2.1.2 SERS experimental considerations

A laser, typically in the visible or near infra-red wavelength region, is used as the
incident light source. The laser photons simultaneously excite the LSPR of the SERS
substrate and cause Raman scattering to occur within the analyte molecule. The SERS
substrate must support a LSPR within the wavelength range of the laser and can take
the form of a wide-range of surfaces.22 Typically Ag or Au metallic colloidal
nanoparticles are used but there has been recent interest in the use of ordered 2D or
3D Ag or Au nanostructures.23 The flexible nature of SERS allows analytes to be in the
form of solutions or dried onto a nanostructured surface. The only stipulation is that
the analyte molecule must be adsorbed on or in very close proximity (within 10 nm) to
the SERS substrate. SERS analysis can be performed using a trans- or epi-illumination
set-up. A notch filter blocks the reflected laser photons as these would dominate the
SERS spectra if present. A detector collects the scattered photons generating a plot of
Raman shift versus intensity, known as a SERS spectrum. The intensity of the scattered
photons is dependent on numerous factors and can be varied by controlling the
incident laser power, the objective magnification used and the acquisition time of the

measurement.
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1.2.1.3 SERS distance dependence

An important factor to take into consideration when designing SERS experiments is the
effect of the distance between analyte and metal surface on the SERS enhancement. The
local enhanced electric field generated by coupling of incident photons with a LSPP
originates at the metal-dielectric interface but extends beyond the metal surface. This
creates a sensing distance of a few nm from the surface. It is not always practical for
analytes to be adsorbed onto the metal surface. The ability to enhance the Raman
scattering from molecules that are in close proximity to the metal surface is very
important in many experiments. Often, the metal surface can be functionalised with a
self-assembled monolayer of molecules designed to provide a specific attachment point
for the analyte or improve biocompatibility of the substrate. This results in the analyte
not being directly adsorbed. The distance dependence of SERS has been shown to
behave according to the relationship shown in equation 1.124 where I = intensity of
Raman scattering, a = radius of curvature of roughness feature on metal surface and r =

distance of molecule from surface.

(a+ :r")_m
I =
i

(1.1)

Theory predicts that the intensity of Raman scattering decays as the distance between
molecule and surface increases therefore practical consideration of this factor is

required when performing SERS experiments.

1.2.1.4 SERS surface selection rule

The effect of the orientation of the analyte molecule adsorbed on the metal surface on
the intensity of the SERS enhancement is described by the SERS surface selection rule.
The most intense SERS enhancements are observed from vibrational modes within the

analyte molecule that are perpendicular to the roughened metal surface.25

1.2.1.5 Metal selection

Ag and Au particles and nanostructures can both be used as SERS metals as they
support a LSPR in the wavelength regions which corresponds to the most widely used
and available laser excitation wavelengths. The use of Ag results in larger SERS
enhancements compared to Au as Ag has a more favourable scattering-to-absorbance

ratio and is more polarisable than Au.26 However, Au is less prone to oxidation under

11
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ambient conditions?” than Ag therefore, there must be a balance between substrate

stability and large SERS enhancements.

1.2.1.6 The relationship between LSPR and SERS

As discussed previously, the SERS enhancement is almost exclusively due to coupling
between the incident photon and the local electric field at the metal surface. Therefore,
the SERS enhancement is heavily dependent on the local electromagnetic field
enhancements at the metal surface that occur on excitation of the LSPR by incident
radiation. The SERS enhancement has maximised efficiency when the LSPR maximum is
closely matched to the laser excitation wavelength.28 There has been great interest in
engineering both the LSPR and the local electric field enhancement of the SERS

substrate to result in intense SERS enhancement factors.29-33

1.2.1.7 Enhancement Factor (EF)

SERS enhancement factors (EF) are often stated in literature reports to compare the
enhancement obtained from different SERS substrates. The EF is defined as the
enhancement obtained with respect to what would be obtained under non-SERS
conditions (i.e. in the absence of the SERS active substrate) for the same analyte
molecule under the same environmental conditions. The EF for a specific SERS
substrate or system can be calculated using equation 1.2 where Isgrs is the intensity of
the SERS signal (usually obtained from the peak height of a characteristic peak), Irs is
the intensity of the Raman signal (obtained from the peak height of the same
characteristic peak), Nsur is the average number of adsorbed molecules in the same
scattering volume for the SERS measurement and Ny, is the average number of
molecules in the scattering volume for the Raman measurement (Nvoi = crsV where cgsis

the concentration of the analyte and V is the scattering volume).

I N
EF = SERS Surf
Ins Nyg (1.2)

The EF is heavily influenced by the local-field enhancements at the substrate and in
turn, the local-field enhancement is strongly dependent on the exact position of the
probe molecule on the surface which results in highly non-uniform SERS EFs across a

surface. This can be overcome by calculating the average SERS EF for a surface. Reports

12
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in the literature have claimed enhancement factors ranging from 10¢ for isolated
metallic nanoparticles34 to 108 for dimer nanoparticles3> and up to 1014 for colloidal
gold clusters.1? Often, the relationship between SERS enhancement and reproducibility
is inversely proportional to one another and it is important to find a balance between

the two for the desired application.

Large EF in the region of 101 can also be achieved through the use of surface-enhanced
resonance Raman scattering (SERRS) in which a molecular resonant dye is used as the
Raman reporter. SERRS occurs when the dye, which must be in close-proximity to the
roughened metal surface, has an electronic transition which is in resonance with the
incident radiation resulting in promotion of an electron within the dye molecule to an
electronic excited state. Coupling occurs between the chromophore and the local-

electric field at the metal surface resulting in large SERS enhancements.36

1.2.1.8 Applications

SERS is a sensitive spectroscopic technique that can give molecularly-specific
information and can be applied to a variety of analytes. Reproducibility of the SERS
enhancement can be problematic and further investigation is on-going to try to remedy
this. The direct detection of a wide-range of analytes has been achieved using SERS, e.g.
DNA,37 proteins,38 viruses,?® drugs, explosivestl and water contaminants.42
Additionally, analytes can be labelled with Raman reporter molecules, often small
molecules or dyes, to further aid detection.#3-45 SERS has the ability to be used in the
simultaneous analysis of multiple analytes, known as multiplexing, as SERS peaks are
narrow and characteristic to a particular molecule.#¢ The many multi-disciplinary
applications of this technique highlight its potential as an extremely useful analytical

technique, especially in the field of bioanalysis.
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1.3 Ordered 2D plasmonic nanostructures

Plasmonic nanomaterials can take many forms, from colloidal nanoparticles in solution
to highly ordered 1D, 2D and 3D metallic arrays. Figure 1.6 illustrates the form of

selected nanomaterials.

* Tt

»P 09 DIV
o Jo
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nanoparticle string packed nanoparticle array

colloidal nanoparticles

Figure 1.6 - Schematic images of plasmonic nanomaterials.

In recent years, the use of 2D ordered plasmonic substrates in analytical applications
has grown.#’9 In part this is due to a better fundamental understanding of the
plasmonic nature of the substrates; however, the development of suitable lithographic

fabrication processes has been instrumental in their increased popularity.

1.3.1 Fabrication of ordered plasmonic nanostructures

The fabrication method used to prepare a series of plasmonic nanostructures for
research into substrate properties, use in sensing applications or commercialised
analysis, should be inexpensive, straight-forward, highly reproducible and possess the
ability to fabricate samples in parallel. Ideally, the method should also be easily adapted

to alter sample parameters.

1.3.1.1 High-tech lithography methods

Photolithography, which is also known as UV lithography, is a technique often used to
fabricate nanostructures.5® The substrate is coated with a photoresist layer that reacts
under irradiation with UV light and marks a pattern onto the substrate surface. The
marked areas have a different chemistry to the bare areas and so can be selectively
developed to create a nanostructured pattern. The fabrication of multiple samples in

parallel can be achieved using photolithography. The main drawback to this
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lithographic technique is that it suffers from diffraction-limited resolution that limits
feature size to approximately 100 nm. Recent research, however, has demonstrated
that this diffraction-limit can be overcome by the use of two excitation sources at

different wavelengths.5!

Focused ion-beam milling (FIB) is a hard lithographic technique that uses Ga* ions at a
high beam current to mill through the target substrate to create nano-scale features.
FIB is a very precise technique that can fabricate high-resolution nanostructures and

has been used to fabricate nanohole-type arrays on both Ag and Au substrates.52 53

Electron-beam lithography (EBL) is a commonly used alternative to FIB. The surface is
coated with a resist layer that is exposed to a high energy electron beam resulting in
the production of the required pattern. Deposition of a metal onto the surface results
in metal accumulating in the gaps in the resist. The resist layer is then removed
resulting in a surface with nano-patterned metal features. This technique has been
employed to fabricate numerous types of nanostructure; Au nanoholes and
nanocrescents,5* 55 Ag nanoparticles’¢ and quantum dot nanostructuress’ amongst

others.

FIB and EBL are very precise methods of nanostructure fabrication which can create
high-resolution defect-free patterns with a high-degree of reproducibility. However,
samples cannot be prepared in parallel and both techniques require expensive
equipment therefore these methods are not ideally suited to the preparation of
nanostructured substrates for use in commercial applications.>® Recently, research
effort has been focussed on the development of lithographic techniques for
nanostructure fabrication that are less expensive to run and can be performed in

parallel.

1.3.1.2 A low-tech lithography method with excellent potential -
Nanosphere Lithography (NSL)

Nanosphere lithography (NSL) was popularised by the Van Duyne group for the
fabrication of plasmonic substrates>® and it is now used extensively for the fabrication
of several 2D close-packed nanostructured array formats. It is based on natural
lithography, a microfabrication method developed by Deckmann and co-workers.60 NSL

is inexpensive, straightforward and capable of parallel sample preparation.
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A schematic of the NSL process is shown in Figure 1.7.

1. Metal deposition
Sphere deposition thickness = 50 nm

—_—

2. Sphere removal

5 um

Metal deposition

thickness = 100 - 200 nm Metal nanotriangle array

10 um
Metal FON array

Figure 1.7 - Schematic of NSL procedure to fabricate metal FON array!4 and metal nanotriangle array.6!

A solution of colloidal spheres is either drop-coated,s? transferred from a Langmuir
monolayer,3 or spin-coated5® onto a clean surface. It is essential that the surface is
contaminant-free to promote a uniform sphere self-assembly process therefore
surfaces are often cleaned in piranha solution prior to use. The deposited nanospheres
freely rearrange themselves until they reach their lowest energy configuration. As the
solvent evaporates from the substrate surface, capillary forces draw the nanospheres
together. The nanospheres then crystallise and form a hexagonal close-packed
monolayer. A metal layer is then deposited through the colloidal crystal mask using a
physical vapour deposition method at 90° to the surface. The deposition process results
in triangular metal prisms being formed in the voids between the colloidal spheres.
Removal of the colloidal sphere mask by sonication of the substrates in a suitable
solvent results in nanotriangle arrays.6! If a thicker metal layer is deposited and the
spheres are not removed by sonication, a film over nanosphere (FON) array is
generated.5* The diameter (D) of the colloidal spheres used determines the size and

interparticle spacing of the nanotriangles and nanospheres.

The process is not perfect; dislocations and defects interrupt the well-ordered
structure but it is possible to fabricate large areas of nanostructures (10 - 100 pm?) that

are defect-free using this method.61. 65
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NSL is a general fabrication process that can be applied to numerous materials. Glass,5%
63 silica,6 67 micaé” and indium tin oxide®® have all been used as substrates onto which
the colloidal crystals are assembled. The colloidal masks are usually polystyrene or
silica spheres however modified polymers have also been used.6® A variety of materials
have been deposited through the mask to prepare nanotriangle arrays including noble

metals,5 magnetic?0.71 or semiconductor materials’2 and polymers.73
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1.3.1.3 Modified NSL to fabricate nanohole arrays
Nanohole arrays can be fabricated using modified NSL which incorporates a reactive

plasma etching step of the colloidal spheres before metal deposition, as illustrated in

Figure 1.8.
v Etching of spheres
—_— —_—
oo

1. Metal deposition
2. Sphere removal

Metal nanohole array

Figure 1.8 - Schematic of modified NSL process to fabricate metal nanohole array.’+

Masson et al. have used a modified NSL method to fabricate nanohole arrays.63. 74 In this
technique, ambient air or oxygen plasma is used to generate ionic species which oxidise
the latex spheres on the substrate. This results in spheres which retain the lattice
spacing but have a decreased diameter. The diameter of the spheres is easily controlled
by monitoring the etch time: the longer the etch time, the smaller the diameter of the
spheres. Sonication of the arrays after metal deposition in a suitable solvent results in
nanohole arrays. The etch step is an inhomogeneous process which results in rougher
sphere surfaces as the etch time increases. This roughness is translated to the inner

hole area of the nanohole arrays.

Modified NSL provides a simple method for the preparation of a series of samples with
decreasing hole diameter. Using this method, the properties of samples that encompass

the transition of nanotriangle to nanohole can be systematically investigated.

18



1. Introduction

1.3.1.4 Other variations on NSL
Variations on the NSL process have been used by many groups to fabricate a plethora of

nanostructured surfaces.5 63, 66,75-78

Modifications to the polymer sphere self-assembly step

Ormonde et al. developed a method to decrease defects in the colloidal crystal self-
assembled monolayer created by NSL.”> The method was based on convective self-
assembly and was shown to increase the quality and uniformity of the monolayer.
Using this method, the authors were able to fabricate a 1 cm? area of hexagonally close-
packed nanospheres. Interesting nanostructured arrays can be fabricated using a more
concentrated polymer sphere solution.> In this case, the spheres self-assemble to form
a 2D bilayer structure in which the spheres of the upper layer lie in the depressions
formed by the lower layer. Metal deposition occurs through the gaps in the bilayer
resulting in metal nanoparticle arrays with one structure per unit cell compared to a
nanotriangle array formed from a monolayer of polymer spheres which has two

structures per unit cell as illustrated in Figure 1.9A and B.

1ym

Figure 1.9 - A) Result of NSL using a single layer colloidal crystal mask. 59 B) Result of NSL using a double
layer colloidal crystal mask.59 C) SEM image of polystyrene NSL mask after thermal annealing.”8 D) SEM
image of ordered Fe nanorings fabricated by NSL with the inclusion of a thermal annealing step.78

A thermal annealing step can be introduced after sphere self-assembly resulting in the
apertures between the spheres shrinking and adopting a circular shape as illustrated in
Figure 1.9C.78 As shown in Figure 1.9D, this method has been used to create a well-

ordered array of nanorings. As discussed previously, the polymer sphere self-assembly
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can be performed on substrates other than glass. Metallic nanopore arrays have been
fabricated by Bartlett et al’6 using NSL on an Au electrode followed by electro-chemical
deposition of the metal layer. Nanopore arrays are prepared on a metal surface and so
the entire surface of the pore is metal. This differs from nanohole arrays which are
prepared on glass, therefore the base of the hole is glass whilst walls of the hole are

metal.

Modifications to the etch step

Triangular nanopore arrays have been fabricated by Whitney and co-workers using a
method that combines NSL and reactive ion etching (RIE).¢6 Reactive CF4 plasma was
used to etch the exposed Si(111) substrate between the polymer spheres resulting in a
well-ordered array of nanopores. A triangular nanopore array was produced after
removal of the polymer spheres. It was further demonstrated that by etching the

samples at an angle, the in-plane width of the triangular nanopore could be controlled.

Modifications to the metal deposition step

The samples can be tilted at an angle during the metal deposition step. This technique
is known as glancing angle deposition (GLAD) and results in different morphologies of
the deposited metal depending on the angle used. Masson and co-workers used GLAD
to form an array of inter-connected nanotriangles using a deposition angle of 18°,
nanohole arrays using a deposition angle of 30° and crossed nanowires at a deposition
angle of 45°.63 A range of nanostructures fabricated by GLAD are shown in Figure 1.10A.
Angle-resolved NSL has been used by Haynes et al. to fabricate arrays with noteworthy
nanoparticle structural motifs. Nanooverlap structures were formed when a second
metal deposition was performed at an angle below that of the first deposition, nanogap
structures were formed when a second metal deposition was performed at an angle
above that of the first deposition and nanochain structures (shown in Figure 1.10B)
were formed when more than two metal deposition steps were carried out at varying

angles.”?
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Figure 1.10 - Nanostructures fabricated by NSL with modifications to the metal deposition step A)
Nanostructures fabricated using GLAD.63 B) Nanochains fabricated using angle-resolved NSL. 77

A combination of mask annealing after self-assembly and shadow NSL, which involves
metal deposition whilst rotation of the samples at an angle, has been used by Kosiorek
and co-workers to fabricate a wide-range of well-ordered nanostructured arrays

including rings, dots and rods.”8

1.3.1.5 Advantages of NSL as a fabrication technique

NSL is a cheap and facile nanostructure fabrication method. It can easily be performed
in a standard lab without the need for expensive equipment, clean-room practices or
extensive training. It can produce relatively large areas of defect-free nanostructured
surface which is advantageous when compared to alternative fabrication methods. NSL
allows samples to be prepared in parallel which lends itself to high-throughput
production. FIB and EBL can only produce small areas of nanostructured surface and
fabrication cannot be performed in parallel which is inconvenient when developing a
high-throughput method of nanostructure fabrication. In addition, FIB is a time-
consuming technique and both EBL and FIB require the use of expensive equipment.
One of the great advantages of NSL is that there is exquisite control over sample
properties. By controlling the diameter of the spheres and the thickness of the metal
layer, substrates produced by NSL can be easily tuned to specific parameters. Further
control over tuning of the samples can be achieved with modified versions of NSL
resulting in tuning of the LSPR from visible to near-IR wavelengths dependent on

experimental requirements.’+
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1.4 Substrate engineering for optimal use in sensing

applications

The architecture of the nanostructure significantly influences both the LSPR position
and the intensity of the electric field at the metal surface. Hence, there has been great
interest in understanding the structure-property relationship of 2D ordered

nanostructured surfaces.

1.4.1 Tuning the LSPR

In order to design optimal nanostructured materials for SERS sensing applications,
fundamental understanding of the properties that govern the LSPR wavelength and the
SERS enhancement factor (EF) is required. It is imperative that the effect of
nanoparticle size, shape and periodicity on the LSPR wavelength is fully understood.
The effects of nanostructure architecture on optical response have been extensively
and systematically studied by the Van Duyne group.?? 80 As discussed earlier, NSL
allows the preparation of nanostructured arrays with excellent control of size, shape
and periodicity hence, NSL fabricated structures were exploited by Van Duyne and co-

workers to investigate the relationship between structure and optical properties.

The effect of size of nanostructures on LSPR wavelength

The effect of size of nanostructure on LSPR was evaluated by Van Duyne and co-
workers by varying the in-plane width (labelled as a in Figure 1.11B) and out-of-plane
height (labelled as b in Figure 1.11B) of Ag triangular nanostructures.’® The LSPR red-
shifted to longer wavelengths as the in-plane width of the nanostructures increased.
Conversely, the LSPR blue-shifted to shorter wavelengths as the out-of-plane height
increased. The authors demonstrated that the LSPR could be tuned from 426 to 782
nm, as shown in Figure 1.11A, by controlling the in-plane width and out-of-plane height

of the nanostructures.
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Figure 1.11 79 - A) LSPR response of a series of Ag triangular nanostructures with different dimensions. B)
AFM images and measured dimensions of nanostructures that correspond to LSPR peaks D and G. Labelled
distance a represents in-plane width. Labelled distance b represents out-of-plane height.

The effect of shape of nanostructure on LSPR wavelength

It has been documented that different geometrical shapes of colloidal nanoparticle
show distinct optical responses.8! The effect of nanostructure shape on the LSPR peak
was investigated by electrochemically oxidising the nanostructures to modify the shape
in a controlled manner.8° Selective oxidation of the triangular nanostructures occurred
in the following order after a number of chronocoulometric runs; bottom edges,
triangular tips, top face. This resulted in a series of nanostructures with different
morphologies that could be utilised to investigate the optical response. It was
demonstrated that the LSPR peak underwent a blue-shift as the number of oxidations
increased and the sharp edges of the nanostructure were softened as shown in Figure

1.12.
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Figure 1.12 - LSPR response of triangular nanostructures that had undergone electrochemical oxidation to
alter the shape.80
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This method was shown to successfully tune the optical response from 654 to 506 nm

using colloidal crystals with an initial diameter of 390 nm.

These studies highlight that the size and shape of the nanostructures are instrumental
in determining the position of the LSPR peak. By controlling the size and shape of
nanoparticles in NSL-fabricated arrays, the LSPR can be tuned from 400 to 800 nm

encompassing the entire visible region of the electromagnetic spectrum.”?

The effect of inter-particle distances on LSPR wavelength

A gap SPP occurs when two metallic particles are brought within close proximity to one
another. A coupling occurs between the LSPP of each particle, resulting in a new
coupled resonance which is red-shifted and broadened compared to the single particle
LSPR. The outcome of this effect is a greatly enhanced electric field intensity.! The gap
distance between the two particles greatly affects both the LSPR wavelength and the
local electric field intensity. 2D nanostructures fabricated by EBL have been used by
researchers to investigate the effect of inter-particle distance on LSPR wavelength as

EBL allows exquisite control of the inter-particle gap diameter.

El-Sayed et al. investigated the effect of an inter-particle gap of between 2 and 212 nm,
in Au nanodisc pairs, on the LSPR wavelength.82 It was shown that on illumination by
polarised light along the inter-particle axis, the LSPR red-shifts as the inter-particle
distance decreases. This red-shift effect is observed in similar systems and occurs when
the inter-particle distance is much smaller than the incident light wavelength due to

static dipolar coupling between the particles.83

When the inter-particle distance is larger and approaches the wavelength of light,
electromagnetic coupling between particles results in more complex behaviour. For
inter-particle distances of greater than 200 nm, it was observed by Haynes and co-
workers that the LSPR peak blue-shifts as the inter-particle distance decreases.8* This
observation holds true for various shapes and sizes of nanostructure.8> Computational
calculations were in good agreement with the experimental observations. In addition,
the computational analyses revealed that the blue-shift of the LSPR peak was due to
both radiative dipolar coupling between the particles and retardation effects in which

the resonances of the particles are out-of-phase.

The observations, noted by El-Sayed8? and Haynes8 were in good agreement with

research previously reported by Moerner et al. in which the coupling of a single Au
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bow-tie nanoantenna with varying interparticle distances was investigated.8¢ The bow-
tie nanoantenna consisted of two tip-to-tip facing Au nanotriangles with a triangular
length of 75 nm and an inter-particle gap distance ranging from 16 - 485 nm. The
authors reported that on irradiation by light that was polarized along the inter-particle
axis, two distinct LSPR shifts were observed; the LSPR initially blue-shifted as the inter-
particle gap distance decreased from 485 to 293 nm followed by a LSPR red-shift as the
inter-particle gap decreased under 97 nm. It was also noted that the effect of inter-
particle distance on LSPR was dependent on the polarization direction of the incident
radiation: when incident radiation polarised perpendicular to the length of the
triangles was used, the LSPR demonstrated little dependence on the inter-particle
distance. The results from theoretical finite-domain time difference (FDTD) and
coupled dipole approximation (CDA) calculations were in agreement with the

experimental conclusions.

El-Sayed conducted further research on the effects of inter-particle spacing on the LSPR
wavelength and derived a plasmon ruler equation that estimated the inter-particle
spacing between two Au nanospheres based on the shift of the LSPR peak.82 The
authors reported good agreement between the inter-particle gaps that were
experimentally determined and calculated using the plasmon ruler equation. It was
also demonstrated that inter-particle coupling decays via an exponential curve, as

shown in Figure 1.13, as the distance between the particles increased.
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Figure 1.13 82 - A) Simulated plasmon shift curve for Au nanodisc pair of various diameters. B)
Experimental plasmon shift curve for Au nanodisc pair of 88 nm diameter.

From the resulting exponential curves, the decay length was determined to be around
0.2 in units of the particle size. This value was shown to hold true for nanoparticles of

different shapes, sizes, metal types and dielectric constant.
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1.4.2 Chemical and biosensing using LSPR spectroscopy

The use of nanostructured materials in chemical and biosensing applications is wide-
spread. Again, the work of the Van Duyne group is very prominent in this field.87-94
Initial biosensing experiments investigated the detection of Streptavidin® and anti-
biotin88 on biotin-functionalised nanotriangle arrays. Streptavidin could be detected in
the high-femtomolar range using this method which was a significant result. Detection
of anti-biotin, an antibody specific for biotin, was achieved in a physiologically relevant
buffer which demonstrated the application of this method to biosensing strategies. This
method was also applied to the detection of the lectin concanavalin A on mannose-
functionalised nanotriangle arrays.8® This group reported the sensitive and clinically
relevant detection of a biomarker for Alzheimer’s disease using a sandwich format
LSPR assay and initial work reported a limit of detection of 100 fM.% This sensing
strategy was further developed to detect the biomarker in biological samples
highlighting the potential for this application in clinical diagnosis of a variety of
diseases which have an associated biomarker and antibody pair.°? This work
demonstrated the first clinical diagnostic application of LSPR sensing. The detection of
an electronically resonant molecule by LSPR spectroscopy was established by this
group. The researchers showed that adsorption of a molecule with an electronic
transition in resonance with the LSPR peak of the substrate resulted in an amplified
wavelength shift.97 This strategy could be used to benefit the detection of small
molecules which under normal LSPR conditions cannot be sensed as they do not cause
a large enough change in RI.92 Recently, amplification of the LSPR response has been
achieved by detection of surface-bound analytes with antibody-gold nanoparticle
conjugates which significantly increases the change in RI at the surface. This method
was shown to improve the limit-of-detection by 3 orders of magnitude demonstrating

the potential of this method for biosensing applications.?3

Chemical sensing using LSPR spectroscopy has also been achieved by the Van Duyne
group. Modification of nanotriangle arrays with a metal-organic framework material

resulted in a porous substrate that could sense carbon dioxide.9*

The majority of reports of LSPR sensing in the literature are performed on nanotriangle
arrays fabricated by NSL. In recent years, LSPR sensing has also been accomplished on
alternative ordered substrates. An ordered gold-capped nanoparticle substrate was

used by Minh and co-workers for the detection of casein in milk samples.?8 Prostate-
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specific antigen (PSA) detection via an enzyme reaction was achieved on Au nanodisc
arrays fabricated by nanoimprint lithography.®® Most recently, Au nanoarrays of
varying size and shape fabricated by EBL were used to sense neutravidin by LSPR

spectroscopy.100

1.4.3 The use of ordered 2D nanostructures in SPR sensing

Ordered 2D nanostructured arrays have been used in SPR sensing applications. Au
nanohole arrays prepared using FIB/EBL or soft-nanoimprint’! lithography have been
used as SPR substrates in sensing applications. They have been reported to have a
sensitivity to refractive index of around 400 nm/refractive index unit (nmRIU-1) which
is comparable to that of other grating-based SPR surfaces but less than that of
continuous thin films.101 Antibodies,5* IgG192 and glutathione S-transferase (GST)103 are
amongst the biomolecules detected at nanomolar concentrations on Au nanohole
arrays. The sensitivity can be increased by conjugation of the biomolecule to a

nanoparticle.104

The use of Au nanohole arrays in flow-through SPR sensing is a recent development in
the field that benefits from improved transport of the analyte to the activated
surface.105 This may result in lower sample volumes being required for analysis. In-hole
detection of Streptavidin has been performed resulting in a smaller sensing area and a

lower limit of detection compared to conventional flow-over detection.106

The use of nanostructured arrays in SPR sensing highlights the possibility of combined
simultaneous analysis by SPR and a second complementary technique, e.g. SERS or
surface-enhanced fluorescence. This would be advantageous as more experimental
information could be gathered from one sample preparation. Recently, Meyer et al.
published an experimental set-up capable of performing simultaneous SPR and SERS
measurements highlighting the interest in the development of complementary

analyses.107
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1.5 The use of 2D ordered nanostructured arrays as

SERS substrates

Ordered metallic arrays have distinct advantages over metallic colloidal nanoparticles
and disordered metal structures as SERS substrates. The LSPR of ordered
nanostructures prepared by NSL can be easily tuned to be in resonance with the laser
excitation wavelength resulting in more efficient coupling between the incident
radiation and the SPP of the metallic substrate. Colloidal nanoparticles suffer from
aggregation issues and careful optimisation of the conditions is needed to achieve
stable particles for each new system under investigation.1°8 Metallic nanostructured
arrays are supported on a solid substrate and so do not fall prey to unwanted
aggregation. In addition, metallic array substrates benefit from straight-forward wash
and separation steps. The density of intense local electromagnetic field regions (known
as hot-spots) is maximised when the nanostructured features are well organised in a
close-packed arrangement.l0? In addition, ordered nanostructures benefit from
increased Raman enhancement due to the long-range effect, in which coupling and
resulting propagation of LSPP occur over distances between nanoscale features in close

proximity to each other.110

Metallic FON arrays have been shown to be stable to a range of conditions and so are
attractive substrates for SERS analysis. Experiments concluded that these substrates
were stable for weeks under standard conditions?% 111 and retained SERS-activity at
high temperatures!!? and large electrochemical potentials.1!3 Bare Ag nanostructures
are prone to oxidation over extended periods of time however deposition of a thin layer
of alumina on top of the structures has been shown to prevent oxidation rendering the
substrates stable for months without having a detrimental effect on the SERS

activity.114

1.5.1 Maximising the SERS enhancement

The local electromagnetic field at the metal surface is the major contributor to the
intense signals observed in SERS experiments. Maximisation of the electric field results
in optimal SERS enhancement so allowing detection of analytes at lower
concentrations. There has been great interest in understanding the factors that affect

the local electric field with a view to engineer the nanostructures to obtain maximum
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SERS enhancement. Comparison of EF values between substrates allows determination
of the factors which have the greatest effect on the local electric field at the metal

surface and, in turn, the SERS enhancement.

The effect of nanostructure feature size on SERS EF

The effect of feature size on the magnitude of the electric field was simulated using
FDTD calculations by Dhawan and co-workers.115 They modelled the electric field
around dimers of metallic nanospheres. Au nanospheres with a diameter of 20 nm
were evaluated to have a SERS EF of 103 whereas nanospheres with a diameter of 70
nm were calculated to have a SERS EF of 10¢ highlighting that the electric field
enhancement is strongly influenced by the size of the nanostructured feature. This
effect has also been observed experimentally in Ag hole arrays with a diameter range of

170 to 400 nm in which the SERS EF increased with increasing hole diameter.116

The effect of inter-particle (IP) distance on SERS EF

The electric field enhancement observed from a SERS-active nanostructured surface is
known to be strongly influenced by the inter-particle distance between nanostructured
features. Optimisation of the inter-particle distance is required to achieve substrates
with the best possible EF. The effect of inter-particle spacing on the electric field
enhancement in nanosphere dimers was investigated using FDTD simulations.115
Simulations revealed the SERS EF decreased by a factor of 3.0 for Ag arrays and 4.3 for

Au arrays as the inter-particle gap increased from 2.5 to 20 nm.

Bow-tie particles and arrays fabricated by EBL are useful structures for the
experimental and theoretical investigation of the effect of gap distance on SERS
enhancement as the inter-particle spacing can be easily controlled. A practical
investigation by Hatab and co-workers demonstrated that EF decreased as the inter-
particle distance increased highlighting that the optimal structures result when
nanoparticles are in very close proximity.3? The EF from an isolated bow-tie structure
and a bow-tie array were shown to be 2x10!! and 7x10!! respectively. The authors
attributed the increase in EF in the bow-tie array substrate to the presence of collective
interactions between the individual bow-tie structures. They concluded that the
maximum EF was achieved when the periodicity of the arrays matched the laser
excitation wavelength. The optimum inter-particle distance determined from this work
was 8 nm however, the fabrication method did not allow inter-particle distances of less

than 8 nm therefore further research is needed to investigate the optimal gap distance.
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The conclusions drawn from the experimental investigation conducted by Hatab and
co-workers were in agreement with theoretical results from FDTD calculations
performed by several groups.117.118 As bow-tie arrays resemble nanotriangle arrays to a
high extent, insights gained from the investigation of bow-tie arrays can be applied to

determining the optimal structure for nanotriangle arrays.

The effect of inter-particle distance was also investigated using an array of Ag
semishells prepared by modified NSL.3! It was observed that as the interparticle
distance increased from 0 to 340 nm, the SERS EF decreased from 1.18x105 to 4.6x104.
These results were in agreement with theoretical simulations based on similar
structures!!® and with the general trend observed both experimentally and
theoretically when similar experiments were conducted with bow-tie arrays. It is
interesting to note that the optimum EF observed in the Au bow-tie array investigation

was almost 6 x 10¢ times that observed in the Ag semisphere investigation.

Experimental investigation and theoretical simulations on a variety of nanostructured
substrates has demonstrated that the highest electric field enhancement occurs when
the gap between the nanostructured features is minimal. This highlights that the inter-
particle distance is a major factor in the electric field enhancement of nanostructured

substrates.

The effect of metal thickness on SERS

The effect of the thickness of the metal layer in AuFON arrays was investigated by
Astilean et al.?® The deposited metal layer was not thick enough to join the Au
triangular islands resulting from metal deposition in the interstitial regions and the Au
hemisphere layer. Therefore, in these particular substrates two spatially separate
metallic gratings exist which increases the complexity of the optical response. The
authors demonstrated that the SERS intensity was dependant on both the deposited
metal thickness and the excitation wavelength for a set diameter of sphere. At 532 nm
excitation, a deposited gold layer of 15 nm was shown to give the best SERS response
whilst a 30 nm layer gave the highest SERS intensity at 633 nm excitation. At 830 nm
excitation, a deposited metal layer of 60 nm demonstrated the highest SERS
enhancement. The authors concluded that further research is needed to fully

understand the optical properties of these complex nanostructured films.
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It is clear that the size and shape of the nanostructures and the inter-particle distance
influence the magnitude of the electric field and thus the achievable SERS EF to

differing degrees.

1.5.1.2 Relating SERS EF and LSPR

Efficient coupling between the incident radiation and the LSPR is required to give rise
to a strong electric field at the metal surface. Maximum SERS EF occur when the
incident radiation and LSPR are in close resonance with one another. Numerous studies
have been published investigating the relationship between LSPR wavelength and SERS
EF. Aussenegg et al. demonstrated that maximum SERS enhancement was achieved
when the LSPR was positioned exactly mid-way between the laser excitation
wavelength and the wavelength of the Raman scattered photons.120 This observation
was further investigated by Van Duyne and co-workers using NSL-fabricated
nanotriangle arrays.32 Wavelength-scanned surface-enhanced Raman excitation
spectroscopy was used to establish the excitation wavelength that resulted in
maximum SERS intensity in a series of samples. The SERS EF was shown to vary by 3
orders of magnitude over the 500 nm spectral window investigated. It was concluded
that the maximum SERS enhancement was observed in all samples when the Aex was
blue-shifted with respect to the LSPR resulting in location of LSPR Amax between Ae and
Avib. Under these conditions, both incident and scattered photons are enhanced by the
LSPR. This concept has been clearly illustrated in work by Wallace et al. who
investigated the SERS EF of EBL-fabricated Au nanohole and nanodisc arrays with
respect to the diameter of the nanostructured features.12! When the gap spacing was
maintained, the SERS enhancement increased with increasing nanohole diameter. The
maximum SERS EF obtained at 785 nm excitation was for nanohole array which
supported a LSPR at 790 nm. Therefore, the incident radiation was blue-shifted with
respect to the nanostructure LSPR which was in agreement with the conclusions of
Aussenegg and Van Duyne.32 120 The authors postulated that the increase in
enhancement was due to the nanohole LSPR being better matched to the excitation
wavelength highlighting that the magnitude of the electric field is heavily dependent on
the LSPR.
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1.5.2 Localised areas of high electric field enhancement

It is well-recorded that nanostructures have areas in which the local electric field
enhancement is more intense than other areas. Generally, the sharp corners of
nanostructures have been shown to generate a higher electric field as a result of the
lightning rod effect.122 Intense regions of electric field also arise as a result of coupling
of gap SPPs between two metallic nanoparticles in close proximity. These areas of
intense electric field have come to be known as hot-spots. The ability to predict the
location of hot-spots in SERS substrates is hugely beneficial. Locating the analyte in the
hot-spot areas should, in theory, result in more intense Raman scattering. This is
especially important in single-molecule SERS detection.123 There have been many
studies published reporting the investigation into hot-spots in colloidal aggregates 124
125 however less research has concentrated on hot-spot locations on SERS active

nanostructures.

1.5.2.1 Predicating the location of hot-spots using simulations and
modelling

The majority of the research in this area has focussed on the hot-spot location in dimer
nanostructures due to their ease of modelling. The discrete dipole approximation
(DDA) was employed to investigate the electric fields in Ag triangular prism dimer
particles.126 The greatest electric field enhancements were calculated to be at the point
where the two prisms almost meet when excited at a wavelength in resonance with the
LSPR. This observation has been corroborated in the literature.'?” This study was
expanded by Lagugné-Labarthet et al. to investigate the electric field distribution in a
hexagonal array of Au nanotriangles.'28 FDTD simulations demonstrated that the
maximum electric field was localised at the vertices of the triangles as shown in Figure
1.14A. The authors noted that the electric field distribution was dependent on the
irradiation wavelength and polarisation direction. It was concluded that a collective
interaction between the nanotriangles in the array was responsible for the localisation
of the electric field enhancement. The plasmon localisation on nanohole arrays has
been investigated by Lee et al.'2 FDTD simulations predicted that the highest electric

field was localised around the rim of the nanoholes as shown in Figure 1.14B.
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Figure 1.14 - Electric field simulations about A) Au nanotriangle array 128 and B) Ag nanohole array 129

1.5.2.2 Experimental determination of hot-spot locations in

nanostructured surfaces

Plasmon mapping of 2D nanostructures can correlate theoretical predications of the
hot-spot localisation on nanostructures with experimental evidence. Electron energy-
loss spectroscopy (EELS) has been used by several groups to experimentally map
plasmon locations on single nanoparticles!30 131 however this technique has not been
well-utilised on 2D ordered nanostructured arrays. Maier et al. used EELS to map the
plasmon location on Au bow-tie dimer and trimer structures.132 The results, shown in
Figure 1.15A, highlighted that plasmon hybridizations were located at the almost-
touching triangle vertices and so were in good agreement with theoretical predications

carried out on similar structures.

3308 CCD cts

A
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Figure 1.15 - A) Experimental integrated EELS signal map, over the range of 1.6 - 1.7 eV, of Au triangle
trimer showing high regions of plasmon hybridization.132 B) False colour SERS map of AuFON substrate
showing regions of greater SERS intensity around the nanospheres.133

Hot-spot locations in Ag and Au nanotriangle arrays have been indirectly
experimentally determined by Galarreta and co-workers.!34 This elegant approach used

a photosensitive polymer film which upon irradiation at 532 nm, undergoes
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deformation as a result of hot-spot excitation by the incident radiation. The
deformation of the polymer was then imaged by atomic force microscopy (AFM)
analysis. As predicted by calculations, the electric field was concluded to be most

intense at the vertices of the nanotriangles.

Raman microscopy is a powerful experimental tool for visualising the hot-spot
locations on nanostructures however only a handful of studies on this subject have
been reported. It was first accomplished by Mirkin et al. who demonstrated that the
areas of high SERS intensity on gapped nanowire substrates were in agreement with
the predicted hot-spot locations.!35 Au!33 and AgFON13¢ array substrates prepared by
NSL have been analysed by Astilean and Farcau using scanning confocal SERS
microscopy to investigate the lateral variations in SERS enhancement across the
sample surface. The arrays consisted of polystyrene spheres of 450 nm diameter
covered with a 100 nm Au or Ag layer. Figure 1.15B shows a false colour Raman map of
a Au FON array. SERS enhancement was observed from the metal lattice surrounding
the covered sphere with little enhancement resulting from the sphere itself. The SERS
maps obtained were correlated with topographical information collected from AFM
analysis. The authors identified two types of SERS enhancement; firstly, enhancement
that originated from the metal lattice and had moderate intensity and secondly,
randomly distributed intense SERS hot-spots.13¢ This demonstrated that the overall
SERS EF is a result of two magnitudes of electric field. Raman mapping has also been
used to visualise hot-spots in Au nanogap arrays.!3? On excitation at 514.5 nm, the
arrays showed a well-ordered square array pattern of high SERS intensity. Comparison
of the SERS false colour maps and white light images suggested that the enhancement
originated from the edges of the nanogaps. The areas of high SERS intensity were

calculated to have EF in the region of 2x105.

Raman mapping is a powerful imaging tool that can be used on a wide-range of
substrates however, despite its potential, there have been few reports in the literature
detailing the use of Raman mapping to visualise areas of intense electric field in

ordered nanostructure arrays.

1.5.2.3 The use of ordered metallic arrays in SERS sensing applications
The use of colloidal nanoparticles in SERS analysis is ubiquitous and they are used in a

wide-range of sensing applications.!38-141 However, advances in fabrication methods
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and understanding of ordered SERS nanostructures have led them to being used in an

increased number of chemical and biosensing SERS applications.

The development of SERS based detection using AgFON substrates has been
championed by Van Duyne. In addition to high hot-spot density and ease of optical
property tuning, metal FON substrates have a large surface area for analyte adsorption
which makes them very effective SERS active substrates. His group have achieved rapid
detection of anthrax spores below the anthrax infectious dose limit using a portable
Raman spectrometer.l42 Addition of a sub-1 nm alumina over-layer by ALD to the
AgFON substrates resulted in shorter analysis times and improved substrate
stability.143 The detection of the chemical warfare agent half-mustard has also been
achieved using AgFON substrates highlighting the potential application for this class of
substrate in real-life biological and chemical warfare agent sensing.14* Van Duyne et al.
demonstrated the use of AgGFON substrates for in-vivo glucose monitoring in rats.145 An
AgFON chip was subcutaneously implanted and used to monitor the glucose
concentration in the interstitial fluid by SERS. A mixed SAM was used to partition the
glucose from the interstitial fluid and position it in close proximity to the SERS active
surface. The SERS data collected correlated well with data obtained from the standard
electrochemical measurements which were collected simultaneously. This research

demonstrated the first in-vivo application of SERS.

AgFON substrates have also been utilised by other groups for biological and chemical
SERS sensing applications demonstrating the great potential of this class of
substrate.1#6. 147 Lju and co-workers have developed a liposome-mediated
immunoassay procedure in which the product from the liposome rupture was

adsorbed onto an AuFON substrate and quantitatively detected by SERS.148

The effect of the distance between molecule and metallic nanostructure was probed by
the Van Duyne group using atomic layer deposition (ALD) to create very thin
multilayers of Al;0z on top of AgFON substrates.1* The use of ALD allowed precise
deposition of the spacer layers with a thickness resolution of 3.2 A. The results clearly
demonstrated that an increase in distance between the analyte molecule and the
metallic surface dramatically decreased the observed SERS intensity. However, it was
also shown that SERS is a long-range effect and a SERS signal could still be detected

when the molecule was almost 5 nm from the surface. It was calculated that a distance
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of 2.8 nm between molecule and surface would decrease the SERS intensity by a factor

of 10.

SERS sensing has also been achieved by numerous other groups on alternative ordered
nanostructured substrates. Arrays of Ag nanorods have been used in the rapid and
sensitive trace detection of viruses by SERS.39 This class of substrate has a very large
surface area and demonstrated highly reproducible SERS signals across samples. The
detection of unlabelled Streptavidin on biotin-functionalised Au nanotriangle arrays by
SERS was demonstrated by Galarreta and co-workers.!# The local enhancement
generated from the nanotriangles allowed the detection of vibrational signals from
Streptavidin using short acquisition times. This work highlighted the use of
nanostructured ordered arrays in molecular recognition applications. A field-portable
SERS sensing system has been designed for chemical sensing of contaminants in doped
ground-water samples.15° The device used Au bow-tie arrays fabricated by EBL as the
SERS active surface. Initial reports indicated that this device may be developed for field
use however further work is required to improve the sensitivity before commercial

applications can be exploited.

EBL-fabricated Au nanohole arrays have been used to probe protein orientation on
bare and charged nanohole array surfaces using SERS.15! Au nanocanals with AuNP that
adhere to the canal inner walls have been designed by Tsukruk et al. and used for the
detection of trace amounts of 2,4-DNT.152 These 3D structures have a very large surface
area available for hot-spot formation and analyte adsorption resulting in good

sensitivity.

Biosensing using Au sphere segment void arrays has been applied to DNA research by
Bartlett et al.153 This proof-of-concept work showed that it was possible to discriminate
between mutated versions of the same double stranded DNA at very low
concentrations by SERS. These SERS active surfaces can also be used in electrochemical
analysis leading to possible complementary analyses on the same sample.153. 154 The
commercially available substrate Klarite has also been used in DNA biosensing.155 The
hybridisation of dye-labelled single-stranded DNA to a single-stranded DNA-
functionalised Klarite surface could be monitored by SERS. The authors reported good

sample-to-sample reproducibility using this method.
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Ordered nanostructured surfaces have found use in numerous other fields of analysis.
Nanohole arrays have been used in optics,156 photovoltaicsi5?. 158 and AFM
applications.!5? Nanohole and nanotriangle arrays have been used in surface-enhanced

fluorescence techniques.160 161

Several plasmonic ordered nanostructured substrates have been used in SERS based
biosensing applications; metal FON arrays in particular have shown great potential as
sensitive SERS active substrates. However, with further optimisation, it may be possible
to engineer ordered nanostructured substrates for the SERS detection of analytes at

increasing levels of sensitivity and reproducibility.

1.6 Research Aims

NSL fabricated nanostructures have been used in the detection of many types of
biomolecule. The ease of fabrication makes NSL fabricated substrates ideal for
utilisation in sensing applications. There has been much research conducted into the
physical and optical characterisation of Ag and Au nanotriangle and FON arrays.
However substantially less research has been carried out on Ag and Au nanohole
arrays. In addition, there have been no reports in the literature discussing the
fabrication or use of film over etched nanosphere (FOEN) arrays. These arrays,
prepared by modified NSL, are analogous in structure to FON arrays. Therefore, the
optimal structure for SERS enhancement in the nanotriangle/nanohole and FON/FOEN

series is still unknown.

This thesis details the investigation into NSL fabricated nanostructures for use as SERS

substrates. The aim of this research was to:

e Fully characterise a series of FON/FOEN and nanotriangle/nanohole array
substrates by physical and optical methods and investigate the Raman
properties of these substrates to determine which factors exerted a strong
influence on the Raman enhancement. The optimum nanostructures for use in
SERS analysis were to be determined.

e Determine the regions of high electric field on the substrates using Raman
microscopy.

e Investigate the use of substrates which exhibited high SERS enhancements in

biosensing applications.
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CHAPTER 2 - INVESTIGATION INTO THE PHYSICAL,
OPTICAL AND RAMAN PROPERTIES OF ORDERED
NANOSTRUCTURES PREPARED BY MODIFIED NSL

The aim of this research was to fully characterise the physical and optical properties of
metal film over etched nanosphere (FOEN) and nanohole arrays and to determine the
relationship between these properties and the observed Raman enhancement. Metal
film over nanosphere (FON) and nanotriangle arrays have shown high Raman
amplification in numerous applications.142 145 146 149 Modified NSL allows the
preparation of a series of samples with identical periodicities but decreasing
nanostructure feature diameters. The intention of this work was to determine the effect
of etching the samples on the Raman enhancement. There has been no systematic study
performed on nanostructures prepared by modified NSL and so optimum structures for

Raman analysis have not been identified.

2.1 Experimental

2.1.1 Fabrication of FOEN and nanohole array substrates by
modified nanosphere lithography (NSL)

All samples were prepared by collaborators in the Masson group at the Université de

Montréal with the exception of Ag and Au FON and FOEN arrays of 450 nm periodicity.

2.1.1.1 Fabrication of FON and FOEN array substrates

Glass microscope coverslips (22 x 22 mm) were cleaned in piranha solution (3:1 v/v
H2S04:H202) for 90 min at 80 °C. As piranha solution is highly corrosive, special care
was taken during this step. The glass coverslips were then thoroughly cleaned several
times with 18 MQ cm water in an ultrasonication bath. The substrates were then placed
in a 5:1:1 v/v solution of H,0, NH40OH and H;0; and sonicated for 60 minutes. Again, the
coverslips were thoroughly cleaned in 18 M(Q) cm water in an ultrasonication bath. The
cleaned coverslips were stored in 18 M1 cm water for several weeks, with the water

being replaced every 48 hours.
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The film over nanosphere (FON) arrays were prepared as follows. For nanospheres of
520 and 650 nm diameter (5000 series, Thermo Fischer particle technology, Nepean
ON, Canada), nanosphere solution (37 pL) was drop-coated onto a cleaned glass
microscope coverslip to form a well-ordered monolayer. The nanosphere solution
compositions were as follows: for 520 nm nanospheres, 80 pL stock nanosphere
solution was mixed with 160 pL ethanol and 760 uL water, for 650nm nanospheres,
120 pL stock nanosphere solution was mixed with 160 uL ethanol and 720 uL water.
The drop coated solution was slowly evaporated under an ajar Petri dish to form a well

ordered monolayer on the glass microscope coverslip.

For 220, 360, and 450 nm nanospheres, stock nanosphere solution (5000 series
10%w/v; Thermo Fischer particle technology, Nepean ON, Canada) was diluted with
pure ethanol. The ratio of dilution was as follows: for 220 and 450 nm nanospheres, 30
uL of nanosphere solution was diluted with 30 uL of pure ethanol, while for 360 nm
nanospheres, 30 pL of nanosphere solution was diluted with 50 uL of pure ethanol.
These solutions were kept at room temperature for 2 hours prior to use. Glass
coverslips were air-dried and 10 pL of the diluted nanosphere solution was drop coated
on the glass slide. Immediately, the glass coverslip was transferred to the convex
meniscus of Petri dish filled with 18 M) cm water resulting in the self-assembly of the
nanospheres on the water-air interface. A drop of 2% sodium dodecylsulfate (Sigma-
Aldrich) was added to compact the nanosphere monolayer. The monolayer was
transferred to a clean, wet glass coverslip using Langmuir transfer and the coverslips

were dried slowly under an ajar Petri dish.

To prepare FOEN arrays, the nanosphere masks were etched in an oxygen plasma
(Harrick Plasma Cleaner PDC-32G, Pleasantville NY, USA). FON arrays did not undergo
this etch step. The samples were etched at high power (18 W) for time periods between
0.5 and 10 min. Prior to the etching process, the vacuum was established for 20 min
with an oxygen flow of 15 mL/min in the plasma chamber, which was maintained
during the etching process. This was necessary to remove air gases and maintain a low
pressure of nearly pure oxygen. Four replicate samples for each etch time (including 0
min) and nanosphere diameter were fabricated. The etching step decreased the
nanosphere diameter, whilst maintaining the crystalline lattice. A metal film (Ag or Au
as indicated in the results and discussion section) was deposited to a thickness of 125

nm with sputter coating (Cressington 308R, Watford, England, UK) on the etched

39



2. Investigation into the physical, optical and Raman properties of nanostructures prepared by modified NSL

nanospheres to create FON or FOEN arrays. A 1 nm Cr adhesion layer was deposited

prior to the Ag or Au film to promote adhesion.

2.1.1.2 Fabrication of nanotriangle and nanohole array substrates

Glass microscope coverslips were cleaned as described in section 2.1.1.1. Nanosphere
stock solutions were supplied by Thermo Scientific Particle technologies (5000 series,
10% w/v, Nepean ON, Canada). The NSL masks were prepared as follows; for 650 nm
spheres: a solution was prepared of 120 ul stock polymer sphere solution ,720 ul water
and 160 pl ethanol. For 820 nm spheres: a solution was prepared of 37 pl stock
polymer sphere solution, 200 pl water and 100 pl ethanol. For 1000 nm spheres: a
solution was prepared of 45 pul stock polymer sphere solution, 200 ul water and 100ul
ethanol. For 1500 nm spheres: a solution was prepared of 45 pl stock polymer sphere
solution, 25 pl water and 25ul ethanol. All NSL mask solutions were allowed to sit atr.t.
for 2 h prior to use. The drop-coating procedure was carried out using the following
sphere solution volumes; 650 nm: 37 pl, 820 nm: 35 pl, 1000 nm: 37 pl and 1500 nm:
40 pl. The substrates were dried slowly under an ajar petri dish to encourage good

monolayer formation.

Nanohole substrates were prepared by undergoing an etch step prior to metal
deposition. The nanosphere masks were etched in an oxygen plasma (Harrick Plasma
Cleaner PDC-32G, Pleasantville NY, USA). Nanotriangle arrays did not undergo this etch
step. The samples were etched at high power (18 W) for time periods between 1 and 18
min. Prior to the etching process, the vacuum was established for 20 min with an
oxygen flow of 15 mL/min in the plasma chamber, which was maintained during the
etching process. Four replicate samples for each etch time (including 0 min) and

nanosphere diameter were fabricated.

Metallization of the substrate was achieved by depositing a 1 nm Cr adhesion layer
followed by a 125 nm Au or Ag layer or, for bimetallic arrays, 67.5 nm Ag followed by
67.5 nm Au. Finally, the NSL mask was removed by sonication in ethanol for a few

seconds which resulted in nanohole arrays.
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2.1.2 Physical characterisation of the arrays

All substrates prepared were physically characterised by atomic force microscopy
(AFM) or scanning electron microscopy (SEM). AFM (WITec Alpha SNOM, Ulm,
Germany) was carried out in contact mode using a force modulation cantilever with a
spring constant of 3 N/m, resonant frequency of 60 kHz, a length of 225 um, a width of
45 um, a tip height of 14 pm and a curvature radius of < 10 nm. AFM analysis was used
to physically characterise all nanotriangle and nanohole arrays. The AFM images
obtained were processed using WITec project (WITec, Ulm, Germany) to determine the
diameter of the holes. The average diameter values were based on the measured
diameters of 10 nanoholes. SEM (Hitachi S-4700, Pleasanton CA, USA) was carried out
at LASEM of Ecole Polytechnique (Université de Montréal, Canada) and was used to
characterise all FON and FOEN substrates. Image] softwarel62 was used to process the
resultant SEM images and determine the nanosphere diameter. The calculated mean
sphere diameter and standard deviation was based on the measured diameters of 20

spheres.

2.1.3 Addition of Raman reporter molecule

The array substrates were immersed in a 1 mM aqueous solution of cysteamine (Sigma-
Aldrich) or 4-nitrobenzenethiol (4-NBT, Sigma-Aldrich) for 16 h. 4-NBT was initially
dissolved in ethanol to aid dissolution and then diluted in 18 MQ cm water to the
required concentration. The samples were then thoroughly cleaned with water
followed by ethanol, air dried or dried under an Argon flux and stored in the absence of

light prior to the Raman analysis.

2.1.4 LSPR analysis

The plasmonic response of the FON/FOEN and nanotriangle/nanohole array substrates
was measured in reflectance mode (epi-illumination configuration) using a 6 around 1
reflectance probe. The sample was illuminated with a halogen light source. The variable
wavelength spectrophotometer (Ocean Optics, Dunedin FL, USA) was set to cover a
spectral range of 400 to 900 nm. The spectrum obtained from flat Ag or Au was used as
a reference spectrum. The LSPR peak was obtained by dividing the spectral values
collected from the nanostructure by the spectral values collected from the reference.

Aspr was then determined by finding the minimum intensity value within the peak dip
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range. The Aispr reported is the mean Aispr value as calculated from LSPR analysis of

four replicate substrates.

2.1.5 Raman analysis

For each sample series (4 substrates per etch time), a Raman spectrum was measured
with a Renishaw InVia Raman microscope using 633 and 785 nm excitation
wavelengths and a 50x objective (numerical aperture, NA = 0.75). Raman analysis of
FON/FOEN substrates was carried out using an acquisition time of 10 s and at either
0.1% or 0.05% of the laser power, resulting in 1 - 3 uW or 15 - 30 uW of laser power at
the sample at 633 nm and 785 nm excitation, respectively. Raman analysis of
nanotriangle or nanohole arrays was carried out at 1 % of the laser intensity, resulting
in 35 pW for the 633 nm laser and 0.35 mW for the 785 nm laser and spectra were
acquired for 10 s. The peak height values of the 1072 cm'! peak of cysteamine and the
1573 cm'! peak of 4-NBT were calculated and used for analytical purposes. The peak
height values reported are the average values calculated from four replicate substrates
for each etch time series. The standard deviations were also calculated from the four
replicate substrates for each etch time. For comparison purposes, the Raman response
was normalised to that of FON response for FOEN arrays (where FON = 1.0) or to the
nanotriangle response for nanohole arrays (where nanotriangle = 1.0), prepared with

the same NSL mask periodicity.

2.1.6 Investigation into the 4-NBT SERS signal over time

Three Ag nanohole arrays of 1000 nm periodicity and diameter/periodicity ratio (D/P)
0.68 (resulting from a 1 min etch period) were thoroughly cleaned with ethanol before
immersion into a solution of 1 mM 4-NBT (Sigma-Aldrich) for 16 h. 4-NBT was initially
dissolved in ethanol to aid dissolution and then diluted in doubly distilled water
(ddHz0) to the required concentration. After 16 h, the samples were thoroughly
cleaned with water followed by ethanol, air dried and stored in the absence of light
prior to Raman analysis. Raman analysis was performed using 514.5, 633 and 785 nm
excitation wavelengths. Experiments using 514.5 nm excitation were performed on a
Renishaw inVia Raman microscope equipped with a Leica DM/LM microscope and with
a Modu-Laser of 514.5 nm excitation. Experiments using 633 and 785 nm excitations
were performed on a Renishaw Ramascope equipped with a Leica DM/LM microscope

and a Renishaw HeNe laser of 633 nm excitation and an Innovative Photonic Solutions
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laser of 785 nm excitation. Identical parameters were used in all experiments: 50x
objective (Leica, NPlan, NA = 0.75) and spectra were acquired for 1 s at 1 % of the total
laser power. A spectrum was taken every 30 s over a period of 330 s from each of the

three replicate substrates at each excitation wavelength.

2.1.7 Comparison to Klarite Raman response

Klarite 313 (Renishaw diagnostics, Glasgow, Scotland), a Ag nanohole array of 1000 nm
periodicity and D/P 0.68 and a bimetallic nanohole array of 1000 nm periodicity and
D/P 0.68 were thoroughly cleaned with ethanol prior to immersion in a 1 mM aqueous
solution of 4-NBT for 16 h. 4-NBT was initially dissolved in ethanol to aid dissolution
and then diluted in doubly distilled water (ddH:0) to the required concentration. After
16 h, the samples were thoroughly cleaned with water followed by ethanol, air dried
and stored in the absence of light prior to Raman analysis. Raman analysis was
performed on a Renishaw Ramascope equipped with an Innovative Photonic Solutions
laser of 785 nm excitation. Five replicate spectra were collected from different points
across all substrates using 0.01 % laser power (equal to 0.24 mW of unfocussed laser
power), a 50x objective (Leica, NPlan, NA = 0.75) and 10 s acquisition time. The mean
1573 cm! peak height and the standard deviation was calculated from the five replicate

spectra obtained.
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2.2 Results and Discussion

Metal FON substrates have been extensively characterised and used in numerous
practical applications by Van Duyne and other groups.4 29 143,145, 148 By employing a
modified NSL procedure, a series of metal film over nanosphere substrates can be
prepared with decreasing sphere diameters. These have been named film over etched
nanosphere (FOEN) substrates. It was postulated that by decreasing the diameter of the
spheres, the SERS activity could be enhanced with respect to substrates of the same
periodicity which had not undergone plasma etching as the LSPR of the etched
substrates could be tuned to result in more efficient coupling between the substrate

and the incident radiation which may have a large effect on the SERS enhancement.

A full investigation into the optical, physical and Raman enhancement properties of a

series of FOEN substrates was carried out.

2.2.1 Initial investigation into FOEN arrays

Initial work focussed on Ag and Au FOEN substrates of 450 nm periodicity in order to
optimise the fabrication and analysis methods. A series of FOEN substrates with 450

nm periodicity were prepared with varying etch times: 0, 1.5, 2.5, 4, 6 and 8 min.

2.2.1.1 Fabrication of FOEN substrates

Modified NSL was used to prepare the FOEN arrays. This fabrication method is not
perfect: dislocations and defects interrupt the well-ordered structure where spheres
have failed to self-assemble in the lowest energy configuration, where a sphere is
missing or multilayers of spheres have formed. However, it is possible to fabricate large
areas of nanostructure (10 - 100 pm?) that are defect-free using this method. The
polystyrene ordered monolayer is then etched using reactive oxygen plasma. The
plasma generates ions which ‘burn’ the surface of the polystyrene spheres decreasing
the diameter of the spheres but retaining the lattice spacing. The longer the etch time,
the smaller the diameter of the spheres and the larger the gap between spheres. The
etch process is inhomogeneous which results in the roughness of the sphere surface
increasing with increasing etch time. The etch step is followed by a metallization step in
which a 125 nm metal layer is deposited over the entire substrate. This process results
in metal depositing in the interstitial voids between the spheres as well as forming a

layer across the exposed face of the spheres. The deposited metal layer was thick
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enough to connect the metal islands that form in the interstitial spaces between the
polymer spheres and the metal layer that forms on top of the spheres. A 1 nm
chromium layer was deposited prior to the Ag or Au layer to improve adhesion of the

metal to the glass substrate.

2.2.1.2 Physical Characterisation

Physical characterisation of the samples was required to determine the dimensions and
shape of the nanostructured FOEN arrays. Both factors are known to influence the LSPR
peak and the electric field intensity therefore, it was paramount that the substrates
were fully physically characterised in order to determine the structure-property
relationship. In addition, physical characterisation provides a method to assess the

uniformity of the fabricated surfaces.

Throughout this investigation, both atomic force microscopy (AFM) and scanning

electron microscopy (SEM) were used to characterise the surfaces.

AFM

AFM is an analytical method capable of generating a high-resolution image of the
sample surface. A nanometer tip mounted on a cantilever is used to probe the sample
surface. The sample is supported on a piezoelectric stage which facilitates very small
and precise movements. In contact mode, the tip is moved across the sample surface at
variable rates depending on application. Changes in the sample topography result in
deflection of the cantilever. This deflection is measured by a laser spot focussed on the
top face of the cantilever and detected by photodiodes. In close-contact mode, the tip is
in close proximity to the surface and vibrates at a set frequency. Forces between the tip
and surface alter the vibration frequency resulting in deflection of the cantilever. AFM
allows determination of dimensions in the x- and y-directions in addition to accurate

measurements in the z-direction.

SEM

SEM is a form of electron microscopy which uses a beam of high energy electrons to
scan the sample and produce an image of the surface. The beam electrons interact with
the sample surface electrons and are reflected by elastic scattering into a detector. The
beam electrons can also cause emission of secondary electrons from the sample by

inelastic scattering which can be detected by a second detector. SEM produces images
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at very high resolution however it can only be used to measure in the x- and y-

directions.

AFM was the preferred method of physical characterisation in this investigation as it

can provide information about the substrate topography. However, it was found that
damage to the samples. It was postulated that the AFM tip was ‘popping-off’ the

Figure 2.1 shows a large scale SEM image of an Ag FOEN array of 450 nm periodicity.
The hexagonal close-packed structure of the spheres can clearly be seen. Dislocations
and defects due to missing or smaller/larger spheres can be observed however, the

contact-mode AFM analysis of FOEN substrates of 450 nm periodicity resulted in
spheres to give a structure that resembled a nanohole array. For this reason, SEM was

used to physically characterise FON and FOEN arrays.
structure is overall relatively uniform in nature.
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Figure 2.1 -Large scale SEM image of AgFOEN array of 450 nm periodicity and 0 min etch time. The scale

bar represents 10 pm. The image was acquired using 2.2 kV and 5k magnification.
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Samples with 450 nm periodicity and decreasing sphere diameter were analysed by

SEM and the resulting images are shown in Figure 2.2.

Figure 2.2 - SEM images of Ag FOEN arrays at A) 0 min etch time, B) 1.5 min etch tine, C) 2.5 min etch time,
D) 4 min etch time, E) 6 min etch time, and F) 8 min etch time. The scale bar represents 1 pm in all images. .
The images were acquired using 2.2 kV and 35k magnification.

The effect of increasing etch time is clearly demonstrated in Figure 2.2. As the etch time
increases (images A to F), the diameter of the spheres decreases and the gap between
the spheres increases. Initially, the spheres are relatively smooth but as the etch time
increases, the surface becomes increasingly rough. The topography of the deposited
metal layer between spheres can be observed in SEM images D, E and F and comprises
of small metal islands. The average sphere diameters and the gap distances were

evaluated using Image] software and are shown in Table 2.1.

Etch time - Diameter of spheres Gap between | gap / diameter
min after metal coating - nm | spheres - nm
0 443 +13 7 0.016
1.5 420+ 18 30 0.071
2.5 402 +19 48 0.12
4 249 £ 23 201 0.81
6 139+10 311 2.24
8 147 £13 303 2.06

Table 2.1 - Physical properties of Ag FOEN arrays of 450 nm periodicity. The error in the diameter of
spheres measurement was calculated from the standard deviation of 20 sphere diameters.

The gap between spheres is the approximate gap between nanospheres as calculated
by subtracting the average sphere diameter from the initial sphere diameter. The

gap/diameter value was calculated to allow comparison of Raman response between
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arrays of different periodicities and to aid predication of plasmon coupling between
spheres. As discussed in the chapter 1, work by El-Sayed had determined that the decay
length for plasmon coupling strength was approximately 0.2 units of the particle
diameter.82 Hence, plasmon coupling was predicted to occur in samples with a
gap/diameter value of 0.2 or below and these samples were expected to exhibit the
highest Raman response. The samples prepared had a range of gap/diameter values

that would help corroborate this theory.

2.2.1.3 Optical Characterisation

It was important to fully characterise the optical properties of the arrays in order to
determine the LSPR peak of the structures. As the substrates were opaque, LSPR
spectroscopy was carried out in reflectance mode. This was advantageous as LSPR
spectroscopy in epi-illumination mode is similar in instrumental set-up to that used for
Raman spectroscopy. Figure 2.3A shows the LSPR response of the bare Ag FOEN arrays
at various etch times (Panel A) and the Ag FOEN arrays after addition of a Raman

reporter monolayer (Panel B).
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Figure 2.3 - LSPR response of 450 nm Ag FOEN arrays of varying etch time. A) LSPR response of bare
arrays. B) LSPR response of arrays after addition of 4-NBT Raman reporter monolayer.

The effects of increasing the etch time on the LSPR wavelength can be determined from
Figure 2.3B. The LSPR peak initially red-shifts which is indicative of plasmon coupling
between the spheres.82 This was observed for samples with etch times of 1.5 and 2 min.
At longer etch times (6 and 8 min etch), the LSPR peak undergoes a blue shift,
appearing at wavelengths below 600 nm, which suggests that plasmon coupling within
the arrays is not occurring. Some samples exhibited multiple resonance peaks which

could be attributed to more than one polar resonance in the structure.!35 It should also
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be noted that as the etch time increases, the intensity of the LSPR peaks exhibited by
the structures decreases. This is a result of the smaller nanospheres covering a smaller
proportion of the actual surface area. The LSPR peak is sensitive to the environment at
the metal surface. Figure 2.3B shows how the LSPR response of the substrates changed
after immersion of the substrates in a solution of the Raman reporter molecule (4-

NBT). The LSPR wavelengths have been tabulated in Table 2.2 for ease of discussion.

Etch time - Auser bare Aviser after
min array reporter addition
-nm -nm
0 661 659
1.5 611,962 633,982
2.5 690, 853 710,918
4 547,745 752,813
6 430 460
8 430 477

Table 2.2 - LSPR peak wavelengths before and after adsorption of 4-NBT to array surface of Ag FOEN
arrays of 450 nm periodicity and varying etch times.

At all etch times, the LSPR peak undergoes a red-shift compared to the LSPR
wavelength prior to Raman reporter addition. This is indicative of an increase in
refractive index at the metal surface.163 This peak shift implies that adsorption of the
Raman reporter molecule to the metal surface has occurred. In order to achieve
maximum SERS enhancement, the laser excitation wavelength used should be closely
matched to the LSPR of the metal structure in the same form as it will be analysed by
Raman spectroscopy. Therefore, the LSPR profile should be characterised after Raman

reporter adsorption to maximise SERS enhancement.

2.2.1.4 Raman reporter choice

Several factors must be addressed when choosing a Raman reporter molecule. The
Raman reporter must adsorb easily onto the SERS substrate, form a tightly packed self-
assembled monolayer (SAM) and give a characteristic SERS spectrum that can be easily

detected under standard conditions.

Two Raman reporter molecules were investigated; cysteamine and 4-nitrobenzenethiol
(4-NBT). Cysteamine had been shown to form a tightly-packed monolayer on silver
surfaces and give a characteristic SERS signal at 785 nm excitation.164 There are several
reports in the literature on the use of 4-NBT as a Raman reporter on Ag and Au

surfaces.165-167 Figure 2.4A shows the structure of cysteamine and three replicate
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spectra from cysteamine adsorbed on three separate Ag FOEN arrays (P = 450 nm, etch
time = 1.5 min) at 785 nm excitation. Figure 2.4B shows the structure of 4-NBT and the
spectra obtained at 785 nm excitation from adsorbed 4-NBT on three separate Ag
FOEN arrays (P = 450 nm, etch time = 2.5 min). Table 2.3 and Table 2.4 show the

spectral assignments for the four main peaks of cysteamine and 4-NBT respectively.
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Figure 2.4 - A) The structure of cysteamine and three replicate SERS spectra from cysteamine adsorbed on
Ag FOEN arrays at 785 nm excitation. B) The structure of 4-NBT and three replicate SERS spectra from 4-
NBT adsorbed on Ag FOEN at 785 nm excitation.

Raman shift - cm1 Spectral assignment!64

629 v(C-S)
723 v(C-S)
973 v(C-C(-N))
1027 v(C-C(-N))

Table 2.3 - Cysteamine spectral assignment.164

Raman shift - cm1 Spectral assignment!65

1082 In-plane C-H bending mode
1110 In-plane C-H bending mode
1340 vs(NO2)

1573 C-C stretching mode

Table 2.4 - 4-NBT spectral assignment.165

Both cysteamine and 4-NBT exhibited good SERS responses on Ag FOEN arrays. The
spectra obtained from 4-NBT adsorbed on separate Ag FOEN arrays resembled one
another to a high degree highlighting the good signal reproducibility exhibited by this

system.

4-NBT exhibited good SERS signals on Au FOEN arrays at both 633 and 785 nm
excitation however no signal corresponding to cysteamine was observed from Au FOEN

arrays under identical analysis conditions. Reports in the literature described the lack
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of cysteamine SERS signal on Au sputter coated surfaces and the authors attributed this
to weak charge transfer between cysteamine and the metal surface.168 As both Ag and
Au arrays were to be investigated, it was decided that 4-NBT would be used as the

Raman reporter in all subsequent experiments.

SERS intensity of 4-NBT over time

The nitro group in 4-NBT is known to undergo surface-induced photo-reduction to an
amine group under irradiation with a visible laser when adsorbed on a silver surface.16?
For this reason, it was important to choose a SERS peak for analysis that corresponded
to a vibration that was not affected by the reduction reaction. The 1340 and 1573 cm!
peak heights were investigated over a time period of 330 s using 514.5, 633 and 785

nm excitation.
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Figure 2.5 - 1340 cm!(red) and 1573 cm-! (blue) mean peak height with respect to time at A) 514.5 nm
excitation. B) 633 nm excitation. C) 785 nm excitation. Data points represent the mean peak height values
calculated from three replicate experiments. The error bars represent two standard deviations about the
mean. Identical parameters were used for all analyses: 50 x objective, 1 s acquisition time, and 1 % laser
power.

Figure 2.5A shows the change in the 1340 and 1573 cm! peak height over the time
course at 514.5 nm excitation. It can be clearly observed that the intensity of the 1340

cm-! peak decreases rapidly, to below that of the noise level, whereas the peak intensity
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of the 1573 cm! remains relatively unchanged. This is as expected as the peak at 1340

cm -1 corresponds to the nitro stretch which undergoes reduction to an amine group.

Figure 2.5B and C show the peak height profile with respect to time at 633 and 785 nm
excitation respectively. The peak intensities remain relatively unchanged over the time
course at both excitation wavelengths. Although the intensity of the 1340 cm! peak is
greater, the error bars are also larger implying that analysis based on this peak would
be less reproducible. Therefore, in experiments that used 4-NBT as the Raman reporter,

analyses were based on the height of the 1573 cm'! peak.

2.2.1.5 Metal

The Raman response exhibited by Ag FOEN arrays was compared to that exhibited by
Au FOEN arrays. Figure 2.6 shows the mean peak height values calculated from four
replicate samples at each gap/diameter. The average Raman response from each
sample series was normalised to that of the unetched FON sample of the same metal
resulting in the unetched FON sample having a value of 1.0 for the Raman response.
This allowed clear examination of the effect of etching on the Raman response for each

class of array.
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Figure 2.6 - A) Raman response of AgFOEN arrays of 450 nm periodicity at 633 (red) and 785 nm (blue)
excitation. B) Raman response of AuFOEN arrays of 450 nm periodicity at 633 (red) and 785 nm (blue)
excitation. The data points represent the mean height of the 1573 cm-! peak calculated from four replicate
substrates. The error bars represent two standard deviations about the mean.

[t should be noted that due to missing data, there is a data point missing for the average
Raman response of Ag FOEN array at 785 nm excitation with a gap/diameter value of
0.81. The Raman response graphs of the Ag and Au FOEN substrates resemble one

another to a high degree. In both series, the Raman response with respect to the
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unetched FON array increases to a maximum value followed by a decrease to below
that of the FON sample. This indicated that there is an optimal etch time for each
sample series. The only data points not to fit this trend were the Ag and Au FOEN
arrays with a gap/diameter value of 2.23 at 633 nm excitation. At 633 nm excitation,
optimum Raman response was obtained from Ag FOEN array with a gap/diameter of
2.23 and Au FOEN array with a gap/diameter of 0.071. Both Ag and AuFOEN arrays
with a gap/diameter of 0.12 gave optimal response at 785 nm excitation. The raw
Raman intensities of the optimum AgFOEN arrays were 219359 and 195471 a.u.
respectively at 633 and 785 nm. The raw Raman intensities of the optimum Au FOEN
arrays at 633 and 785 nm excitation were 111508 and 43000 a.u. respectively.
Comparison of these values, all of which were obtained from analyses that used
identical experimental parameters, demonstrated that, as predicted by literature, Ag

SERS substrates exhibit more intense SERS enhancements than Au substrates.

This study had demonstrated that by etching the polymer spheres before metal
deposition, an increased Raman response could be obtained. It was decided that this

warranted further investigation with an expanded series of FON/FOEN arrays.

2.2.2 Full investigation into Ag FOEN arrays of varying
periodicity

A systematic investigation was performed on a series of Ag FOEN substrates with 220,
360, 520 and 650 nm periodicities to probe the effect of sphere diameter and inter-
particle distance on SERS activity. This study was designed to compare the Raman
response of the unetched FON arrays to that of FOEN arrays etched for varying periods
of time. The aim of this investigation was firstly to determine if a greater SERS
enhancement could be achieved by etching the spheres before metal deposition and
secondly, to understand the source of the enhancement. The fabrication and analyses of

the substrates was carried out by collaborators at Université de Montréal.

The substrates fabricated were designed to cover a range of periodicities and
gap/diameter values so the effect of both factors on Raman response could be fully

investigated. The samples investigated are shown in Table 2.5.
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P=220nm | P=360nm | P=520nm | P=650nm
Etch D-nm D-nm D-nm D-nm
time | (gap-nm) (gap —nm) (gap —nm) (gap —nm)
-min | gap/diameter | gap/diameter | gap/diameter | gap/diameter
217 £12 352+ 22 518 + 29 644 + 24
0 (3) (8) (2) (6)
0.014 0.023 0.004 0.009
211+13 329+18 497 £ 15
0.5 (9) (31) (23)
0.043 0.094 0.046
201+£13 315+ 19
1 (19) (45)
0.095 0.14
186 £ 10 294 + 23 481 + 20 585+ 27
1.5 (34) (66) (39) (65)
0.18 022 0.081 011
107 £8 302+10 436 + 19 553+ 26
2.5 (113) (58) (84) (97)
1.05 0.19 0.19 0.18
837 174 £ 10 334 +19 523+ 27
4 (137) (186) (186) (127)
1.65 1.06 0.56 0.24
148 £ 13 172 £ 16 461 +17
6 (212) (348) (189)
1.43 2.02 0.41
202+ 14
8 (318)
1.57

Table 2.5 - Etch time, average sphere diameter, gap between spheres and gap/diameter values for Ag
FON/FOEN substrates investigated. Average sphere diameter and standard deviation values are based on
20 spheres.

Table 2.5 shows the average sphere diameter after etching of the samples as evaluated
from SEM images. As expected, an increase in etch time results in a decrease in sphere
diameter and, hence, an increase in gap/diameter. It was not possible to fabricate FOEN
arrays of 650 nm periodicity with a gap/diameter value larger than 0.41 as samples
delaminated during the fabrication process. This effect was also observed in FOEN
samples with smaller periodicities and large gap/diameter values but became more
pronounced as the initial diameter of the spheres increased. As previously discussed,
plasmonic coupling will occur in samples in which the gap between the nanostructured
features is approximately 0.2 of the diameter of the nanostructured features. Hence,

plasmonic coupling is predicted to occur in samples which have an approximate
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gap/diameter of 0.2 or less: samples etched for 1.5 minutes or less in samples with 220
nm periodicity and 2.5 minutes or less in samples with 360, 520 and 650 nm

periodicities.

2.2.2.1 Identification of LSPR wavelength
Optical characterisation of the FOEN substrates after the adsorption of 4-NBT was
achieved using LSPR spectroscopy in reflectance mode. The LSPR wavelengths

observed from each sample are tabulated in Table 2.6.

P=220nm |P=360nm | P=520nm | P=650nm
Etch ti -
¢ _lme ALspr - NIM ALspr - NIM ALspr - NM ALspr - NIM
min
0 566 554 634 607
865 733 824 808
529 523
0.5 757 641 708
605
1 607 846
532
1.5 605 633 880 818
835
551 633 640
2:5 >71 778 846 782
733
4 550 549 617 873
6 563 507 OSR
8 517

Table 2.6 - Observed LSPR peaks from Ag FON/FOEN substrates. OSR denotes that the LSPR peak is
outside the spectral range of 400 - 900 nm.

The results of the optical characterisation demonstrate that etching the NSL masks has
a significant effect on the excitation wavelength of the localised surface plasmon.
Etching the NSL masks initially red-shifts the LSPR. A red-shift of the LSPR is indicative
of plasmonic coupling between the metal-covered nanospheres. Therefore, it could be
concluded that plasmon coupling occurred in samples etched for shorter etch times.
The LSPR was then observed to blue-shift to shorter wavelengths, which is typical of a
decrease in particle diameter.170 The effect of periodicity on the LSPR could also be

observed. Increasing the periodicity resulted in red-shifts of the LSPR wavelength,
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except in samples with 220 nm periodicity. This trend was in agreement with

previously reported studies on related substrates.17!

2.2.2.2 Raman spectroscopy

All samples were analysed using 633 and 785 nm excitation and the results are shown
in Figure 2.7 and Figure 2.8. One scan was taken from each of the four replicate samples
prepared for each etch time. The average Raman response from each sample series was
normalised to that of the unetched FON sample of the same periodicity. This allowed
clear examination of the effect of etching on the Raman response (unetched FON

sample has a value of 1.0 for the Raman response at each periodicity).
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Figure 2.7 - A) Raman response of Ag FOEN arrays of 220 nm periodicity at 633 (red) and 785 nm (blue)
excitation. B) Raman response of Ag FOEN arrays of 360 nm periodicity at 633 (red) and 785 nm (blue)
excitation. The data points represent the mean height of the 1573 cm-! peak calculated from four replicate
substrates. The error bars represent two standard deviations about the mean.

The Raman response graphs of 220 and 360 nm periodicity Ag FOEN arrays follow the
same trend. In both series, the Raman response with respect to the unetched FON array
decreases slightly then increases to a maximum value followed by a decrease to below
that of the FON sample. This indicates that there is an optimal etch time for each
sample series and etching for a longer period of time results in a lower Raman response
than that of the unetched FON substrate. The Raman response was determined to be
optimal at a gap/diameter of 0.095 for FOEN of 220 nm periodicity and a gap/diameter
of 0.22 for FOEN of 360 nm periodicity.
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Figure 2.8 - A) Raman response of Ag FOEN arrays of 520 nm periodicity at 633 (red) and 785 nm (blue)
excitation. B) Raman response of Ag FOEN arrays of 650 nm periodicity at 633 (red) and 785 nm (blue)
excitation. . The data points represent the mean height of the 1573 cm-! peak calculated from four replicate
substrates. The error bars represent two standard deviations about the mean.

The Raman response of FOEN arrays fabricated from 520 nm spheres mirrored that of
220 and 360 nm FOEN arrays; the Raman response initially decreased before
increasing to a maximum (at a gap/diameter value of 0.19) and subsequently
decreasing to less than that of the unetched FON sample. In all previously discussed
samples, the same pattern was closely adhered to regardless of excitation wavelength.
However, the Raman response of FOEN arrays of 650 nm initial diameter excited at 785
nm is lower than that of the unetched FON arrays at every gap/diameter. The Raman
response of the samples excited at 633 nm follows the same pattern as previously

discussed.
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To determine the factors that had the greatest influence on the Raman response of the
FOEN substrates, the properties of the optimum substrates with respect to Raman
response at each sphere diameter were compared. The properties of the optimum Ag

FOEN substrates at 633 nm excitation are collated in Table 2.7.

Sphere Etch gap/diameter Raman Relative ALspr - NIM
diameter - time - intensity - response
nm min a.u. vs. FON
220 1 0.095 517391 4.5 607
360 1.5 0.22 204678 1.7 532,633,
835
450 6 2.24 219358 3.4 460
520 2.5 0.19 287930 2.5 633, 846
650 2.5 0.18 13964 31 640, 782

Table 2.7 - Properties of optimum Ag FOEN substrates based on Raman response at 633 nm excitation.

The optimal gap/diameter of all samples at 633 nm excitation, with the exception of
AgFOEN of 450 nm periodicity, is less than 1. A gap/diameter value of around 0.2 is
optimum for three of the sample series; 360, 520 and 650 nm. The LSPR wavelengths of
these samples are also well-matched to the excitation wavelength. As discussed in
section 1.5.1.2, maximum SERS enhancement is achieved when A is slightly blue-
shifted with respect to Aispr thus, in theory, very efficient coupling leading to large SERS
enhancement would occur in the optimum AgFOEN substrates of 650 nm periodicity. Of
the three substrates in which the LSPR is well-matched to the excitation wavelength
(optimum substrates with 360, 520 and 650 nm periodicities), this substrate exhibited
the greatest SERS signal intensity, relative to that of FON, and so confirms the theory.
The LSPR wavelengths of the optimum substrates of 220 and 450 nm initial diameter
were not close enough to the excitation wavelength to result in maximised SERS
enhancement. However, the relative Raman responses with respect to the unetched
FON substrate are highest for these samples. It was postulated that the small inter-
particle distance (19 nm) in the 220 nm FOEN structure was responsible for the large
Raman response. This theory was supported by reports in the literature of increasing
electric field intensity as the inter-particle distance decreases towards very small
distances.83 115 The Raman response of the optimal substrate of 450 nm periodicity may
be in part explained by surface roughness. Longer etch times resulted in rougher

surfaces as clearly demonstrated in the SEM images in Figure 2.2. Rougher surfaces
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typically improve the Raman response and so the surface roughness contribution may

be in part responsible for the intense Raman response observed from this sample.

Table 2.8 shows the properties of the optimal Ag FOEN substrates at 785 nm

excitation.
Sphere Etch gap/diameter Raman Relative ALspr - NI
diameter - time - intensity - response
nm min a.u. vs. FON
220 1 0.095 641185 35 607
360 1.5 0.22 1130512 3.7 532,633,
835
450 2.5 0.12 195472 3.6 710,918
520 2.5 0.19 1306235 2.6 633, 846
650 2.5 0.18 79808 0.88 640, 782

Table 2.8 - Properties of optimum Ag FOEN substrates based on Raman response at 785 nm excitation.

The properties of the optimum substrates are very similar to those of the optimum
arrays at 633 nm excitation; the gap/diameter values are 0.22 or less and the excitation
wavelength is well matched to the LSPR wavelength of the substrates of 360, 520 and
650 nm initial diameter. The high Raman response of FOEN array of 220 nm initial
diameter was again postulated to be a result of the small inter-particle gap present in
the optimum substrate. The properties of the optimum substrate of 450 nm periodicity
at 785 nm excitation differed to those of the optimum substrate at 633 nm excitation.
The inter-particle gap was smaller (48 vs. 311 nm at 785 and 633 nm excitation,
respectively). If the inter-particle distance was solely responsible for the increase in
Raman response with respect to unetched FON, the same structure would exhibit
optimal Raman response irrespective of excitation wavelength. Therefore, it was
thought that a combination of factors was responsible for the observed SERS

enhancement.

It can be concluded from investigation into the Raman responses exhibited by a series
of optimal FOEN substrates that the increase in SERS enhancement observed, with
respect to the unetched FON samples, was due to three factors: the inter-particle
distance between spheres, efficient coupling between the excitation wavelength and
the LSPR wavelength of the substrates and increasing roughness of the surfaces.
However, these three factors do not contribute equally to the Raman response. The

surface roughness has a minor contribution to the overall observed SERS enhancement.
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If this factor had a large influence on Raman response, the substrates that had
undergone long etch times (larger gap/diameter values) would be expected to exhibit
the greatest Raman response as surface roughness increases with increasing etch time.
Both the inter-particle distance and the coupling of the incident radiation with the
surface plasmon heavily influence the SERS enhancement observed from the samples,

albeit to differing degrees in different samples.

The results from this investigation demonstrate the importance of tuning the SERS
substrate to the excitation wavelength and show the significance of the structure-
property relationship. By controlling the size of the spheres and the gap between the
spheres, the Raman response was shown to be improved by a factor of 4.5 at 633 nm
excitation and 3.7 at 785 nm excitation. Thus, the use of modified NSL allowed the

fabrication of optimal FOEN SERS substrates.

2.2.3 Nanohole arrays

Modified NSL can also be used to fabricate nanohole arrays. An analogous investigation
into the structure-property relationship of nanotriangles and nanohole arrays was
carried out to determine the optimum structures for SERS analysis and to investigate
the factors that influenced the SERS enhancement. The fabrication and analysis of the

substrates was carried out by collaborators at Université de Montréal.

Nanotriangle and nanohole arrays were prepared by modified NSL with a sphere
removal step after metal deposition. An increase in etch time resulted in the transition
of nanotriangle to nanohole array. The diameter of the hole decreased as the etch time
period increased whilst still maintaining the lattice spacing. Nanostructures were
fabricated using 650, 820, 1000 and 1500 nm polymer sphere masks. It was
increasingly difficult to obtain complete sphere removal by sonication in samples that
had undergone long etch times due to a strong point of contact between the metal layer
on the polymer sphere and the metal deposited in the interstitial gaps. For this reason,
the range of etch times investigated was limited. A full investigation into the optical
properties of nanotriangle and nanohole arrays with 450 nm periodicity had been
previously performed by the Masson group?4 and so this research focussed on arrays

with larger periodicities.
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For this investigation, the diameter/periodicity (D/P) ratio was used to compare arrays
of different diameters and periodicities. The periodicity is dictated by the initial
diameter of spheres used as the NSL mask and the diameter of the holes is dependent
on etch time. The D/P ratio decreased as the etch time increased. The D/P ratio of
analysed substrates ranged from 1.0 for unetched nanotriangle arrays to 0.43 for
nanohole arrays of small hole diameter. A D/P ratio of 0 corresponds to a non-
structured metallic film. Previous research by collaborators at Université de Montréal
had demonstrated that the transition between nanotriangle and nanohole arrays

occurred at D/P values between 0.75 and 0.6.62

2.2.3.1 Physical characterisation of the arrays

AFM analysis was used to physically characterise the nanotriangle and nanohole arrays.
AFM was the preferred method of characterisation as it could be used to measure the
height of the nanostructures in addition to measuring the diameter of the holes. In
contrast to the physical characterisation of the FON/FOEN arrays, AFM did not damage
the samples and so was used to analyse the topography of the nanotriangle and
nanohole arrays. Figure 2.9 shows AFM images of a series of nanohole arrays fabricated

from spheres of 1500 nm initial diameter.

Figure 2.9 - AFM images of Ag nanoholes of 1500 nm periodicity. D/P A) 0.71 B) 0.69 C) 0.64 D) 0.64 E)
0.59 F) 0.53. The scale bar represents 1 um in all images. The colour bar represents the vertical height of
the arrays.

The AFM images show the transition from nanotriangle array (Images A and B), in

which the metal triangles are isolated but almost touching, to nanohole array (Images C
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to F), in which the metal triangles meet and eventually form a metal lattice as the D/P

ratio further decreases.

The diameters of the nanoholes were evaluated from the AFM images and a mean
diameter value was calculated for each substrate set. The physical properties of the
nanotriangle and nanohole array substrates used in this investigation are shown in

Table 2.9.

P =650 nm P =820 nm P=1000 nm P=1500 nm

Etch
Time- | D-nm D/P D -nm D/P D -nm D/P D -nm D/P

650 1.00 820 1.00 1000 1.00 1500 1.00

468 0.72 631 0.77 680 0.68

299 0.46 467 0.57 590 0.59 1035 0.69

0
1
2 390 0.60 566 0.69 610 0.61 1065 0.71
4
6

293 0.45 459 0.56 530 0.53

8 273 0.42 426 0.52 500 0.50 967 0.64
10 353 0.43 430 0.43

12 956 0.64
15 885 0.59
18 795 0.53

Table 2.9 - Physical properties of Ag nanotriangle and nanohole arrays.

As expected, both the diameter of the holes and the D/P decrease with increasing etch
time. As spheres of 1500 nm initial diameter were larger in size, longer etch times were
required to achieve comparable D/P values. It should be noted that there are two
substrate sets of 1500 nm periodicity with D/P 0.64. This is due to only a slight
decrease in hole diameter between the substrates etched for 6 and for 8 min resulting

in both substrate sets having a calculated D/P = 0.64.
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Nanotriangle and nanohole arrays did not image as well as the FON/FOEN substrates in
SEM analysis. This was thought to be due to the presence of a complete metal layer in
FON/FOEN substrates which aided conductance of the beam and surface electrons
preventing a build-up of charge and burning of the sample. As a result, AFM analysis

was used to physically characterise all nanotriangle and nanohole substrates.
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2.2.3.2 Optical characterisation of the arrays

The Aispr exhibited by the samples is shown in Table 2.10.

P =650 nm P =820 nm P=1000 nm P=1500 nm
D/P Aispr - NIM D/P ALspr - NIM D/P ALspr - NIM D/P ALspr - NIM
1.00 OSR 1.00 OSR 1.00 OSR 1.00 OSR
0.72 513 0.77 OSR 0.68 OSR 0.71 OSR
0.60 567 0.69 ;gg 0.61 OSR 0.69 OSR

510 480
0.46 0.57 668 0.59 520 0.64 OSR
700
868
542 513
0.45 637 0.56 895 0.53 520 0.64 OSR
513 507 045
0.42 0.52 557 0.50 0.59 OSR
747 640 740
819
528 498
670 645
0.43 807 0.46 740 0.53 649
842 819

Table 2.10 - LSPR wavelengths for Ag nanohole array samples. OSR denotes that the LSPR peak is outside
the spectral range of 400 - 900 nm.

Variation of the periodicity and D/P resulted in tuning of the LSPR wavelength of the
arrays from the visible to the IR wavelength region. However, this investigation was
solely focussed on the optical properties of the arrays within the visible to near-IR
spectral window as this region covers the commonly used Raman systems (514.5, 633
and 785 nm) hence LSPR spectroscopy was performed using a spectrometer that had a
spectral range of 400 - 900 nm. The LSPR of nanotriangle samples and arrays of larger
periodicities and D/P values were excited above 900 nm. This was expected as the
LSPR has been reported to red-shift in samples with large periodicities.1’! Decreasing
the D/P from 0.72 to 0.60 in arrays of 650 nm periodicity resulted in a LSPR red-shift
indicative of plasmon coupling. When the D/P was decreased to within the nanohole
array region (D/P < 0.6), the substrates supported a LSPR in the visible wavelength
range however, as the D/P further decreased, the LSPR exhibited by the substrates did
not significantly change. Multiple LSPR peaks were often observed from these samples
as a result of the excitation of multiple plasmonic modes.17! The observations noted
from the optical characterisation of nanotriangle and nanohole arrays were in good

agreement with results reported for similar substrates.”+ 170
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2.2.3.3 Raman spectroscopy

The nanotriangle and nanohole arrays were analysed under 633 and 785 nm excitation
using identical parameters (50 x objective, 10 s acquisition time, and 1% laser power)
to those used in the Raman analysis of the FON/FOEN arrays. The data obtained is

shown in Figure 2.10.
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Figure 2.10 - Raman response of Ag nanotriangle and nanohole arrays at 633 (red) and 785 nm (blue)
excitation. A) 650 nm periodicity B) 820 nm periodicity C) 1000 nm periodicity D) 1500 nm periodicity.
The data points represent the mean height of the 1573 cm! peak calculated from four replicate substrates.
The error bars represent two standard deviations about the mean.

The Raman response values are normalised with respect to the response observed
from the unetched nanotriangle samples (D/P = 1.0) to ascertain the effect of
decreasing the hole diameter and increasing the spacing between the holes on the
Raman response. The Raman response data from all samples investigated evidently
demonstrated that the D/P ratio has a significant effect on the SERS enhancement. The
trend observed was similar for all analysed samples; the Raman response increased
and reached maximum values for samples in the transition region (0.75 = D/P 2 0.60)
followed by a decrease to approximately the same values as those exhibited by

unetched nanotriangle arrays. The only exception to this trend was the 650 nm
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periodicity series excited at 785 nm in which the greatest Raman response was
obtained from the samples with a D/P of 0.42. In general, the Raman response was
higher when 785 nm excitation was used however; the reproducibility of the signals
was poorer at this wavelength as highlighted by the larger error bars. The error bars
for the 650 nm periodicity series were relatively large at 785 nm excitation and this
variability may, in part, explain the differences in Raman response trend exhibited by
this series of samples. Additionally, the substrate of 650 nm periodicity that exhibited
maximum Raman response at 785 nm excitation supported a LSPR at 747 nm. Hence,
efficient coupling between the excitation wavelength and the surface plasmon of the
structure may further explain the high Raman response observed from this sample. The
properties of the samples that exhibited optimum Raman response at both excitation
wavelengths were examined in an attempt to understand the enhancement observed
from these samples. The properties are shown in Table 2.11 and Table 2.12 for 633 and

785 nm excitation, respectively.

Sphere Etch D/P Raman Relative Aispr - NIM
diameter - time - intensity - | response vs.
nm min a.u. nanotriangle
650 2 0.60 27550 2.1 567
820 2 0.69 20560 3.0 549,700
1000 2 0.61 2505 2.9 OSR
1500 4 0.69 16509 1.6 OSR

Table 2.11 - Properties of optimal Ag nanohole substrates based on Raman response at 633 nm excitation.

As discussed previously, the optimum substrates for all periodicities had a D/P ratio
within the transition region (D/P 0.6 - 0.75). Optical characterisation of the substrates
revealed that the majority of the arrays with a D/P ratio between 0.6 and 0.4 had LSPR
bands that were close enough to the 633 and 785 nm excitation wavelengths to obtain
efficient coupling. Therefore, these substrates would be expected to exhibit maximum
Raman response. However, the experimental data did not support this theory. None of
the optimum substrates supported a surface plasmon at a wavelength which would
result in optimal coupling between the incident radiation and the surface plasmon. If
the Raman response observed was wholly dependent on the coupling between
excitation source and the sample surface plasmon, it would be expected that the
samples of 1500 nm periodicity with a D/P ratio of 0.53 would give the optimum
Raman response as these substrates supported a surface plasmon at 649 nm which

would result in highly efficient coupling. However, the maximum Raman response
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observed from samples of 1500 nm periodicity was for D/P ratio of 0.69 in which the
LSPR wavelength was greater than 900 nm resulting in poor coupling between the
incident radiation and the surface plasmons. Thus, closely tuning the excitation
wavelength to the LSPR wavelength of the structures did not result in the optimal

Raman response.

Sphere Etch D/P Raman Relative ALspr - NI
diameter - time - intensity - | response vs.
nm min a.u. nanotriangle
650 8 0.42 2105 5.7 513,747
820 2 0.69 12986 4.2 549,700
1000 2 0.61 7430 4.8 OSR
1500 4 0.69 6318 1.6 OSR

Table 2.12 - Properties of optimal Ag nanohole substrates based on Raman response at 785 nm excitation.

Analysis of the optimal substrate properties for 785 nm excitation resulted in similar
conclusions. Again, theory predicted that optimal coupling, and therefore greatest SERS
enhancement, should occur in samples with low D/P ratios as the LSPR bands of these
samples were closely matched to the excitation wavelengths. However, the optimum
Raman response was exhibited by samples in the transition region and so was not a

result of efficient coupling between the incident radiation and surface plasmon.

The highest Raman intensity at 633 and 785 nm excitation was observed for substrates
of 650 nm periodicity with D/P 0.60 and 820 nm periodicity with D/P 0.69
respectively. This was in good agreement with the previously discussed research
reported by Hatab and co-workers in which they concluded that maximum SERS
enhancement was obtained when the periodicity of the nanostructured arrays was

close to that of the wavelength of the excitation source.30

AFM analysis demonstrated that samples within the transition region consisted of a
hexagonal array of almost-connected triangles. The distance between the triangles is
much smaller than the diameter of the holes giving rise to plasmon coupling and an
intense local electric field enhancement. Therefore it was concluded that the enhanced
Raman responses exhibited by samples in the transition region was a result of the small

inter-particle distance between triangles in the arrays.
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Comparison of Raman response of Ag and Au nanohole arrays

Nanohole arrays of identical dimensions were used for this study. The arrays used were
of 1000 nm periodicity and had been etched to give a D/P ratio of 0.61. Raman analysis
was performed using 633 and 785 nm excitation. Figure 2.11 shows the mean peak

height calculated from five replicate scans over the sample surface.
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Figure 2.11 - Comparison of SERS response of Au (red) and Ag (blue) nanohole arrays of 1000 nm
periodicity and D/P 0.61. Five replicate scans were collected, using an acquisition time of 10 s, from each
substrate at each excitation wavelength. The error bars represent 2 standard deviations about the mean.

As expected, the Ag nanohole arrays exhibit a much larger Raman response than the
analogous Au substrates. Greater SERS enhancement was observed from both metallic
substrates at 785 nm excitation however poor signal reproducibility was attained from

the Ag nanohole array at this excitation wavelength.

2.2.4 Comparison of properties of FOEN and nanohole arrays of
same periodicity

[t was of interest to compare the Raman response of the two types of array, of identical
dimensions, that could be fabricated by modified NSL. The Raman responses of FOEN
and nanohole substrates of 650 nm periodicity were compared at 633 and 785 nm
excitation and the results were normalised to account for differences in laser power.
The Raman intensities exhibited by the FOEN sample series of 650 nm initial sphere
diameter were the lowest observed for the FOEN arrays investigated. This is in contrast
to the nanohole arrays of 650 nm periodicity which showed the highest Raman
intensities of the nanohole samples analysed. Figure 2.12 shows the results of the

direct comparison between the two classes of substrate with respect to etch time.
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Figure 2.12- Comparison of SERS response from Ag FOEN (red) and Ag nanohole (blue) arrays of 650 nm
periodicity at A) 633 nm excitation and B) 785 nm excitation. Each data point represents the mean 1573
cm'! peak height calculated from four replicate analyses of four separate substrates. The error bars
represent two standard deviations about the mean.

At 633 nm excitation, the Raman response of the nanohole and FOEN arrays follow the
same trend however greater SERS enhancement was observed from the nanohole array
substrate. At 785 nm excitation, the Raman response of the FOEN array was higher
than that of the nanohole arrays. These observations were attributed to the LSPR of the
substrates being well matched to the excitation wavelength; the nanohole substrates
had LSPR within the range of 513 to 747 nm whereas the FOEN substrates had LSPR in
the range of 607 to 873 nm. It was concluded that, in general, FOEN arrays exhibited
larger Raman enhancements than nanohole arrays however both substrates
investigated demonstrated good SERS activity and this study highlights that, depending

on the application, the substrate can be selected to maximise the Raman response.

2.2.5 Optimal Substrates

The Raman response of nanohole substrates that had exhibited high SERS
enhancement in previous studies was compared to that of Klarite, a commercially
available SERS substrate. Klarite is a photolithography fabricated nanostructured
silicon surface that consists of a square lattice of inverted square pyramidal pits
covered by a layer of Au. Klarite has been shown to give large Raman enhancements
and produce highly reproducible SERS signals.172 This substrate has been often used by
other groups as a comparison substrate when investigating the potential of their own

SERS active surfaces.173 174 This investigation was performed using 785 nm excitation
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as although Klarite exhibits good SERS enhancement at both 633 and 785 nm
excitation,172 the manufacturers advise that optimal performance of Klarite is achieved
at 785 nm excitation.1’> A Ag nanohole array of 1000 nm periodicity and D/P ratio of
0.68 was used in this investigation. This substrate had been previously shown to
exhibit good Raman response. The optical properties of bimetallic nanohole arrays had
been previously investigated by the Masson group in which it was shown that they
exhibited a similar optical response to single-layer metallic nanohole arrays.’# It was
further demonstrated that the bimetallic nanohole substrates showed an increased
sensitivity to the bulk refractive index thus highlighting their possible use in SPR
sensing. It was postulated that these bimetallic nanostructures may have the potential
to be highly SERS active and so the Raman response was investigated alongside that of

a Ag nanohole array of identical dimensions and Klarite.

All samples were coated with a 4-NBT SAM and analysed at 785 nm excitation under
identical conditions. Figure 2.13 shows the mean 1573 cm-! peak height calculated from

five replicate scans taken across the sample area.
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Figure 2.13 - Comparison of SERS activity of optimum substrates. Five replicate scans were collected using
an acquisition time of 10 s from each sample at 785 nm excitation using 0.01 % laser power. The error bars
represent 2 standard deviations about the mean.

The Raman response from the Ag nanohole array substrate was most intense. The
bimetallic AgAu nanohole substrate and Klarite exhibited comparable SERS
enhancement however the signal reproducibility was much lower from Klarite (the
relative standard deviations were 8% and 53% for AgAu nanohole substrate and

Klarite, respectively). It could be concluded that the nanohole arrays fabricated by NSL

70



2. Investigation into the physical, optical and Raman properties of nanostructures prepared by modified NSL

exhibited both larger SERS enhancements and better signal reproducibility than the

commercially available SERS substrate under the experimental conditions.
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2.3 Conclusion

The etch step was determined to have significant influence on the physical, optical and
Raman properties of both FOEN and nanohole arrays. Increasing the etch time
decreased the feature diameter, increased the inter-particle gap and increased the
roughness of the feature. This was demonstrated by the physical characterisation of the

arrays by SEM and AFM analysis.

Etching of the polystyrene masks significantly altered the LSPR wavelength of the
nanostructures. Short etch times resulted in a red-shift of the LSPR which was followed
by a blue-shift at longer etch times. The red-shift that occurred when the samples were
etched for short periods of time indicated that plasmon coupling was occurring

between spheres/triangles.

The Raman response of both FOEN and nanohole arrays was improved by etching the
NSL masks. An improvement of the Raman response with respect to unetched FON
arrays of 4.5 at 633 nm excitation and 3.7 at 785 nm excitation was demonstrated by
the optimal FOEN arrays. The optimal arrays both had a gap/diameter value of around
0.2 highlighting the importance of plasmon coupling. A similar effect was observed
when the Raman response of a series of nanohole arrays was investigated. Substrates
with etch times that resulted in a D/P ratio within the transition region (D/P between

0.75 and 0.6) were shown to exhibit maximum Raman response.

The improvement of the Raman response was attributed to two major factors: efficient
coupling between the excitation wavelength and the LSPR peak of the substrate and
tuning of the inter-particle gap to result in maximum plasmon coupling. Both factors
are controlled by the etch time; etching the arrays alters both the LSPR wavelength and
the inter-particle spacing. Thus, the use of modified NSL to fabricate nanostructures for

use in SERS analysis shows great promise.

Results discussed in this chapter have been published in The Journal of Physical

Chemistry Cin 2010 (see the Appendix section for the full texts).
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2.4 Further Work

The Raman responses for all substrates were calculated on the basis of the Raman
signal collected from the illuminated area. The effect of surface area of the structures
was, therefore, not taken into account when determining the optimum substrates as the
study was designed to compare a range of substrates under the same analysis
conditions. It would be interesting to calculate the enhancement factor of the
substrates taking into account the differing surface areas to determine if comparable
results were obtained. This would also allow direct comparison of the optimal FOEN
and nanohole substrates with the wide-range of SERS substrates that have been

reported in the literature.
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CHAPTER 3 - MAPPING THE LOCATION OF THE
RAMAN ENHANCEMENT IN NANOHOLE AND FOEN
ARRAYS

Chapter 2 described the methodical investigation into the physical and optical bulk
properties of FOEN and nanohole arrays. It was of great interest to investigate the

electric field distribution and Raman properties of these arrays at the nanoscale.

Research in the literature has investigated the electric field intensity in nanotriangle
and nanohole arrays using simulations to predict the location of maximum electric
field.128 129 However, few studies has experimentally investigated the location of high
electric field intensities in such arrays. Raman microscopy is a powerful tool to image

the location of hot-spots in SERS substrates.

In an effort to visualise the SERS hot-spots, Raman maps of a series of arrays with
varying D/P ratio were collected. This investigation would provide information on the
frequency, density and shape of the hot-spots and aid the overall understanding of the

Raman enhancement effect of the arrays.

3.1 Experimental

3.1.1 Sample Preparation

All substrates were prepared by Dr Debby Correia-Ledo at Université de Montréal
using modified NSL as described in sections 2.1.1.1 and 2.1.1.2. Four identical, replicate
samples for each periodicity and D/P were prepared. To form the Raman reporter SAM,
the array samples were immersed in a 0.5 mM solution of 4-NBT (Sigma-Aldrich),
initially dissolved in ethanol and further diluted in water, for 16 hours. The samples
were then thoroughly washed with water followed by ethanol, dried under a stream of

N> gas and stored in the dark prior to Raman mapping analysis.
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3.1.2 Raman Mapping

Raman mapping was carried out using confocal WiTec Alpha300 R instrumentation
(WITec, Ulm, Germany) and either a 532 or 633 excitation laser (532 nm - WITec, full
power = 37 mW,; 633 nm - Research Electro-Optics, Boulder CO, USA, full power = 13
mW) This instrumental set-up allowed mapping of approximately 10 x 10 pm areas. A
10 x 10 um area was mapped and a spectra taken every 100 nm. A 15 x 15 um area was
mapped on samples with a periodicity of 1500 nm. The laser power values were
measured using a handheld LaserCheck power meter (Coherent, Santa Clara CA, USA).
The approximate unfocussed powers of the 532 and 633 nm excitation lasers were 0.5
mW (1.4 % of total power) and 0.3 mW (2.3 % of total power) respectively. The
parameters were set as follows: 0.005 s integration time, 100x objective (Olympus
MPlan, NA = 0.9), which resulted in approximately 360 - 430 nm optically limited
spatial resolution depending on the excitation wavelength used. The peak area of the
v(C-C) stretch of 4-NBT at 1573 cm! was integrated and mapped, using WITec control
software, resulting in a false colour image of the Raman intensity of this peak over the
analysis area. Three maps were taken from three separate, identically prepared
substrates at each etch time. WITec project 2.06 software was used for further data

processing.

3.1.3 AFM analysis

The samples were analysed by AFM in close-contact mode on a Nanolnk DPN5000
instrument (Nanolnk, Inc., Skokie, IL USA). A close-contact Si, N-type tip with a force
constant of 25 - 75 N/m (Applied NanoStructures, Inc., Santa Clara, CA, USA) was used.
SPM Cockpit v3.3 software (Pacific Nanotechnology Inc., Santa Clara, CA, USA) was used
to image the samples. Images were obtained using either low resolution parameters:
256 x 256 pixel resolution with a scan rate of 0.4 Hz or high resolution parameters: 512
x 512 pixel resolution using a scan rate of 0.2 Hz. The scanned areas intentionally
included crystallisation defects and/or scratches to act as a point of reference between
the AFM and Raman images. The scanned images were processed using SPIP software
(Image Metrology, Hgrsholm, Denmark) and involved a plane correction procedure
followed by a filter being applied to the data to target noise. The resulting images were

then adjusted to attain the optimum colour contrast.
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3.1.4 FDTD simulations

Finite-Difference Time-Domain (FDTD) calculations were carried out by Anuj Dhawan
and Tuan Vo-Dinh at Duke University, North Carolina, United States. The FDTD analysis
on the nanohole array substrates was carried out using FullWAVE 6.0 software by R-
Soft. The analysis was based on a periodic hexagonal array of nanoholes in 50 nm Ag
film (with a 5 nm Ti adhesion layer underneath the Ag layer) fabricated on a silica
substrate. The periodicity of the arrays was 1500 nm whilst the diameters of the
nanoholes were varied between 300 and 1500 nm (using steps of 150 nm). The
simulations were performed with the incident light (532 or 633 nm) being linearly

polarized along the x-axis of the figures.

3.1.5 Selective immobilisation of analyte in regions of high

electric field

Selective immobilisation using silylation chemistry

All chemicals were purchased from Sigma-Aldrich. Three Ag nanohole array samples of
1000 nm periodicity and D/P = 0.61 were incubated in a 1 mM solution of 1-
hexadecanethiol (DMF was used as the solvent) for 16 h at r.t. After incubation, the
samples were thoroughly washed with ethanol. The samples were then placed in a 1
mM solution of chloro(methyl)diphenylsilane in anhydrous dichloromethane (DCM).
This solution also contained 1 mM of N,N-diisopropylethylamine, a hindered base, to
scavenge free hydrogen ions and prevent hydrolysis of the silane. The samples were
incubated for either 30 min or 4 h at r.t. After incubation, the samples were washed
with anhydrous DCM, dried and analysed using the WITec microscope at 100x

magnification.

Selective immobilisation using place-exchange method

The place-exchange method was based on a procedure published by Beeram and
Zamborini.176 All chemicals were purchased from Sigma-Aldrich except Streptavidin-
dylight 633 which was purchased from Pierce (Rockford IL, USA). Bimetallic sample
preparation followed the protocol described in section 2.1.1.2. Three bimetallic
nanohole array samples of 1000 nm periodicity and D/P = 1.0 were incubated in a 1

mM ethanolic solution of 11-mercaptoundecanoic acid (11-MUA) for 16 h at r.t. These
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samples were termed “pure MUA” samples. After incubation, the samples were
thoroughly washed with ethanol and air-dried. The second set of samples, termed
“place-exchange samples”, were placed in a 1 mM ethanolic solution of 2-
mercaptoethanol for 16 h at r.t. The samples were then washed with ethanol and
immediately placed in a 5 mM solution of 11-MUA for 4 h at r.t. to allow the thiol
exchange procedure to occur. After incubation in the 11-MUA solution, the samples
were thoroughly washed with ethanol and air-dried. All samples were separately
placed into an aqueous solution of 2 mM 1-ethyl-3-(3-
dimethylaminopropyl)carbodiimide (EDC) and 5 mM N-hydroxysulfosuccinimide
(sulfoNHS) for 1 h. After 1 h, all samples were rinsed with water, air-dried and placed
into an aqueous solution of 5 pg/ml Streptavidin-dylight 633. The samples were
incubated for 16 h at r.t. before being thoroughly washed with phosphate-buffered
saline (PBS) pH 7.4 and air-dried. The samples were analysed by AFM in close-contact

mode.
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3.2 Results and Discussion

To fully investigate the SERS hot-spots, a series of samples with different periodicities
and D/P ratios between 1.0 and approximately 0.4 were prepared by modified NSL, as
detailed in section 2.1.1.2 and mapped using excitation wavelengths of 532, 633 and
785 nm. The intensity variation of the peak at 1573cm-! was imaged across the mapped
area resulting in false colour images. Three identical samples from each series were
mapped and all maps for a particular sample series resembled each other to a high

degree.
3.2.1 Experimental Considerations

3.2.1.1 Lateral Resolution

The features observed in the Raman maps were limited by the lateral resolution of the
Raman instrument set-up. The lateral resolution of the set-up is dependent on the laser
spot size which is in turn dependent on the excitation wavelength and the numerical
aperture (NA) of the objective used for analysis. The diffraction limit of the
instrumental set-up can be calculated to a good approximation using equation 3.1
where d is the laser spot diameter, A is the excitation wavelength used and NA is the

numerical aperture value of the objective.

2x NA (3.1)

Using a 100x objective with a NA value of 0.9 and assuming no optical aberrations in
the optical system, the approximate diffraction limits calculated for each excitation

wavelength are shown in Table 3.1.

Excitation wavelength - nm | Calculated diffraction limit
(A) -nm
532 360
633 430
785 532

Table 3.1 - Calculated diffraction limits for the SERS experimental set-up using a 100 x objective (NA = 0.9)
and excitation wavelengths of 532, 633 and 785 nm.

78
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The calculated diffraction limit for 785 nm excitation is larger than the majority of
features present in the series of nanohole and FOEN arrays. It was also found
experimentally that the resolution of maps collected at this excitation wavelength was
too poor to visualise any features. Therefore, only data collected using 532 and 633 nm

excitation is included in this discussion.

3.2.1.2 The polarisation of the excitation source

[t is important to note that in all cases, circularly polarised light was used. This explains
why all the features in the false colour images obtained were symmetrical. The
polarisation of the incident light has been shown to affect the magnitude and the
location of the maximum electric field.177. 178 However, the nature of this investigation
was not to investigate how the polarisation of the light affected the electric field but
instead to compare different structures of related arrays to determine if the location of
electric field varied. Therefore, as all samples were analysed under identical conditions,

the polarisation of the incident light was not an issue.

3.2.2 Raman maps of nanohole arrays at 532 and 633 nm

excitation

The maps collected during this investigation clearly demonstrate that the locations of
the regions of maximum Raman enhancement change as the transition from
nanotriangle to nanohole array occurs. As this is a qualitative investigation into the
location, shape and density of the hot-spots, all maps do not correspond to the same
colour intensity scale. If this was the case, it would not be possible to observe the
features in the false colour maps as the average intensity of the maps varies with the
periodicity and D/P as discussed in Chapter 2. The region limits discussed were based
on maps obtained from samples with 1500 nm periodicity as these maps exhibited the

highest resolution.

Generally, all maps from samples with similar D/P ratios resemble one other to a high
extent, irrespective of the periodicity of the array or excitation wavelength. Maps from
samples with a periodicity of 1500 nm exhibited the best resolution as the features in
these samples are larger than the instrumental set-up diffraction limit using excitation

sources of 532 and 633 nm.
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Table 3.2 and Table 3.3 show the SERS maps obtained at 532 and 633 nm excitation,
respectively. The Raman maps collected from nanotriangle samples with a D/P of 1.0
suggest that the highest Raman intensity lies on the network of nearly connected
triangles that surround the array of holes. For P = 650 nm and 820 nm, the resolution of
the maps is too low to visualise the individual triangles. At P = 1000 nm and 1500 nm,
the individual triangles can be observed. This result has been corroborated in recent
work by Notingher et al. who performed combined AFM-Raman mapping of NSL-

fabricated nanotriangle arrays at 532 nm excitation.179

As the D/P decreases to between 0.77 and 0.64, at the upper limit of the transition
region, the maps obtained suggest that the maximum Raman enhancement is located

on the metal lattice that surrounds the holes.

As the D/P further decreases to between 0.64 and 0.60, the location at which maximum
Raman enhancement occurs alters. The experimental maps indicate that the highest
Raman intensity lies around the rim of the nanohole resulting in a “donut”-like shape.

This can be best observed in the map obtained for 1500 nm periodicity.

For samples in the nanohole region (D/P of 0.60 or below), the maximum Raman
intensity appears to be located in the centre of the nanoholes. The bright spots in the
Raman maps are arranged in a hexagonal pattern and have a centre to centre spacing
that perfectly corresponds to the periodicity of the samples. The centre of the
nanoholes has no metal and so would not be expected to be the source of SERS
enhancement. It is postulated that the electric field is concentrated in the hole in
samples with D/P < 0.60, leading to the centre of the hole acting as a point source for

the maximum Raman enhancement.
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P 650 nm 820 nm 1000 nm 1500 nm

Nanotriangle

D/P=1.0

Transition
region
0.772D/P 2
0.64

LA
LA I T
R s et e

Nanohole

D/P < 0.64

Table 3.2 - False colour Raman maps of the intensity of 1573 cm-! peak across the sample area of a series of
Ag nanotriangle and nanohole arrays with a deposited metal thickness of 125 nm and varying periodicities
and D/P. All maps were obtained using an incident wavelength of 532 nm and a laser power of 0.5 mW. All
images are 10 x 10 pm. All scale bars represent either 1 or 2pm.
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P 650 nm 820 nm 1000 nm 1500 nm

Nanotriangle

D/P=1.0

Transition
Region
0.77>D/P 2
0.64

Nanohole

D/P < 0.64

Table 3.3 - False colour Raman maps of the intensity of 1573 cm-! peak across the sample area of a series of
Ag nanotriangle and nanohole arrays with a deposited metal thickness of 125 nm and varying periodicities
and D/P. All maps were obtained using an incident wavelength of 633 nm and a laser power of 0.3 mW. All
images are 10 x 10 pm except P 1500 nm, D/P 1.0 and 0.71 (denoted by *) which are 15 x 15 pum. All scale

bars represent either 1 or 2 um.
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The false colour images obtained suggest that the plasmon mode varies with decreasing
D/P. At D/P = 1.00, the plasmon is localised on the triangular metallic islands that
surround the network of holes. As the D/P decreases to between 0.77 and 0.64, the
plasmon propagates along the honeycomb-like network of silver that surrounds the
holes. Within the nanohole size regime (D/P < 0.64), the plasmon is localised to around
the rim of the nanoholes at D/P 0.64 or at the centre of the nanoholes for lower D/P.
This observation is in good agreement with reports in the literature of the plasmon

mode present in similar structures.179

It is interesting to note the effect of array dislocations and defects on the SERS
intensity; in samples with D/P = 1.0, dislocations and defects give an increased electric
field enhancement as shown by yellow/orange lines in the false colour images.
However, the defects and dislocations give a lower electric field enhancement in all
samples of D/P < 1.0, with samples in the transition region showing moderate SERS
enhancement from the defect areas as shown by the orange lines and nanohole samples
showing low SERS intensity from the defected regions as illustrated by black lines. The

reason for this is unclear.

3.2.3 Raman maps of FOEN arrays at 532 and 633 nm excitation

An analogous investigation into the location of the Raman enhancement in a series of
FOEN arrays with decreasing D/P was undertaken. The results would provide an
interesting comparison between the locations of the regions of maximum Raman
enhancement in nanohole and FOEN arrays. For ease of comparison in this discussion,
the FON and FOEN arrays are described by D/P as opposed to gap/diameter as used in
Chapter 2. Ag FOEN arrays with periodicities of 650, 820, 1000 and 1500 nm and D/P
of between 1.0 and 0.5 were prepared using modified NSL as outlined in section 2.1.1.1.
FOEN arrays with a periodicity of 650 nm were difficult to prepare as samples with
high D/P often delaminated during the wash steps in the fabrication process and the
polystyrene spheres sometimes spontaneously “popped” off in samples with low D/P.
As a result, only one sample with a periodicity of 650 nm and a D/P in the transition
region was able to be prepared and mapped at 633 nm excitation. Samples were
mapped using excitation wavelengths of 532 and 633 nm and the intensity of the C-C

vibration at 1573 cm! was used to create a false colour image of the Raman
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enhancement across the sample as shown in Table 3.4 and Table 3.5. As noted before,
the false colour maps are not all to the same colour scale in order to aid clear

visualisation of the features of the arrays.
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P 820 nm 1000 nm 1500 nm

FON
D/P=1.0

Transition
region
0.77>D/P >
0.64

FOEN
D/P < 0.64

Table 3.4 - False colour Raman maps of the intensity of 1573 cm-! peak across the sample area of a series
of Ag FON and FOEN arrays with a deposited metal thickness of 125 nm and varying periodicities and D/P.
All maps were obtained using an incident wavelength of 532 nm and a laser power of 0.5 mW. All images
are 10 x 10 pm. All scale bars represent 1 or 2 pm.
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P 650 nm 820 nm 1000 nm 1500 nm

FON
D/P=1.0

Transition
region
0.77>D/P >
0.64

FON
D/P < 0.64

Table 3.5 - False colour Raman maps of the intensity of 1573 cm-! peak across the sample area of a series
of Ag FON and FOEN arrays with a deposited metal thickness of 125 nm and varying periodicities and D/P.
All maps were obtained using an incident wavelength of 633 nm and a laser power of 0.3 mW. All images
are 10 x 10 pm. All scale bars represent 1 or 2 pm.

The results demonstrated that all false colour maps from FOEN samples are almost
identical, irrespective of the periodicity of the array, the D/P or excitation wavelength
used. All samples demonstrate the same pattern of high electromagnetic enhancement.
It can be clearly observed that the regions of maximum Raman enhancement are
located on the Ag lattice that surrounds the Ag-covered polystyrene spheres. In fact, in
all maps obtained, little or no Raman enhancement was observed on the Ag-coated
sphere. This suggests that the observed Raman enhancement is a result of an increase
in electromagnetic field strength at the crevices and junctions where the
nanostructured features are in closest proximity to one another due to the coupling of
plasmons in this region. The results obtained correlated well with the findings of
theoretical and experimental investigations conducted by Farcau and Astilean into the

location of hot-spots in both Ag and Au metal film over sphere arrays.133 136 and with
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computational calculations performed by Garcia-Vidal and Pendry on roughened Ag

nanostructures with a similar cross-section to that of metal FOEN substrates.180

3.2.3.1 Comparison of the SERS intensity pattern observed from nanohole

and FOEN arrays

In order to compare the SERS intensity pattern from nanohole and FOEN arrays, a
cross-sectional analysis was carried out on the false colour images obtained from Ag
nanohole and FOEN arrays with a periodicity of 1500 nm at 532 nm excitation. This
was achieved by marking a line over six holes in the nanohole arrays or six spheres in
the FOEN arrays using the WITec software. All marked lines began at the same point on
an array; the metal island adjacent to the widest part of a hole/sphere and traced
across the diameter of six holes/spheres. The software then extracted the intensity of
the 1573 cm! peak over the marked line resulting in a cross-section plot for each D/P
which was stacked to create Figure 3.1 and Figure 3.2. It should be noted that due to
the similarities in diameter of the nanoholes etched for 6 and 8 mins, both samples

have a calculated D/P of 0.64 as discussed in section 2.2.3.1.

D/P 0.53

/W D/P 0.64
A~ NN~ DR 0.64

\/\/\/\/\A D/P 0.69

D/P 1.00

T T T T T T T 1

0 1 2 3 4 5 6 7 8
Distance across surface - pm

Relative SERS intensity

Figure 3.1 - Cross-section plot of Raman intensity across 1500 nm periodicity Ag nanotriangle and
nanohole arrays of varying D/P and a deposited metal thickness of 125 nm. The Raman spectra were
obtained using 532 nm excitation and 0.5 mW laser power.
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D/P 0.64

D/P 0.69

Relative SERS intensity

W\/\/\_, D/P 1.00

0 1 2 3 4 5 6 7
Distance across surface - pm

Figure 3.2 - Cross-section plot of Raman intensity across 1500 nm periodicity Ag FON and FOEN arrays of
varying D/P and a deposited metal thickness of 125 nm. The Raman spectra were obtained using 532 nm
excitation and 0.3 mW laser power.

The wave amplitudes highlight that the greatest SERS intensity was obtained at a D/P
equal to 0.69 for both the nanohole and FOEN arrays. This observation correlated well
with the findings of Chapter 2 in which the greatest SERS intensity was consistently

attained from samples in the transition region.

Analysis of the SERS intensity cross-sections clearly highlights the differences in
location of maximum SERS intensity on the arrays between nanohole and FOEN
substrates. The cross-sectional analysis of the nanohole array substrates evidently
demonstrates that the position of the maximum SERS intensity varies with decreasing
D/P. As D/P decreases, the location of the SERS maximum intensity remains constant
until D/P 0.69 when it shifts by 180° so that the position at which maximum intensity
was attained in samples with D/P > 0.69 now gives minimum SERS enhancement.
However, the cross-sectional analysis of FOEN arrays shows that the position of the
maximum SERS intensity on the arrays does not vary with decreasing D/P indicating
that the maximum electric field is always observed from the metal that surrounds the

spheres
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3.2.4 Raman and AFM correlation analysis

In order to prove where the Raman enhancement originated, it was necessary to
conduct Raman analysis and a physical characterisation technique on the same area of
the substrate. AFM was used to physically analyse the surface as it was thought that
this technique would be compatible with scanning the same area as the Raman
measurements were taken from. A Raman map was taken from an area on the substrate
that included easily recognisable dislocations and defects. These features were then
used to locate the same region under the AFM instrument microscope and scan it. By
overlaying the Raman map and the AFM image, the spectroscopic information from the
Raman map could be correlated with the topographical information from the AFM
image elucidating the source of Raman enhancement. In addition, simultaneous cross-
sectional analysis was carried out to allow clear correlation of the SERS intensity to the

nanostructure topography across the surface.

The correlation of Raman maps and AFM images from FOEN array substrates had been
described in the literature but no equivalent investigation had been reported for
nanohole array substrates of varying D/P.133 Correlated Raman and AFM analysis was
performed on nanohole substrates with three different D/P ratios so as to fully
investigate the differing origins of Raman enhancement as the transition of
nanotriangle to nanohole progressed. Figure 3.3 shows the results of the correlated
Raman and AFM analysis of a Ag nanohole array of 820 nm periodicity in the transition

region (D/P =0.69).
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Raman Raman /AFM overlay AFM

Figure 3.3 - Overlay of Raman false colour map and AFM image obtained from Ag nanohole array of 820 nm
periodicity, a deposited metal layer thickness of 125 nm and D/P 0.69. The Raman map was obtained using
an incident wavelength of 633 nm and a laser power of 0.3 mW.
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Figure 3.4 - A) AFM image obtained from Ag nanohole array of 820 nm periodicity and D/P 0.69. The white
line marks the location of the cross-section taken from the Raman and AFM maps. B) Raman and AFM
cross-section analysis of Ag nanohole array of 820 nm periodicity and D/P 0.69.

The Raman and AFM correlation analysis clearly illustrates that the areas of high
Raman intensity in the Raman map match perfectly with areas of high topography in
the AFM image. The cross-sectional analysis shown in Figure 3.4 confirmed that when
the AFM height was high (on the Ag islands that surround the holes): the SERS intensity
was at a maximum. It can be concluded from both analyses that the Raman
enhancement originates from the islands of silver that surround the nanoholes in

samples in the transition region.

The results of the correlation analysis of a Ag nanohole array of 1500 nm periodicity

and D/P 0.64 are shown in Figure 3.5. This analysis was performed on an array with a
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periodicity of 1500 nm as the “donut”-like areas of high Raman intensity were most

clearly observed in samples with a larger periodicity.

Raman Raman /AFM overlay AFM

Figure 3.5 - Overlay of Raman false colour map and AFM image obtained from Ag nanohole array of 1500
nm periodicity, a deposited metal layer thickness of 125 nm and D/P 0.64. The Raman map was obtained
using an incident wavelength of 633 nm and a laser power of 0.3 mW.
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Figure 3.6 - A) AFM image obtained from Ag nanohole array of 1500 nm periodicity and D/P 0.64. The
white line marks the location of the cross-section taken from the Raman and AFM maps. B) Raman and
AFM cross-section analysis of Ag nanohole array of 1500 nm periodicity and D/P 0.64.

The areas of high Raman intensity in the Raman map perfectly correlate with the outer
rim of the low topography regions in the AFM image. The cross-sectional analysis,
shown in Figure 3.6, demonstrates that for every hole, there are two SERS intensity
maxima that lie just to the inside of the hole region. From the results, it can be
concluded that the plasmon originates on the rim of the nanohole in samples with a
larger periodicity and a D/P < 0.64. It is probable that this is the case in samples with a
D/P value of approximately 0.64 and periodicities smaller than 1500 nm but the lateral
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resolution limitations of the Raman instrument set-up prevent identification of the

exact location of the plasmon.

Raman Raman /AFM overlay AFM

Figure 3.7 - Overlay of Raman false colour map and AFM image obtained from Ag nanohole array of 820 nm

periodicity, a deposited metal layer thickness of 125 nm and D/P 0.43. The Raman map was obtained using
an incident wavelength of 633 nm and a laser power of 0.3 mW.
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Figure 3.8 - A) AFM image obtained from Ag nanohole array of 820 nm periodicity and D/P 0.43. The white
line marks the location of the cross-section taken from the Raman and AFM maps. B) Raman and AFM
cross-section analysis of Ag nanohole array of 820 nm periodicity and D/P 0.43.

Figure 3.7 shows the results of the correlated Raman and AFM analysis of a Ag
nanohole array of 820 nm periodicity in the nanohole region (D/P = 0.43). The analysis
results show that the areas of high Raman intensity in the Raman map are well aligned
with the areas of low topography in the AFM image. The cross-section analysis shown

in Figure 3.8 clearly demonstrates that the maximum SERS intensity occurs when AFM
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height is at a minimum. Therefore, the areas of high Raman enhancement are located in

the hole region for samples with low D/P.
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3.2.5 FDTD simulations

Finite-Domain Time-Difference (FDTD) calculations were applied to the nanotriangle
and nanohole arrays in order to simulate the electric field distribution of the
nanostructures. This technique has been employed by numerous research groups to
calculate electromagnetic fields around a range of plasmonic materials, e.g.
nanoparticles and nanopillar arrays.18L 182 In this analysis, the diameters of the holes
were varied so as to ascertain the effect that this parameter had on the electromagnetic
field distribution of the substrates. The calculations were applied to hexagonal arrays
fabricated on a glass substrate with the following parameters; periodicity of 1500 nm,
Ti adhesion underlayer of 5 nm, Ag top layer of 50 nm. The diameters of the holes
varied between 300 and 1500 nm with analysis carried out at 150 nm increments. The
calculated FDTD simulations are shown in Table 3.6 alongside the corresponding
experimental Raman maps. The FDTD calculations were carried out using an incident
radiation wavelength of 532 and 633 nm. The results of simulations at both

wavelengths are shown in Table 3.6.
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Aex =532 nm Aex = 633 nm

Raman map FDTD Raman map FDTD

Nanotriangle

D/P=1.0

Transition
region
0.772D/P 2
0.64

Nanohole

D/P < 0.64

Table 3.6 - Raman false colour map and corresponding FDTD simulations at 532 (0.5 mW laser power) and
633 nm (0.3 mW laser power) excitation for Ag nanoholes of 1500 nm periodicity and varying D/P. All
Raman maps are 10 x 10 um except D/P 1.0 and 0.71 at 633 nm excitation (denoted by *) which are 15 x
15 pum. All scale bars represent either 1 or 2 um. All FDTD simulated images are 3 x 3 um.
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The results of the FDTD simulations are in good agreement with the experimental
Raman maps. Generally, the areas of predicted high electric field in the FDTD
simulations (represented by light blue) correlate with the areas of high Raman

enhancement (represented by yellow).

For nanotriangle arrays (D/P = 1.0), both simulations at Aex = 532 and 633 nm showed
that the regions of highest electric field were at the junctions between two triangular
metal islands. The FDTD analysis predicted that the maximum electric field would be
along the edges of the triangle using an incident radiation of 532 nm and at the point
where two triangle vertices meet using 633 nm excitation. The experimental SERS
images suggest that the highest Raman enhancement is located on the triangles at both
532 and 633 nm excitation. The resolutions of the Raman maps are limited by the
lateral resolution of the instrumental set-up preventing identification of the exact
position of the localised enhancement on each individual nanotriangle. However, taking
this into account, at D/P = 1, the FDTD simulations and experimental Raman maps are

in good agreement with one another at both excitation wavelengths investigated.

As the D/P ratio decreases to between 0.77 and 0.69, the FDTD simulations at both
excitation wavelengths predict that the maximum electric field lies at the rim of the
holes. These results do not agree with what was observed experimentally. The Raman
maps show that the largest Raman enhancement originates from the network of Ag
between the holes. The discrepancy between the predicted and experimentally
observed images may be a result of the lateral resolution limitations of the Raman

mapping instrumental set-up.

As the D/P ratio further decreases, the FDTD simulations predict that the maximum
electric field lies around the rim of the hole when 532 nm excitation was applied. When
633 nm excitation was used, the simulations predicted that the electric field lies toward
the centre of the hole. The highest Raman intensity observed experimentally was
located around the rim of the holes forming the aforementioned “donut” shapes. At this

D/P, the simulations correlate well with the experimental Raman results.

For nanohole arrays (D/P < 0.64), the FDTD simulations at 532 and 633 nm excitation
demonstrate that the maximum electric field is located in the centre of the nanoholes.

Again, this result was in good agreement with the maps experimentally obtained.
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The results of the FDTD analysis are largely well correlated to the experimental Raman
maps. There are some discrepancies at D/P within the transition region (0.71 and
0.59). These discrepancies may be attributed to a combination of two factors. Firstly,
the afore-mentioned lateral resolution limitations which prevent determination of the
exact location of high Raman intensity in the experimental images. Secondly, the nature
of NSL preparation of the samples results in a bowl-like hole in the Ag film. The tapered

nature of the hole can be clearly seen in the SEM image shown in Figure 3.9.

10.0kV 5.2mm x25.0k SE(M)

Figure 3.9 - SEM image of Ag nanohole array of 1500 nm periodicity with a D/P of 0.59. The scale bar
represents 2 pm.

The diameter measurement used in the D/P calculation is measured at the surface of
the hole. Therefore, the apparent D/P for the sample labelled at 0.59 is true for the
surface of the nanohole, but the bottom of the nanohole will have a significantly smaller
D/P. The FDTD simulations assume that the hole is cylindrical in nature and therefore
the D/P is identical at the surface and the bottom of the nanohole. This concept is
illustrated in Figure 3.10. The differences in hole shape between the experimental and
theoretical samples may explain, in part, the discrepancies between the location of the

predicted and observed maximum electric field.

Em .

NSL FDTD

Figure 3.10 - Cross-section of Ag nanohole to illustrate difference in structure between NSL fabricated hole
and FDTD simulated hole. The red line represents the diameter at the surface of the hole whilst the blue
line represents the diameter at the base of the hole.
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3.2.6 Exploiting the regions of maximum Raman intensity for

sensing applications

The information gained from the experimental Raman and AFM results and the FDTD
calculations illustrate that different areas on the nanotriangle and nanohole arrays
experience differing degrees of electric field. As discussed previously, both
nanotriangle and nanohole arrays have been used as substrates for the detection of
analytes by SERS.149 151 The sensitivity of the SERS analysis could, in theory, be
improved by locating the molecule of interest on a region of the array that experiences
the maximum electric field and therefore maximum Raman enhancement, as opposed
to immobilisation of the analyte on the bulk surface of the nanostructure. Therefore, it
was interesting and beneficial to investigate the selective immobilisation of analytes on

regions that had been shown to give maximum Raman response.

Several selective immobilisation strategies were attempted to locate a molecule of
interest in the regions of large electric field intensity in nanohole arrays. Initially, the
use of silylation chemistry was investigated to modify the glass areas in the centre of
nanoholes with a D/P of 0.64. It was postulated that conjugation of the biomolecule to
the modified glass may result in placement of the target molecule in close proximity to
the rim of the nanohole and therefore within the region of maximum Raman
enhancement. However, the silylation conditions used resulted in damage to the

nanostructured regions and were therefore deemed to be too harsh for this purpose.

Selective immobilisation was then attempted using a method based on work by Beeram
and Zamborini.!’6 They reported a place-exchange method in which selective
immobilisation of an antibody was achieved on a Au triangular nanoplate by exploiting
the lessened steric hindrance experienced by large biomolecules at the edges and
vertices of the triangular nanostructures. It was thought that this methodology could be
applied to nanotriangle samples with D/P = 1.0 to selectively functionalise the
nanotriangle vertices with a molecule of interest. This would result in the molecule of
interest, in this case a fluorescently-labelled protein; Streptavidin-dylight 633, being
located in the “bow-tie” regions of the nanotriangle array which had exhibited
maximum electric field intensity. Bimetallic nanotriangle arrays substrates with an Ag
underlayer and an Au overlayer were used in this investigation so the method used by
Beeram and Zamborini could be directly applied to the arrays. This strategy suffered

from characterisation issues; Zamborini et al. had used AFM analysis to confirm the
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presence of biomolecules at the nanostructure vertices however no immobilised
biomolecules could be identified on the nanotriangle arrays using this analysis method.
This may be attributed to the surface roughness of the nanotriangle arrays as the Au
nanoplates used by Beeram and Zamborini had a relatively smooth surface thus
facilitating analysis by AFM. For this method to be successfully applied to a SERS
biosensing strategy, further investigation into the place-exchange immobilisation

procedure and research into alternative characterisation methods would be required.
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3.3 Conclusions

The research reported in this chapter has detailed the investigation into the location of
maximum Raman enhancement in a series of nanohole and FOEN arrays with
decreasing D/P. Confocal Raman mapping established that the maximum Raman
enhancement, irrespective of array periodicity or D/P, is located on the Ag network
that surrounds the spheres in FOEN arrays. Experimental evidence and FDTD
calculations determined the site of high electric field varies with decreasing D/P in
nanohole arrays. For samples with D/P = 1.0, the highest Raman intensity was
observed at the point at which two metallic triangles, in the network of triangles that
surround the holes, are in closest proximity. As the D/P decreased to within the
transition region, between 0.77 and 0.64, the maximum SERS enhancement was found
to be located on the network of silver surrounding the holes. As the D/P decreased to
between 0.64 and 0.60, the maximum Raman intensity was located around the rim of
the nanoholes. At D/P < 0.60, the electric field was found to be concentrated in the core

region of the holes.

This comprehensive investigation has provided experimental evidence for the location
of SERS hot-spots in both FOEN and nanohole arrays. The information gained from this
study could have great implications in the development of SERS biosensing with

enhanced sensitivity by locating analytes in the regions with maximum electric field.

Results discussed in this chapter have been published in Chemical Communications in
2011 and in The Journal of Physical Chemistry C in 2012 (see the Appendix section for
the full texts).
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3.4 Further Work

There are several methodologies that could be investigated to achieve the selective
immobilisation of analyte molecules in the regions of maximum electric field

enhancement.

The use of silylation chemistry to selectively modify the glass regions of nanohole
arrays could be further investigated. For this strategy to be feasible, silylation

conditions that did not damage the nanostructures would have to be developed.

As discussed previously, the place-exchange method reported by Beeram and
Zamborinil7¢ has the potential to locate molecules of interest in the regions of high
electric field on nanotriangle arrays. Initial investigations highlighted the difficulties in
characterising the arrays after modification by AFM analysis. The use of larger
molecules of interest may result in the detection of the immobilised molecules by AFM
analysis. Alternatively, detection of the immobilised molecules could be achieved using
a different characterisation method; SEM used alongside either cathodoluminescence
(and a fluorescently-labelled target molecule) or X-ray microanalysis. Both techniques
can result in a distribution image of molecules that emit fluorescent photons or distinct
X-ray patterns (respectively) across the sample surface and hence may be used to

successfully characterise the array surface after the place-exchange procedure.

Functionalization of the Cr adhesion layer is an alternate route that could be used to
achieve the selective immobilisation of biomolecules in the hot-spot regions of
nanohole arrays with alow D/P. There have been reports in the literature of the
adhesion of carboxylic acid groups to Cr and this strategy could be used to functionalise
the Cr selectively.?6 183 This method would result in molecules being located in the core
area of the holes as due to the metallization procedure; exposed Cr is only present in

this region.

If these strategies were successful, this may result in enhanced sensitivity for the SERS

detection of molecules of interest using metallic nanohole array substrates.
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CHAPTER 4 - APPLICATIONS IN BIOSENSING

The previous chapters have described the results of fundamental investigation into the
structure-property relationship of the FOEN and nanohole arrays. This chapter details
research carried out to investigate if metallic FOEN and nanohole arrays had the

potential to be used in the SERS sensing of biomolecules of interest.

4.1 Experimental

4.1.1 Sample Preparation

All substrates were prepared by Dr Debby Correia-Ledo at Université de Montréal.
Bimetallic sample preparation followed the protocol described in section 2.1.1.2 with
the exception of the metallisation step. Firstly a 1 nm layer of chromium was deposited
to act as the adhesion layer. A layer of Ag was then deposited, 87.5 nm for the FOEN
samples and 62.5 nm for the nanohole samples, followed by the deposition of Au to the
same thickness as the Ag layer. Finally, preparation of the nanohole arrays was
completed by sonication of the samples in ethanol for a few seconds to remove the

polystyrene spheres.

4.1.2 SERS Instrumentation

All experiments were performed using either a Renishaw Ramascope equipped with a
Renishaw HeNe laser of 633 nm excitation or an Innovative Photonic Solutions laser of
785 nm excitation, a Renishaw inVia Raman microscope equipped with a Modu-Laser of
514.5 nm excitation or a WITec Alpha 300 system equipped with a WITec laser of 532
nm excitation, a Research Electro-Optics laser of 633 nm excitation or a Toptica

photonics diode laser of 785 nm excitation.

4.1.3 SERS characterisation of the substrates

Three bimetallic nanohole and three bimetallic FOEN arrays were thoroughly cleaned
with ethanol and air-dried. All samples were analysed at 633 nm excitation using a 50x
objective (Leica, NPlan, NA = 0.75), 10 % laser power and 10 s integration time. 5

replicate scans were collected from each substrate over the sample area.
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4.1.4 SERS activity of substrates at 514.5, 633 and 785 nm

excitation

Three bimetallic nanohole and three bimetallic FOEN arrays were thoroughly cleaned
with ethanol and air-dried. All samples were incubated in a 0.5 mM solution of 4-NBT
(Sigma-Aldrich) initially dissolved in ethanol and further diluted in water for 16 h atr.t.
The samples were then thoroughly washed with ethanol and air-dried prior to analysis.
Each sample was analysed at 532, 633 and 785 nm excitation using a 50 x objective,
10% laser power and 10 s integration time with 5 replicate scans being collected from

each substrate over the sample area.

4.1.5 Dye choice

Three bimetallic nanohole arrays were thoroughly cleaned with ethanol and air-dried.
All samples were incubated in a 72 pM solution of malachite green isothiocyanate (MG
ITC, Invitrogen, Life Technologies, Grand Island NY, USA), initially dissolved in
methanol and the further diluted in water, for 16 h at r.t. The samples were then
thoroughly washed with ethanol and air-dried prior to analysis. Each sample was
analysed at 532, 633 and 785 nm excitation using a 50 x objective, 10% laser power
and 10 s integration time with 5 replicate scans being collected from each substrate

over the sample area.
4.1.6 Surface Interaction - General Procedures

4.1.6.1 Labelling of Streptavidin with MG ITC

Streptavidin (ImmunoPure, Thermo Scientific, Waltham MA, USA) was reconstituted at
10 mg/ml in PBS. It then underwent a buffer exchange procedure. 10 pl streptavidin
(10 mg/ml) and 90 pl 0.1 M sodium bicarbonate buffer pH 9.2 were added to a 50K
MWCO centrifugal filter (Amicon Ultra - 0.5 ml, Millipore, Billerica MA, USA) and
centrifuged at 13.4k rotations per minute (rpm) for 5 min (MiniSpin, Eppendorf,
Stevenage, UK). 90 ul 0.1 M sodium bicarbonate buffer pH 9.2 was added and the
centrifugation step repeated. The addition of buffer and centrifugation step was
repeated for a third time before the centrifugal filter unit was inverted and placed in a
fresh eppendorf and centrifuged at 1.0 k rpm for 5 min resulting in 40 pl 2.5 mg/ml
streptavidin in 0.1 M sodium bicarbonate buffer pH 9.2 (assuming 100% recovery of

protein). The freshly buffer-exchanged streptavidin was then conjugated to MG ITC. 6
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mM MG ITC solution in anhydrous DMSO (33 ul) was prepared and added in 10 pl
aliquots to a vortexing solution of streptavidin (2.5 mg/ml, 0.1 M sodium bicarbonate
buffer pH 9.2). After all of the MG ITC had been added, the resulting solution was
protected from light and agitated for 2 h at r.t. After 2 h, the solution was added to a
50K MWCO centrifugal filter and centrifuged for 5 min at 13.4k rpm, 100 pl PBS was
added and the solution was centrifuged for 5 min at 13.4 k rpm. This step was repeated
before the centrifugal filter unit was inverted and placed in a fresh eppendorf and
centrifuged at 1.0 k rpm for 5 min resulting in 41 pM streptavidinMG (40 pl, 2.5 mg/ml
- assuming 100% recovery of conjugate) in PBS. This solution was stored at 4°C until

use.

4.1.6.2 Functionalization of array substrates with biotin

All steps were carried out atr.t.

Biotin-dPEG®;-lipoic acid

The nanohole array samples were incubated in a 1 mM aqueous solution of Biotin-
dPEG®;-lipoic acid (thioctic acid-PEGs-biotin linker, Quanta Biodesign, Powell OH, USA)
for 18 h. After copious washings with ddH0, the samples were air dried and placed
into an 16-well microarray chamber (Nexterion® 16-well incubation chamber - Schott,

Jena, Germany) before interaction with StreptavidinMG.

(+)-biotinyl-3, 6, 9 - trioxaundecanediamine linker

A 16-MHA SAM was formed on the surface of the arrays by incubating the substrates in
a 5 mM solution of 16-MHA (Sigma-Aldrich) in dimethyl formamide (DMF) for between
16 and 65 hours. The samples were then thoroughly washed with ethanol and dried
before being placed into a microarray chamber. Activation of the carboxylic acid group
to a NHS-activated ester was achieved by addition of 100 ul (per well) of a mixed
aqueous solution of between 100 and 400 mM 1-ethyl-3-(3-dimethylaminopropyl)
carbodiimide (EDC, Sigma-Aldrich) and 25 and 100 mM N-hydroxysulfosuccinimide
(sulfo-NHS, Sigma-Aldrich). This solution was left to incubate for between 20 and 60
min. After activation, the wells were washed twice with 100 pl PBS pH 4.5. 100 pl 1 mM
solution of (+)-biotinyl-3, 6, 9 - trioxaundecanediamine (amine-PEGs-biotin, Thermo
Scientific, Waltham MA, USA) dissolved in PBS was added to each well and the samples
were agitated for 3 h before being washed 3 times with PBS. 100 pl 1 M
ethanolamine.HCl (Sigma-Aldrich) pH 8.5 was added to each well and incubated for 1 h
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with or without agitation. The wells were then washed three times with PBS prior to

incubation with streptavidinMG.

4.1.6.3 Interaction of StreptavidinMG with the biotinylated surfaces

100 pl of either MG labelled streptavidin (streptavidinMG, 300 nM) or streptavidin that
had been pre-reacted with 10 x excess free biotin for 1 h (control streptavidinMG - 300
nM), both diluted in phosphate-buffered saline with 0.05 % Tween (PBST, Tween was
purchased from Sigma-Aldrich) was added to each well and incubated for between 5
min and 2 h either with or without agitation. The wells were then thoroughly washed
with either PBS or PBST and the samples were removed from the microarray chamber
and washed again with ddH»0 before being dried under a stream of nitrogen prior to

analysis.
4.1.7 Aurora A Sensing

4.1.7.1 Labelling of Aurora A with MG ITC

Aurora A (Millipore, Billerica MA, USA) first underwent a buffer exchange procedure.
66.6 ul Aurora A (0.3 mg/ml) and 40 pl 0.1 M sodium bicarbonate buffer pH 9.2 were
added to a 30K MWCO centrifugal filter (Amicon Ultra - 0.5 ml, Millipore, Billerica MA,
USA) and centrifuged at 13.4k rpm for 5 min. 90 pl 0.1 M sodium bicarbonate buffer pH
9.2 was added and the centrifugation step repeated. The addition of buffer and
centrifugation step was repeated for a third time before the centrifugal filter unit was
inverted and placed in a fresh eppendorf and centrifuged at 1.0 k rpm for 5 min
resulting in 45 pl 0.44 mg/ml Aurora A in 0.1 M sodium bicarbonate buffer pH 9.2
(assuming 100% recovery of protein). The freshly buffer exchanged Aurora A was then
conjugated to MG ITC. 6 mM MG ITC solution in anhydrous dimethyl sulfoxide (DMSO)
(33 ul) was prepared and added in 10 pl aliquots to a vortexing solution of Aurora A
(45 pl, 0.44 mg/ml, 0.1 M sodium bicarbonate buffer pH 9.2). After all of the MG ITC had
been added, the resulting solution was protected from light and agitated for 2 h at r.t.
After 2 h, the solution was added to a 30K MWCO centrifugal filter and centrifuged for 5
min at 13.4k rpm, 100 pl PBS was added and the solution was centrifuged for 5 min at
13.4 k rpm. This step was repeated before the centrifugal filter unit was inverted and
placed in a fresh eppendorf and centrifuged at 1.0 k rpm for 5 min resulting in 35 pl
0.57 mg/ml Aurora A MG (12 uM - assuming 100% recovery of conjugate) in PBS. This

solution was stored at 4°C until use.
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4.1.7.2 Functionalization of Array Substrates with Wild Type and Mutant
peptides

The wild type (WT) and mutant peptides were custom ordered from Genscript
(Piscataway NJ, USA). A 16-MHA SAM was formed on the surface of the arrays by
incubating three nanohole substrates in a 5 mM solution of 16-MHA in DMF for 65
hours. The samples were then thoroughly washed with ethanol and dried under
nitrogen before being placed into a microarray chamber. Activation of the carboxylic
acid group to a NHS-activated ester was achieved by addition of 100 pl (per well) of a
mixed aqueous solution of 400 mM EDC and 100 mM sulfo-NHS. This solution was
agitated for 1 h at r.t. After activation, each well was washed twice with 100 ul PBS pH
4.5. 100 pl (per well) 2.5 mM solution of wild type peptide dissolved in PBS was added
to the positive wells or 100 pl (per well) 2.5 mM solution of mutant peptide dissolved
in PBS was added to the control wells. The samples were agitated for 3 h before being
washed 3 times with PBS. 100 pl 1 M ethanolamine.HCI pH 8.5 was added to each well
and incubated for 1 h with agitation. The wells were then washed three times with PBS

prior to incubation with Aurora A MG.

4.1.7.3 Interaction of Aurora A MG with the peptide-functionalised
surfaces

100 pl of MG labelled Aurora A (530 nM) was added to each well and incubated with
agitation for either 30 or 60 min. After the incubation period, the wells were then
thoroughly washed with PBST and the samples were removed from the microarray
chamber and washed again with ddH,O before being dried under nitrogen prior to

analysis.
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4.2 Results and Discussion

4.2.1 Substrate Choice

Two SERS active substrates based on arrays that had been previously studied were

chosen for this investigation:

1. Bimetallic nanohole array - 1000 nm diameter, D/P = 0.6
1 nm Cr adhesion layer
62.5 nm Ag bottom layer
62.5 nm Au top layer
2. Bimetallic FOEN array - 360 nm diameter, gap/diameter = 0.22
1 nm Cr adhesion layer
87.5 nm Ag bottom layer
87.5 nm Au top layer

No prior investigation had been performed on the bimetallic nanohole substrates
however the bimetallic FOEN array had demonstrated good Raman enhancement in
previous studies.’8¢ The bimetallic nature of these substrates is advantageous for
biosensing applications. The Ag bottom layer gives improved SERS response when
compared to a similar Au layer as discussed in Chapter 2. The Au top layer has
improved stability to oxidation when compared to a similar Ag layer. In addition, the Au
top layer lends itself to straightforward functionalization with thiol-containing

reagents.

4.2.2 SERS Characterisation of the substrates

The bare bimetallic nanohole and FOEN arrays were analysed at 633 nm excitation to
characterise the intrinsic SERS signal of the substrates. Ideally, biosensing substrates
should have little or no background signal so as to minimise interference in the
analysis. Figure 4.1 and Figure 4.2 show a representative spectrum from the bare

nanohole and bare FOEN arrays respectively.
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Figure 4.1 - Representative SERS spectrum obtained from bare bimetallic nanohole array of 1000 nm
periodicity, a total deposited metal layer thickness of 125 nm and D/P 0.6 (red trace) and bare metal
region of array (blue trace) using 633 nm excitation.
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Figure 4.2 - Representative SERS spectrum obtained from bare bimetallic FOEN array of 360 nm
periodicity, a total deposited metal layer thickness of 125 nm and a gap/diameter of 0.22 (red trace) and
bare metal region of array (blue trace) using 633 nm excitation.

The blue traces in both figures are of a representative spectrum from an area on the

sample with no nanostructure present. As expected, no SERS peaks were observed

from these areas of flat metal.

The spectra of the bare nanostructured substrates clearly show that the bare nanohole

arrays have almost no intrinsic Raman peaks whereas the spectra of the bare FOEN

array show numerous distinct peaks. As the FOEN arrays consist of a metal layer over

polystyrene spheres, it was probable that the SERS peaks present were due to

polystyrene.
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Experimentally observed | Reported Raman .
pRaman shif}; -cml sll)lift185 -cm! Spectral assignment!ss
641 636 Radial ring stretching mode
828
841
940
942
1002 (s) 1014 Phenyl ring breathing mode
1029 1040
1145
1172 C-H in plane bending mode
1389
1461 CHzvibrations
1521
1600 (s) 1615 Ring stretching mode
1914

Table 4.1 - Observed SERS peaks from bare bimetallic FOEN array of 360 nm periodicity and a
gap/diameter of 0.22 at 633 nm excitation and reported spectral assignment of polystyrene SERS peaks at
514.5 nm excitation.!85

Table 4.1 shows the experimentally observed peaks from the bare FOEN arrays
alongside reported SERS peak values and assignments for polystyrene. The main peaks
observed from the FOEN arrays (1002 and 1600 cm-!) correspond to values reported
for polystyrene on roughened Ag island films.185 The peaks that do not correspond to
the literature values for polystyrene where postulated to be from contaminants on the
FOEN arrays as any SERS-active molecule at a high enough concentration could give a

spectrum if in close enough proximity to the surface.

SERS Activity of the Substrates; 532, 633 and 785 nm Excitation

The Raman response at the three available excitation wavelengths was investigated to
determine the optimum conditions for each substrate. Each array was incubated in a
0.5 mM solution of 4-NBT, initially dissolved in ethanol and further diluted in water, for
16 h to allow formation of a 4-NBT self-assembled monolayer (SAM). After thorough
washing of each sample, the substrates were analysed using identical parameters at
each excitation wavelength. Figure 4.3 shows the normalised peak height value for the

1573 cm-! peak of 4-NBT.
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Figure 4.3 - SERS response of 4-NBT adsorbed on bimetallic nanohole array (blue) and bimetallic FOEN
array (red) at 532, 633 and 785 nm excitation. The normalised peak height values represent the mean of
five peak height values per array. The error bars represent two standard deviations about the mean.

Both the bimetallic nanohole and FOEN array substrates exhibited peaks
corresponding to 4-NBT and hence are active at all excitation wavelengths investigated,
albeit to differing degrees. The bimetallic nanohole array demonstrated the largest
Raman response at 532 nm excitation whereas the FOEN array gave similar SERS
signals at all three excitation wavelengths. The Raman response of the nanohole arrays
was more reproducible at each excitation wavelength investigated than that of the

FOEN array as highlighted by smaller error bars.

It was decided that for the development of a biosensing method, the bimetallic
nanohole array substrates would be used for numerous reasons: it was shown that they
were SERS active at all wavelengths investigated, they demonstrated low intrinsic SERS
signals and they had better signal reproducibility when compared to the bimetallic

FOEN arrays.

4.2.3 Dye Choice

It was postulated that selecting a dye with an absorbance peak close to that of one of
the excitation laser wavelengths would result in a resonance contribution to the Raman
enhancement from the dye, leading to more sensitive detection. For this reason,
malachite green isothiocyanate (MG ITC) was chosen as it has an absorbance band at
625 nm18¢ and is commercially available. Isothiocyanate reagents are often used to

label biomolecules as they react rapidly and create a stable linkage between primary
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amine groups on the biomolecule (the N-terminus or lysine side chains of

peptides/proteins) and the required functional group e.g. dyes.

The nanohole array substrates were immersed in a solution of MG ITC to allow

adsorption of MG to the arrays via the ITC group. The samples were thoroughly

washed, dried and analysed using 532, 633 and 785 nm excitation lasers. This study

was designed to determine the optimum excitation wavelength for analysis of MG

labelled biomolecules. Figure 4.4 shows the structure of MG ITC and a representative

spectrum obtained at each available excitation wavelength. Table 4.2 shows the

spectral assignment of the peaks observed from MG ITC on the array surface. The

observed Raman shifts correlate well to those reported in the literature.
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Figure 4.4 - A) Structure of MG ITC. B) Representative spectra collected from MG ITC functionalised
bimetallic nanohole arrays at 532 (red trace), 633 (blue trace) and 785 nm (black trace) excitation.

Observed Raman shift -

Reported Raman shift187

Spectral assignment

cm! -cm!
435 441 Benzene ring deformation
514 532 In-plane l?enzene ring
deformation
In-plane benzene ring
730 736 deformation and NH; stretch
757 762 NH: bend
796 806 C-H bend from benzene ring
916 919 in plane benzene vibration
1175 1177 Benzene in plane
1289 1297 In plane C-H and C-C-H
1364 1365 N-Ph ring stretch
1579 1586 In plane ring, stretch and bend
1614 1618 N-Ph ring and C-C stretch

Table 4.2 - Observed SERS peaks form MG ITC functionalised bimetallic nanohole arrays at 633 nm
excitation and reported spectral assignment of MG ITC SERS spectra at 785 nm excitation.187
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In order to quantify the SERS enhancement at each excitation wavelength investigated,
the average height of the 1175 cm-! peak was calculated. This peak was chosen at it was
clear and well-defined. The peak height was calculated by subtracting the SERS
intensity value at 1145 cm-! from the SERS intensity maximum value at 1175 cm-. The
peak height was then normalised for each experimental data set by dividing it by the
laser power used for the analysis. This method was used for all subsequent

experiments.
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Figure 4.5 - SERS response of MG ITC functionalised bimetallic nanohole arrays at 532, 633 and 785 nm
excitation. The peak height values represent the mean of five replicate scans and the error bars represent
two standard deviations about the mean.

Good signal was observed at both 532 and 633 nm excitation as demonstrated in Figure
4.5. Excitation at 785 nm resulted in low signal. These observations were as expected
as, stated previously, MG ITC has an absorption band at 625 nm which is very close to
the 633 nm excitation line and close enough to the 532 nm excitation line to, in both
cases, excite a resonant contribution from the dye giving rise to intense signal. The
absorption band is not close enough to be excited by the 785 nm excitation laser
resulting in less intense signal. It was decided that 633 nm excitation would be used to
analyse the MG labelled Streptavidin as at 633 nm excitation, little background signal
was exhibited by the bare nanohole arrays and intense signal was obtained from

adsorbed MG.

4.2.4 Proof of concept initial work

The potential for carrying out a biological interaction on the bimetallic nanohole array

was investigated using the interaction between a biotinylated linker and MG labelled
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streptavidin. The biotin-streptavidin interaction was selected for the proof-of-concept
investigation as it is well-documented, robust and often used in other proof-of-concept
studies.% 188,189 Streptavidin is comprised of four, identical monomeric units with each
unit able to bind one biotin molecule.190 The streptavidin-biotin interaction is one of the
strongest known interactions in biology and exhibits a dissociation constant, Kg, of
approximately 10-14 M.191 The interaction occurs rapidly and the associated complex

can only be disassociated under harsh conditions.192, 193

Conjugation of Streptavidin to malachite green isothiocyanate (MG ITC)

To facilitate the detection of streptavidin by SERS, it had to be labelled with a Raman
active group. As discussed previously, MG was selected as the label of choice owing to
its distinct Raman spectrum and high SERS activity at 633 nm excitation. The protocol
used to label streptavidin with MG was based on methods described by Brinkley.194
Briefly, streptavidin (10 mg/ml) was exchanged into a sodium bicarbonate buffer, pH
9.2, to ensure that the primary amine groups were not protonated as this hinders the
cross-linking reaction. MG ITC (6 mM) was dissolved in anhydrous DMSO and added in
10 pl aliquots over 10 min to a vortexing solution of streptavidin. The reaction was
agitated for 2 h. The ITC group hydrolyses in the presence of water and so a fresh
solution of MG ITC in DMSO was prepared prior to every conjugation reaction. The
resulting streptavidinMG conjugate was purified using a 50K molecular weight cut off

(MWCO) gel filtration column. The conjugate was stored at 4°C until use.

Preliminary studies using a thioctic acid-PEGz-biotin linker molecule

Preliminary studies were conducted using a commercially available thioctic acid-PEGs-
biotin linker (TA-biotin linker) molecule to functionalise the Au surface of the nanohole
arrays with a biotin terminated group. The structure of the linker molecule is shown in
Figure 4.6 and consists of a thioctic acid moiety (shown in blue) which anchors the
linker to the Au surface via the sulphur atoms and a terminating biotin group (shown in

red).
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Figure 4.6 - Structure of thioctic acid-PEGs-biotin linker.

The nanohole array samples were incubated in a 1 mM aqueous solution of the thioctic
acid linker for 18 h. After copious washings with ddH-0, the samples were air dried and
placed into a microarray chamber. 100 pl of 300 nM streptavidinMG was added to each
well and incubated for 2 h at r.t. with gentle agitation. The samples were then washed
with PBS, dried and analysed using a 633 nm excitation laser. The results of this
preliminary investigation demonstrated that a SERS signal corresponding to MG could
be detected from the nanostructured areas on the nanohole array substrates as shown

in Figure 4.7.
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Figure 4.7 - Representative SERS spectra from nanostructure (red trace) and flat metal (blue trace) on
bimetallic nanohole array of 1000 nm periodicity and D/P 0.6 obtained using 633 nm excitation, 10 s
integration time, 50 x objective and 10% laser power.

Although peaks were observed, it was unknown if the signal was due to the specific
interaction occurring or to non-specific binding. Further investigation with a control in
which no binding between the biotinylated surface and streptavidinMG should occur

was needed in order to confirm that the interaction was occurring as expected. No
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peaks were detected from the flat metal areas of the arrays which indicated both that
the signal observed was SERS rather than Raman or resonance Raman scattering and
that SERS could only be observed on a surface with nanoscale roughened features. It
should be noted that no peaks were observed from the flat metallic areas on the
nanohole arrays in all subsequent experiments therefore all peaks observed were a

result of SERS.

The use of the TA-biotin linker was limiting as it meant that only labelled streptavidin
could be detected. To increase the range of interactions that could be investigated on
the nanohole surface, a molecule was needed that could functionalise the Au surface
with a reactive group which could in turn be used to bind to a biomolecule of choice.
16-mercaptohexadecanoic acid (16-MHA) was selected as it can anchor to the Au
surface via the thiol group terminating in a free carboxylic acid group that can undergo
amide bond formation with an amine group to link a biomolecule to the surface. 16-
MHA is known to form a tightly packed SAM on Au surfaces and hence is used to

functionalise surfaces in many biosensing applications.154 195,19

4.2.5 Interaction Method

The method used to develop a biosensing strategy on bimetallic nanohole arrays was
based on procedures used in SPR assays and those used by other groups who had
achieved biosensing on similar substrates.62 95 197, 198 Fijrstly, a 16-MHA SAM was
formed on the surface of the arrays by incubating the substrates in a 5 mM solution of
16-MHA in DMF for between 16 and 65 hours. The samples were then thoroughly
washed with ethanol and dried before being placed into a 16-well microarray chamber.
By placing the samples in the chamber, one array sample could be split into a maximum
of 6 separate wells allowing multiple interactions on one array sample. The next step
was to activate the carboxylic acid group to a NHS-activated ester using EDC and
sulfoNHS. After activation, the wells were washed with PBS pH 4.5 to maintain stability
of the NHS-activated ester group. A 1 mM solution of (+)-biotinyl-3, 6, 9 -
trioxaundecanediamine (amine-PEGz-biotin), a commercially available linker shown in
Figure 4.8, with one end terminating in an amine group (blue) and the other end a

biotin moiety (red), was then added.
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Figure 4.8 - Structure of (+)-biotinyl-3, 6, 9 - trioxaundecanediamine (amine-PEGs-biotin).

The amine group reacts with the NHS-activated ester to form an amide bond between
the 16-MHA SAM and the remainder of the linker molecule. To prevent any unreacted
NHS-activated esters undergoing unwanted reactions, 1 M ethanolamine.HCl pH 8.5
was added to each well. This step blocks any unreacted NHS-esters in two ways; firstly,
the amine group of ethanolamine can react with the NHS-ester to give an alcohol
terminated group which should not react in the following steps; secondly, the increased
pH of the solution promotes hydrolysis of the NHS-ester resulting in a carboxylic acid
group which should also not react in the following steps. After the blocking step, the MG
labelled streptavidin was added and incubated for between 5 min and 2 h. In order to
determine if signal observed was due to the interaction occurring rather than non-
specific binding, streptavidinMG that had been pre-incubated with excess free biotin for
1 h was added to the control experiments. By pre-reacting streptavidinMG with free
biotin, all of the streptavidinMG binding sites should be fully saturated preventing
reaction with any surface bound biotin therefore inhibiting binding. The wells were
then thoroughly washed with either PBS or PBST and the samples were removed from
the microarray chamber and washed again with ddH,0 before being dried and stored,
in the absence of light, until analysis. Figure 4.9 shows the interaction in schematic

form.
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Figure 4.9 - Schematic of positive and control interaction of MG labelled streptavidin with biotin
functionalised bimetallic nanohole array.

4.2.6 Evaluating the positive and control interactions

In all experiments discussed, the results were evaluated based on the discrimination
obtained between the full positive and control interactions. The discrimination was
defined as the difference between the lower limit of the mean peak height (mean value
minus standard deviation) obtained from the positive interaction and the upper limit of
the mean peak height (mean value plus standard deviation) obtained from the control

interaction with both experiments performed under identical conditions.

4.2.7 Optimisation Experiments

Optimisation of the interaction process was investigated using the positive and control

interactions as illustrated in Figure 4.9.

4.2.7.1 Optimising 16-MHA SAM formation time
In all biosensing strategies, the chemistry which occurs at the substrate surface is of
paramount importance. It is necessary to have a well-packed SAM on the surface as this

is the basis on which the rest of the interaction is built on. To ensure good SAM
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formation, the substrates must be thoroughly cleaned before immersion into the
monolayer solution, the reagents used must be of high quality and the formation time
must be optimised for the specific system under investigation. The kinetics of SAM
formation are very rapid and in general, an imperfect SAM is formed within 10 minutes
of immersion of the sample.1%® However, longer incubation times are often used to
ensure formation of a well-ordered, tightly-packed SAM. SAM formation times of 18

and 65 h were investigated.
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Figure 4.10 - Average SERS signal on 633 nm excitation exhibited by bimetallic nanohole array substrates
after full interaction using SAM formation times of 18 or 65 h. Average peak height values were calculated
from five replicate scans and the error bars represent two standard deviations about the mean.

It can be clearly observed from Figure 4.10 that good discrimination between the
positive and control interaction was achieved in both cases. It was concluded that, as a
result of the larger SERS signal obtained, a SAM formation time of 65 h was optimal for

the system under investigation.

4.2.7.2 Optimising EDC/sulfoNHS conditions

The efficiency of amide bond formation via EDC/sulfoNHS coupling is low due to the
competing hydrolysis of the NHS group.200. 201 Therefore, as the degree of coupling
governs the amount of amine-PEGs-biotin linker on the surface, it is paramount to
optimise the EDC/sulfoNHS coupling conditions in order to achieve the highest degree

of coupling possible.

Three different sets of EDC/sulfoNHS coupling conditions were investigated and are
shown in Table 4.3. For this experiment, a StreptavidinMG incubation time of 2 h was

used.
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Condition [EDC] - [sulfoNHS] - Incubation time - -
. Agitation
Set mM mM min
A 100 25 20 x
B 400 100 30 x
C 400 100 60 v

Table 4.3 - EDC/sulfoNHS conditions investigated.

The results of this investigation are shown in Figure 4.11. The success of the coupling
was evaluated by analysing the discrimination between the positive and control
interaction. A separate surface was used for each set of coupling conditions and five

replicate scans were taken from each surface.
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Figure 4.11 - SERS response from interactions using varying EDC/sulfoNHS coupling conditions on
bimetallic nanohole arrays using 633 nm excitation. Average peak height values were calculated from five
replicate scans and the error bars represent two standard deviations about the mean.

From this investigation, it could be concluded that discrimination between the positive
and control experiments was only achieved using 400 mM EDC and 100 mM sulfoNHS
and incubating this step for 1 h with gentle agitation. This set of conditions was

therefore optimal and so used in all subsequent experiments.

4.2.7.3 StreptavidinMG Incubation Time Investigation

Reports in the literature of comparable biosensing strategies on similar surfaces
describe varying lengths of incubation time, from 10 min to 4 h, for the streptavidin
step.87. 189, 198 Qptimisation of this step was important as too short an incubation time
would result in low amounts of streptavidin interacting with the biotinylated surface
and too long an incubation time may result in increased levels of non-specific binding
between the streptavidin analyte and the surface. StreptavidinMG incubation times of
5,10, 15, 30 and 60 min were investigated. The optimal incubation time was

determined by comparing the discrimination between positive and control interaction
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for each streptavidinMG incubation time. The results from the streptavidinMG

incubation time investigation are shown in Figure 4.12.
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Figure 4.12 - SERS response from interactions of varying length of streptavidinMG incubation on bimetallic
nanohole arrays using 633 nm excitation. Average peak height values were calculated from five replicate
scans and the error bars represent two standard deviations about the mean.

From the results of this investigation, it could be determined that 5 and 10 min
incubation times were not sufficiently long enough to achieve discrimination between
the positive and control interaction. It could also be concluded that a 60 min incubation
step resulted in no discernible discrimination which was attributed to excess amounts
of non-specific binding in the control sample. Incubation times of 15 and 30 min gave
good discrimination; 45% and 10% of the mean positive interaction peak intensity for
15 and 30 min incubation period, respectively. Initially, a 15 min incubation time was
used as the best discrimination had been achieved using this incubation period.
However, reproducible results were unable to be attained using this incubation time.
The results from experiments in which a 30 min incubation time had been used showed
both discrimination and good reproducibility (the signal was observed to vary by 19%
between the five replicate scans collected). It was therefore decided that an incubation

time of 30 min would be used in all further experiments.

Variability of signal between samples

The results of this experiment highlighted that the peak height values and therefore
signal enhancement could vary between substrates. This was clearly observed in the 60
min incubation experiment. It was expected that a longer incubation time would result

in higher intensity signals however; the normalised peak height values for both the
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positive and control interaction with 60 min incubation were lower than that of 30 min
incubation. This decrease in signal may be explained by the observation that some
substrates are less SERS active than other substrates, even if the substrates originated
from the same batch. This outcome had also been observed in previous experiments. It
is unclear as to why this occurs and further investigation is needed to try and
understand this effect. In an effort to avoid this occurrence, experiments which
involved the comparison of specific conditions (e.g. concentration of streptavidinMG),

were carried out, if possible, on the same substrate.

4.2.7.4 Evaluating the within and between sample coefficient of variation

(CV)
To evaluate the variability of SERS intensity within and between substrates, coefficient
of variation (CV) values were calculated. The CV is a measure of the spread of data and

was calculated using equation 4.1

standard deviation

CV (%) =( )x1oo

mean (41)
Three positive and three control interactions were performed with each set (one
positive, one control) on a separate substrate. Five replicate SERS spectra were
collected from each interaction well. The results were analysed to determine the
variability of SERS intensity both within a substrate and between three separate

substrates.
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Within substrate variability
The variability of SERS intensity within each of the three substrates investigated is

shown in Figure 4.13.
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Figure 4.13 - The variation of SERS response at 633 nm excitation within three separate bimetallic
nanohole array samples .The average peak heights were calculated from five replicate scans and the error
bars represent two standard deviations about the mean.

In all samples, clear discrimination between the positive and the control interaction
was achieved. The maximum CV values for the positive and the control interactions
were 20 and 37%, respectively. There is a wide range of CV values reported in the
literature for similar substrates; Norrod et al. reported a range of CV values for Ag SERS
substrates ranging from 8 to 40%.202 Stokes and co-workers reported a range of CV
values between 9 and 35% for various dyes and dye-labelled DNA conjugates on
Klarite.1s5 Therefore, although the maximum CV values for the bimetallic nanohole
substrates were relatively high, they were comparable to CV values reported for similar

substrates in the literature.
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Between sample variability
The variability of SERS intensity between the three substrates investigated is shown in

Figure 4.14.
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Figure 4.14 - The variation of SERS response at 633 nm excitation between three separate bimetallic
nanohole array samples. The mean peak height values were calculated from spectra obtained from three
separate substrates. The error bars represent two standard deviations about the mean.

The CV between the three samples was calculated to be 38% for the positive
interaction and 106% for the control interaction. The calculated CV between the
control samples was very high. It can be concluded that the Raman intensity varies
moderately within substrates but to a greater extent between substrates and so
experiments that compare variables, such as concentration of StreptavidinMG, should
be performed on the same substrate to minimise the variability of the SERS intensity

between samples.

Statistical analysis of the significance of the signal variability

Statistical analysis was carried out on the results of the signal variability investigation
using the within substrate results to determine if the difference between the mean peak
intensities observed from the positive and the control samples could be considered to
be statistically significant (see section A1l for further details). The data from each
replicate interaction was subjected to an individual F- and t-test. This would determine
whether the positive and control mean intensity values observed from each replicate
interaction differed as a result of the difference in interaction conditions as opposed to
random error. For each replicate interaction, the results of a one-tailed t-test at a 95%
confidence level showed the calculated value of t to be greater than the critical value of

t (teaic> teri) and so the null hypothesis was rejected (Ho: the sample means of the
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population do not differ significantly) hence the difference in mean peak intensities

between the positive and control samples was significant and not due to random error.

4.2.7.5 Optimisation Investigation Conclusions
The results of the investigation into the optimal conditions for the SERS detection of

labelled streptavidin on bimetallic nanohole arrays are summarised in Table 4.4.

Step Concentration | Solvent | Time- | Temperature | Agitation
h -°C
SAM formation 5 mM DMF 65 r.t. x
EDC / sulfoNHs | *0° “;‘nlvl{/[/ 1001 44m,0 1 rt. v
Amine-PEGs- 1mM PBS 3 rt. v
biotin
Ethanolamine
v
DH 8.5 1M ddH;0 1 r.t.
StreptavidinMG 300 nM PBST 0.5 r.t. 4

Table 4.4 - Optimal conditions for proof-of-concept interaction on bimetallic nanohole array.

The discrimination between the positive and control interactions was maximised when
the conditions outlined in Table 4.4 were used therefore these conditions were applied

to all future experiments.

4.2.8 Signal variation with decreasing StreptavidinMG

concentration

A biosensing system which is designed to detect an analyte at varying concentrations
has to be validated over a dynamic range in order to determine the limits of the system.
To validate the proof-of-concept biosensing system that had been developed on the
bimetallic nanohole array substrates, the variation in height of the 1175 cm-! peak was
investigated with respect to decreasing concentration of streptavidinMG. It was
postulated that a decrease in the concentration of streptavidinMG would result in a
decrease in peak height. The optimised interaction method was followed using
streptavidinMG concentrations of 300, 150 and 75 nM and a control streptavidinMG
concentration of 300 nM. Three replicate samples at each concentration were prepared
and analysed and 5 replicate scans from each sample were collected. The results of this

investigation are shown in Figure 4.15.
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Figure 4.15 - A) Representative SERS spectra obtained from detection of 300 nM (green), 150 nM (red), 75
nM (blue) and in the absence (black) of streptavidinMG at 633 nm excitation. B) StreptavidinMG
concentration dependence of SERS response.

Figure 4.15A shows a representative spectrum obtained from each streptavidinMG
concentration investigated. The height of the 1175 cm-! peak decreases with decreasing
streptavidinMG concentration. Figure 4.15B shows the average peak height values from
three experiments at each concentration investigated. It can be seen that although the
peak heights clearly decrease with decreasing streptavidinMG concentration, the large
standard deviations for each data point result in no discrimination between the
different streptavidinMG concentrations investigated. To investigate the possible
source of the large standard deviations, the results of the three replicate experiments

performed on three separate samples were analysed as shown in Figure 4.16.
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Figure 4.16 - The streptavidinMG concentration dependence of SERS response at 633 nm excitation from
three separate replicate samples.
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The results obtained from the replicate 1 experiment show no discrimination between
any of the streptavidinMG concentrations investigated. This may be caused by the
interactions being performed on a substrate with poor SERS activity. Discrimination
was also not obtained between 300 and 150 nM streptavidinMG in both replicates 2
and 3 as illustrated by the overlap of error bars which represent the standard
deviation. This may be caused by saturation of the biotinylated surface by
streptavidinMG at concentrations above 150 nM. Further experiments using a dynamic
range with an upper limit of 150 nM would be required to investigate this theory.
However, replicates 2 and 3 both showed discrimination between the 150 nM
streptavidinMG, 75 nM streptavidinMG and the control interaction indicating that the
biosensing system is valid over a range of concentrations. As discussed previously, no
discrimination was obtained from the average values calculated from the three
separate experiments at each streptavidinMG concentration. Analysis of the peak
height values from each separate interaction showed discrimination in two thirds of
the experiments thus suggesting that the difference in SERS activity between the
separate substrates was the reason that overall discrimination was not obtained.
Further investigation with a larger number of replicate experiments could confirm this

theory and improve the results obtained.

4.2.9 Increasing the distance between the SERS active substrate

and the Raman reporter

It is known that in SERS, the further a molecule is away from the plasmonic surface, the
lower the electric field experienced by the molecule and therefore the lower the SERS
signal detected. This observation obeys the relationship described in equation 4.2
which states that the SERS intensity decreases as the distance between the surface and

the analyte (r) increases.24

a + r)_lo

Isprs = ( a

(4.2)

By building up the interaction, investigation into both the effect of increasing the
distance between the roughened metal surface and the Raman reporter on the SERS
signal and the maximum distance tolerated before no signal can be detected could be
accomplished. To achieve this, the amine-PEGs-biotin linker was replaced with a

biotinylated antibody. After interaction with streptavidinMG, the MG would be further
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away from the array surface due to the increased size of the biotinylated antibody
compared to the amine-PEGs-biotin. The results obtained from this investigation were
extremely variable with CV values ranging from 8 to 75%. The cross-linking of
molecules via EDC/sulfoNHS coupling is not stereo-specific and so can result in the
random orientation of the antibody to a surface.203 Therefore, it was proposed that, as a
result of the EDC/sulfoNHS coupling, the small biotin group may be “hidden” by the
much larger antibody resulting in no interaction being able to occur between the biotin
and labelled streptavidin molecule. The EDC/sulfoNHS coupling results in a random
orientation of the biotinylated antibody and hence can explain why the results
observed from this interaction were so variable. An alternative approach to the
immobilisation of an antibody on the array surface would be required to further
investigate the effect of distance between the SERS active substrate and the Raman

reporter on signal enhancement.
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4.2.10 Aurora A sensing

The method developed for sensing labelled streptavidin on a biotin-functionalised
nanohole array substrate was shown to be successful at discriminating between a
positive and a control interaction. It was thought that this proof-of-concept
demonstration could be applied to a different system to determine if the procedure had
the potential to be used in real-life biosensing applications. The system selected was

Aurora A and C-terminal IKKf peptides.

4.2.10.1 Aurora A

Aurora A is a kinase which is essential for the correct progression of cells through
mitosis. It is also a target for the development of novel cancer therapies.20¢ An
interaction between Aurora A and the Inhibitory Kappa B kinase complex (IKK) has
been shown in several studies.z05 206 Preliminary work207 has suggested that this
interaction occurs at the C-terminus of the main IKK complex sub-unit IKKf, in a region
previously defined as the NEMO binding domain. The NEMO binding domain comprises
of six amino acids, leucine-aspartic acid-tryptophan-serine-tryptophan-leucine (L-D-W-
S-W-L), with the two central tryptophan residues being critical for any interaction.208
Two short peptides (11 amino-acids) were created to represent the NEMO binding
domain of IKK[3; a Wild Type (WT) with the NEMO binding domain sequence intact and
a Mutant form in which the two critical tryptophan residues were mutated to alanine
(A) residues, in theory, preventing any interaction from occurring. The binding of
Aurora A to IKKB had been previously investigated using SPR.207 The results obtained
suggested an interaction was occurring but further work was needed in order to
confirm this theory. It was thought that the proof-of-concept work carried out on the
biotin-streptavidin system could be applied to the Aurora A system to assess the
binding of Aurora A to the WT and mutant forms of the peptide and, if successful,

adding further confirmation of binding between these biomolecules.

4.2.10.2 Experimental method

The procedure used for the biotin-streptavidin proof-of-concept study was followed
with two amendments; the amine-PEGs-biotin linker was replaced by the WT peptide
for the positive interaction or the mutant peptide for the control interaction and the
MG-labelled streptavidin was replaced by MG-labelled Aurora A. The WT and mutant

peptide were immobilised on the arrays surface via EDC/sulfoNHS conjugation of the
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N-terminus of the peptides to the carboxyl group of the 16-MHA SAM. It was estimated
that the Aurora A interaction with the WT peptide would not be as strong as the
interaction between streptavidin and biotin and so in an attempt to maximise the
binding, Aurora A MG was used at a higher concentration than that of streptavidinMG
(530 nM vs. 300 nM respectively) and the Aurora A MG incubation time was
investigated for two time points - 30 and 60 min. Three positive and three control
interactions were performed at each incubation time, each in a separate well on the

same substrate, and 8 replicate scans were taken from each well during SERS analysis.

4.2.10.3 Aurora A sensing results
Figure 4.17 shows the results of the Aurora A sensing experiment at both incubation

time points.
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Figure 4.17 - Difference in SERS response at 633 nm excitation for 30 and 60 min Aurora A MG incubation
time using peptide-functionalised bimetallic nanohole arrays. Peak height values represent the mean of
three replicate samples and the error bars represent two standard deviations about the mean.

At both time points, the intensity of the 1175 cm-! peak is higher for the WT peptide
interaction compared to the mutant peptide interaction however no discrimination
between the WT and the mutant peptide interactions was observed. At an incubation
time of 60 min, both the signal observed from the WT and mutant peptide interactions
was higher than that collected from the 30 min incubation time interactions. The CV
values for the 30 min incubation time experiments were slightly smaller than those for
the 60 min incubation (25% for the 30 min incubation period interaction compared to
27% for the 60 min incubation period interaction). These observations implied that

increasing the incubation time, increased the amount of Aurora A MG that bound to the
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surface and at longer incubation times, the binding is less uniform across the surface.

This binding may be specific or non-specific in nature.

A one-tailed t-test at 95% confidence level was performed on the results of the 30 and
60 minute incubation study to determine whether the differences between the mean
peak intensity values from the wild type peptide binding and the mutant peptide
binding were statistically significant (see section A2 for full details). For both sample
sets, tcic was greater than teic (tcac>teric) and so the null hypothesis was rejected; the
difference between the wild type and mutant mean peak intensities was significant and

not due to random error.

Although the statistical analysis concluded that the difference in mean peak intensity
between the wild type and mutant peptide interaction at both 30 and 60 min
incubation time points was significant, discrimination between the wild type and
mutant peptide interactions was not achieved in either incubation time experiment.
The lack of discrimination may be a result of an increase in non-specific binding
between the peptide-functionalised surface and Aurora A MG however further work is

required to investigate this theory.

The potential of a SERS-based method for assessing the binding of peptides to
Aurora A

It can be concluded that the method investigated to assess the binding of a wild type
and a mutant peptide to labelled Aurora A has the potential to be used in biological
analysis. At both Aurora A MG incubation times, the SERS response obtained from the
wild type peptide/Aurora A MG interaction was significantly higher than that obtained
from the mutant peptide/Aurora A MG interaction. However, no analytical
discrimination was obtained. As with all method development, optimisation is required
for each specific system under investigation. It is possible that by optimising the
conditions, e.g. incubation time, concentration of Aurora A MG, discrimination could be

achieved between the wild type and mutant peptide experiments.

As the surface is functionalised with the peptide of interest, this method could be
developed to analyse, on the same nanohole substrate, the binding of multiple different
peptides with Aurora A hence creating a peptide screening method for use in the drug

discovery process.
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4.3 Conclusions

In conclusion, a method has been developed to detect MG labelled streptavidin on a
biotin-functionalised bimetallic nanohole array using SERS at 633 nm excitation.
Statistical tests demonstrated that the discrimination observed between the positive
and control interactions was significant. A decrease in the concentration of
streptavidinMG added to the surfaces resulted in a decrease in the height of the 1175
cm! peak demonstrating the method was valid at a range of streptavidinMG
concentrations. The method was also successfully applied to a biological system of
interest to assess the binding of a wild type peptide and a mutant peptide to MG
labelled Aurora A.
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4.4 Further Work

There is much scope for further work within this project.

4.4.1 Proof-of-concept Streptavidin detection

The dynamic working range of the proof-of-concept method should be investigated.
Results demonstrated that discrimination could be obtained between 150 and 75 nM
streptavidinMG and so further investigation should focus on concentrations below 75
nM as the results obtained suggested that at concentrations above 150 nM the surface

was saturated with streptavidinMG.

In order to use this method to sense analytes, the substrate to substrate variability
issue has to be addressed. The issue is thought to arise from the differences in SERS
activity of each substrate. The inclusion of an internal standard in one well of each
sample which could be used to calibrate the surfaces to account for any surface to
surface variation may overcome this issue. In addition, the use of a micro-array
chamber which could divide one surface into more than 6 wells would be advantageous
as more experiments could be conducted under identical conditions on the same

substrate.

4.4.2 Aurora A sensing

Optimisation of the interaction of MG labelled Aurora A with the wild type and mutant
peptide is required to develop this method into a feasible biosensing strategy. The
EDC/sulfoNHS coupling conditions, the method used to label Aurora A with MG, the
Aurora A MG incubation time and concentration are all parameters that should be
investigated to achieve a fully optimised interaction. If successful, the optimised
method could be used to investigate the binding kinetics of the interaction and assess

the binding of alternative peptides to Aurora A.
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CHAPTER 5 - CONCLUSIONS

Metallic FON arrays and the related metallic nanotriangle arrays have demonstrated
great potential as SERS substrates due to facile fabrication by NSL and the large Raman
enhancement factors exhibited by these nanostructures.2s. 209 The use of modified NSL
results in the closely related, but less investigated, FOEN and nanohole arrays. This
research has detailed a systematic investigation into the structure-property
relationship of FOEN and nanohole arrays in order to fully evaluate their potential as

SERS substrates.

This research has concluded that significant improvements to the Raman response of
FON and nanotriangle arrays could be obtained by the introduction of an etch step in
the fabrication process, resulting in FOEN and nanohole arrays. The maximum Raman
response was consistently exhibited by FOEN arrays with a gap/diameter of 0.2 or
below and by nanohole arrays with a D/P of between 0.75 and 0.6 highlighting that the
optimal substrates for Raman analysis could be predicted based on the physical

properties of the array.

The outcome of tuning the nanostructure to specific properties results in maximum
Raman enhancement and this is vital in the development of SERS active structures for

use in sensing applications.

Hot-spots in SERS substrates are associated with large EF210 however few studies have
experimentally demonstrated the location of hot-spots or regions of high electric field
in ordered 2D nanostructures. This research detailed the results of a fundamental
investigation using SERS to probe the location of hot-spots on a series of
nanotriangle/nanohole and FON/FOEN arrays. It was shown that the properties of the
nanostructure resulted in the electric field being localised in different regions of the
arrays. The results were in good agreement with the theoretical findings of numerous
groups.128.129 The ability to map the hot-spots in SERS substrates is instrumental in the
development of sensitive sensing strategies and paramount in the achievement of
single-molecule SERS detection. Selective immobilisation of analyte molecules within
the regions of intense electric field could have valuable implications in these research

areas.
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Successful development of a proof-of-concept SERS sensing strategy demonstrated that
bimetallic nanohole arrays were suitable substrates for use in biosensing applications.
Implementation of the developed methodology in a real-life biosensing situation

highlighted the potential of this research for clinically-relevant biosensing applications.

This research has, through fundamental investigation of the structure-property
relationship, demonstrated the great potential of metallic nanostructured arrays
fabricated by NSL as useful, tuneable and sensitive SERS substrates for biosensing

applications.
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Appendix

A1 F- and t-test calculations from section 4.2.7.4

The Fcac value was calculated using equation A1.
Feaic = 52
(A1)

where s1 > s3.

The degrees of freedom (v) used to determine the Fi: value was calculated using

equation A2.
(A2)

v=(n-1)

F-test Ho - the variances are equal.

If Feac<Ferit, the F-test passes and the Hy is accepted. In this case, the standard deviations
are pooled to calculate the variation (s) of the experiment. This was calculated using

equation A3.
(g — 1)s{ + (np — 1)s3

°= \/( (nl + ny; — 2) ) (A3)

The tcalc value was then calculated using equation A4.

Itor] X1~ X2
calcl = ﬁ)
(N (s 7) a8

The degrees of freedom (v) for the tui: value were calculated using equation A5.

v=(n;+nz-2) (AS5)

t-test Ho - the mean values are equal
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If Feac>Ferir, the F-test fails and the Hy is rejected. The tcic value was then calculated

using equation A6.

% - %l
[teaicl = T .2
517 4 527

Tf,l nz (A6)

In this case, the degrees of freedom (v) used to determine the ti; value was calculated

using equation A7.

2
512 N 522
n, n

st N st
nf(n—1) np*(np— 1) (A7)
t-test Ho - the mean values are equal
Replicate interaction 1
Normalised 1175 cm-! Normalised 1175 cm-1
peak height values from peak height values from
positive interaction - a.u. control interaction - a.u.
3.177 0.642
2.041 1.179
3.570 1.153
3.350 0.868
2.852 1.311
Average 2.998 1.031
Standard deviation 0.355 0.073

Table A1 - Raw data from positive and control replicate interaction 1.

Fait (v=4) = 6.388 (at 95% confidence level)

Fcaic = 4.851 therefore Feac < Feric and Hy is accepted; The variances are equal.
teric (v = 8) = 1.860 (one-tailed, at 95% confidence level)

teale = 6.723 therefore tec > teie and Ho is rejected; The difference in mean values is

significant and not due to random error.
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Replicate interaction 2

Normalised 1175 cm-! Normalised 1175 cm-!

peak height values from peak height values from

positive interaction - a.u. control interaction - a.u.
1.500 0.084
1.668 0.226
2.060 0.197
2.427 0.113
2.203 0.191
Average 1.972 0.162
Standard deviation 0.146 0.004

Table A2- Raw data from positive and control replicate interaction 2.

Fait (v=4) = 6.388 (at 95% confidence level)
Feaic = 39.803 therefore Fcac > Feric and Ho is rejected; The variances are not equal.
terit (v =4) = 2.132 (one-tailed, at 95% confidence level)

teac = 10.458 therefore taic > teie and Hp is rejected; The difference in mean values is

significant and not due to random error.

Replicate interaction 3

Normalised 1175 cm-! Normalised 1175 cm-!

peak height values from peak height values from

positive interaction - a.u. control interaction - a.u.
1.314 0.209
1.693 0.250
1.245 0.167
1.156 0.160
1.296 0.175
Average 1.341 0.192
Standard deviation 0.043 0.001

Table A3 - Raw data from positive and control replicate interaction 3.

Fait (v=4) = 6.388 (at 95% confidence level)

Fealc = 30.846 therefore Fcac > Feric and Ho is rejected; The variances are not equal.
teric (v =4) = 2.132 (one-tailed, at 95% confidence level)

teac = 12.253 therefore tcuc > teie and Ho is rejected; The difference in mean values is

significant and not due to random error.
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A2 F- and t-test calculations from section 4.2.10.3

The calculations noted in section A1 were used in the F- and t-tests described in section

4.2.10.3.

30 minutes Aurora A incubation time

Normalised 1175 cm-1
peak height values from

Normalised 1175 cm-1
peak height values from

WT peptide interaction - | mutant peptide interaction
a.u. -au.
15.845 9.089
18.524 8.930
17.743 10.873
15.540 7.514
17.621 9.927
17.949 15.249
18.201 11.984
22.702 11.816
9.811 12.158
10.452 9.951
16.724 12.838
14.876 17.512
23.048 14.293
11.420 8.775
23.740 10.738
17.860 13.163
22.510 15.050
20.646 15.048
22.093 22.092
17.853 13.659
23.381 16.200
16.879 11.622
17.379 12.582
21.191 11.407
Average 18.083 12.603
Standard deviation 3.930 3.237

Table A4 - Raw data from wild type and mutant peptide interaction with 30 min Aurora A incubation time..

Ferit (v =23) = 2.014 (at 95% confidence level)

Feac = 1.474 (one-tailed, at 95% confidence level) therefore Fecac < Feir and Hp is

accepted; The variances are equal.

146




Appendix

tcri[ (V = 46) = 1.679

teale = 5.273 (one-tailed, at 95% confidence level) therefore Fcac > Feric and Ho is rejected;

The difference between is mean values is significant and not due to random error.

60 minutes Aurora A incubation time

Normalised 1175 cm-!
peak height values from

Normalised 1175 cm-!
peak height values from

WT peptide interaction - | mutant peptide interaction

a.u. -au.

23.260 17.662

24.657 12.818

22.097 17.611

21.462 21.501

24.610 13.023

32.343 14.778

29.282 16.791

29.562 20.746

17.633 19.784

17.406 16.498

18.038 15.018

21.939 11.241

22.182 14.040

15.549 17.945

20.728 29.405

35.695 28.446

35.542 22.032

33.032 28.890

36.449 26.318

35.735 24.842

32.045 24.119

35.470 23.044

36.246 18.340

21.872 24.173

Average 26.785 19.961
Standard deviation 7.096 5.350

Table A5- Raw data from wild type and mutant peptide interaction with 60 min Aurora A incubation time..

Feric (v = 23) = 2.014 (at 95% confidence level)

Faale = 1.760 (one-tailed, at 95% confidence level) therefore Fcic < Feic and Ho is

accepted; The variances are equal.
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Lerit (V = 46) =1.679

teale = 3.762 (one-tailed, at 95% confidence level) therefore Fcac > Feric and Ho is rejected;

The difference between is mean values is significant and not due to random error.
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A3 Publications
1. The Journal of Physical Chemistry C 2010, 114, (51), 22406-22412
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Surface-Enhanced Raman Spectroscopy Amplification with Film over Etched Nanospheres

Jean-Francois Masson,®" Kirsty F. Gibson,' and Audrey Provencher-Girard®

Département de Chimie, Université de Moniréal, C. P. 6128 Succ. Centre-Ville,
Montréal, Québec H3C 317, Canada, and Centre for Molecular Nanometrology, Department of Pure and
Applied Chemistry, University of Strathclyde, Glasgow GI 1XL, Scotland

Received: July 12, 2010; Revised Manuscript Received: November 10, 2010

Polymer nanosphere lithography (NSL) masks were etched in oxygen plasma prior to metal deposition, which
tunes the localized surface plasmon resonance (LSPR) and the interparticle distance resulting in greater Raman
amplification than conventional film over nanosphere (FON). Various nanosphere masks were investigated,
using nanosphere sizes of 220, 360, 450, 520, and 630 nm etched from 0 (conventional FON) to 10 min.
Thereby, the film over etched nanospheres (FOEN) amplifies by up to a factor of 4 the Raman response of
4-pitrobenzenethiol (4-NBT) on Ag as compared to unetched FON. The LSPR response of FOEN and SEM
analysis of the gap distance revealed that the optimal amplification results from a combination of tuning the
gap (a gap/diameter of less than 1 improves the Raman response), matching the laser excitation wavelength
(633 and 785 nm both investigated), and an increasing roughness of FOEN. Metal multilayers of Ag and Au
were also deposited to investigate the effect on the Raman and LSPR response. While the LSPR response
remains relatively invariable, the Raman signal from 4-NBT decreased significantly by increasing the number
of layers when Ag is used as the outer layer. However, a bimetallic film composed of Ag underlayer with Au
as an outerlayer further increased the Raman response by a factor of 1.6. Overall, the most intense Raman
response for FOEN was obtained with 360 nm nanospheres, etched for 1.5 min to create a gap of 66 nm with
an overall bimetallic film thickness of 175 nm, which was composed of an Ag underlayer of 87.5 nm and an
Au outerlayer of 87.5 nm. Thus. by performing these simple modifications to FON, the Raman response can
be increased by nearly 1 order of magnitude.
Introduction a nanosphere lithography (NSL) mask, consisting of a monolayer
of hexagonally packed polymer or silica nanospheres, is
deposited on a substrate, typically a glass microscope slide. A
metal film is deposited onto the NSL mask, resulting in a surface

Surface-enhanced Raman spectroscopy (SERS) has emerged
as a useful tool for analytical chemistry,! specifically in the

bioassay platform® and (bio)chemical diagnostics areas.” Early
SERS experiments were performed on roughened Ag electrodes,
with limited reproducibility hindering many analytical applica-
tions. This has triggered extensive research in fabricating
structures exhibiting greater reproducibility, while providing
large Raman amplification.* In particular, nanoparticles and
nanostructured arrays are attractive as SERS substrates for their
improved reproducibility. Among others, colloidal surfaces,
anisotropic nanostructures, surfaces prepared by lithographic
techniques, and dimer structures have been recently developed
for SERS.* SERS surfaces consisting of an array of nanoparticles
or nanostructures are especially interesting for a number of
reasons: they provide high surface density leading to intense
Raman response, they can be manufactured reproducibly with
repeatable Raman response, they are easy to handle, and they
can be treated as or they react similarly to solid-phase synthesis
substrates, facilitating chemical reactions and purification. Some
examples of SERS active surfaces include nanohole arrays,’
surfaces prepared with glancing angle deposition,® nanotriangle
arrays,” and film over nanospheres (FON).® Numerous applica-
tions using these substrates have heen reported in the literature.

FON have been extensively investigated due to simple
fabrication methodology and good Raman amplification. Briefly,

* Corresponding author. Phone: (514) 343-7342, Fax: (514) 343-7586.
E-mail: jf. masson @umontreal.ca

! Université de Montréal.

¢ University of Strathclyde.
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with a reproducible nanoscale pattern. Recently, several ap-
proaches have been investigated to modify NSL to create more
complex nanostructured arrays. Among others, nanopores or
nanowells™'” and nanohole arrays'' were fabricated using similar
techniques involving etching a NSL mask. Etching the NSL
mask also creates an array of nanoshells,' and removing the
mask following metal deposition creates nanohole arrays.
Nanohole arrays fabricated using modified NSL have been
investigated for plasmonic sensing'™"" and for Raman spec-
troscopy.'® A recent article by Lee et al. demonstrated an
increased enhancement factor of 1 order of magnitude of
nanchole arrays as compared to AgFON. The authors also
demonstrated that electroless deposition of Ag further increased
the enhancement factor.'® Modified NSL is therefore appropriate
to fabricate SERS surfaces with tailored optical properties.
Several interesting optical phenomena occur when nanostruc-
tures are in close proximity to one another. Metallic nanopar-
ticles in close proximity will have their surface plasmon greatly
shifted depending on the interparticle distance, which has been
exploited as a molecular ruler'™ and for the colorimetric detection
of DNA hybridization.'® In the case of Raman spectroscopy,
nanoparticle dimers exhibit a much greater electric field in the
gap between two nanoparticles, leading to significantly enhanced
Raman amplification.'*” Tuning the distance between particles
greatly influences the plasmonic properties. As described by
the plasmonic ruler model, the gap must be normalized by the
diameter of the nanoparticle. Plasmonic coupling between
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adjacent nanoparticles occurs for structures separated by a gap
smaller than or equal to the diameter of the nanostructure.?!

A recent article demonstrated that the number of cores in
aggregates composed of multiple nanoparticles did not influence
the enhancement factor.” A single hot spot in an aggrepate is
sufficient for attaining optimal amplification of the Raman
response of a molecular adsorbate. Unlike isolated nanoparticles,
no correlation was observed between surface plasmon wave-
length and enhancement factor. Ultrasensitive Raman detection
for molecules adsorbed on nanoaggregates has enabled several
applications including single molecule Raman detection.” One
approach to fabricating nanoaggregates with controlled distance
between particles involves the use of organic layers acting as
spacers between nanoparticles.”* Porter et al. investigated the
effect of interparticle spacing on Raman amplification using a
nanoparticle located at varying distances from a metal surface.
The distance was controlled using different chemical layers. and
it was reported that for this particular experiment, the Raman
amplification was greater with a shorter chemical layer of 1.2
nm in height. Simulations support these results; the gap between
a nanosphere dimer pair was varied resulting in a rapid increase
in the electric field as the gap decreased.” Therefore, there has
been an increased interest in fabricating and studying nano-
structures exhibiting small interparticle distance to exploit their
increased Raman amplification.

Many techniques, including modified nanosphere lithography,
result in particles and surfaces with non-negligible roughness,
while chemical synthesis of nanoparticles leads to relatively
smooth surfaces, such as the work on particle dimers reported
above. Nanostructures with controllable interparticle distances
were designed using on-wire lithography. a process leading to
non-negligible surface roughness. It was demonstrated that a
gap distance of 30 nm provided the largest Raman amplification
for Au nanodisks. This is in disagreement with theoretical
calculations for the same structures, which predicted a 10 nm
interparticle distance should exhibit the largest amplification.””
1t was thereafter demonstrated that surface roughness contributes
significantly to the Raman amplification of nanoparticle dimers.
The surface roughness therefore accounts for the discrepancies
between the theoretically and experimentally determined optimal
interparticle distance of Au nanodisks.”® Morcover, the nonzero
optimal gap was explained by the strong detuning to the red of
the surface plasmon wavelength for the on-wire lithography.
This result is of significance for nanostructures prepared with
techniques that result in non-negligible roughness, such as
modified NSL.

Investigating the Raman response of nanoparticle arrays in
relation with different sizes of nanoparticles and gap distances
is of great interest to design optimal SERS substrates. A report
in the literature has demonstrated that Raman amplification
increases for arrays of nanoparticles with shorter interparticle
distances.” In this example, the gap is varied from 75 to more
than 250 nm, for square arrays of nanoparticles of 200 nm
diameter (similar to FON).2° Another group reported the effect
on the plasmonic properties of nanotriangle arrays of varying
the gap (between 50 and 100 nm).* The effect of the gap on
the Raman properties has not been reported for these nanotri-
angle arrays of variable gap. In addition, these arrays were not
within the same gap regime as nanoparticle dimers (<10 nm)
or on-wire lithography (gap between 5 and 160 nm). Thus, the
determination of the optimal gap size for arrays of nanoparticle
remains to be determined. Modified NSL is used in this report
as the method of choice to investigate nanostructure arrays with
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a wide range of gap distances. This investigation reports the
results obtained from the study of a series of FOEN substrates.

Experimental Section

Fabrication of Film over Etched Nanospheres (FOEN).
Glass microscope slides (22 x 22 mm) were cleaned in pirhana
solution (75% viv HaS0g25% viv Hy04) for 90 min at 80 °C.
Caution: Pirhana solution is highly corrosive. The glass slides
were then thoroughly cleaned numerous times with 18 MQ
water in an ultrasonication bath. Thereafter, the slides were
placed in a 5:1:1 v/v solution of H;O. NH,OH, and H;O, for
60 min in an ultrasonication bath. Again, the slides were
thoroughly cleaned in 18 M£2 water in an ultrasonication bath.
The cleaned slides were stored in 18 MQ water for several
weeks, with the water being replaced every 48 h.

The films over nanosphere (FON) were prepared as follows.
For nanospheres of 520 and 650 nm (Thermo Fischer particle
technology, 5000 series), a nanosphere solution (37 uL) was
drop-coated onto the cleaned glass microscope slide to form a
well-ordered monolayer. The solution compositions were as
follows: for 520 nm nanospheres. 80 uL of stock nanosphere
solution was mixed with 160 gL of ethanol and 760 uL of water;
for 650 nm nanospheres, 120 uL of stock nanosphere solution
was mixed with 160 uL of ethanol and 720 uL of water. The
drop coated solution was slowly evaporated under a Petri dish
to form a well-ordered monolayer on the glass microscope slide.

For 220, 360, and 450 nm nanospheres, stock nanosphere
solution (109 as provided) was diluted with pure ethanol. The
ratio of dilution was as follows: for 220 and 450 nm nano-
spheres, 30 uL of nanosphere solution was diluted with 30 gL
of pure ethanol, while for 360 nm nanospheres, 30 ul of
nanosphere solution was diluted with 50 uL of pure ethanol.
This solution was kept at room temperature for 2 h prior to
use. Glass slides were air-dried, and 10 gL of the diluted
nanosphere solution was drop coated on the glass slide.
Immediately. the glass slide was transferred to the positive
meniscus of Petri dish filled with 18 MQ water. The nano-
spheres self-assembled on the water—air interface, and a drop
of 26 sodium dodecylsulfate (SDS) was added to compact the
nanosphere monolayer. The monolayer was transferred to a
clean, wet glass slide using the Langmuir transfer. The slides
with the nanosphere monolayer were dried slowly under a Petri
dish.

The nanosphere masks were etched in an oxygen plasma as
previously reported.' A plasma cleaner (Harrick Plasma Cleaner
PDC-32G) was used at high power (18 W) from 0 min (for
unetched samples) to 10 min. Prior to the etching process. the
vacuum was established for 20 min with an oxygen flow of 15
mL/min in the plasma chamber, which was maintained during
the etching process. The nanosphere masks were etched for
various times. FOEN samples for each etch time and nanosphere
size were replicated four times. This etching process decreased
the nanosphere diameter, while maintaining the crystalline
lattice. A metal film (Ag or Au as indicated in the Results and
Discussion) was deposited with sputter coating (Cressington
308R) on the etched nanospheres to create films over etched
nanosphere (FOEN). A 1 nm Cr adhesion layer was deposited
prior to the Ag or Ag film to promote adhesion. Scanning
electron microscope (SEM. Hitachi S-4700) images were
obtained for the FOEN at each etch time to determine the
nanosphere diameter.

LSPR Measurements. The plasmonic response of FOEN
substrates was measured in reflectance mode using a 6 around
1 reflectance probe. The sample was illuminated with a halogen
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Figure 1. SEM images at 35k magnification with films over nanospheres of (A) 0 min, (B) 1.5 min, (C) 4 min. and (D) 6 min. The nanospheres

in this series were of 430 nm initial diameter.

Masson et al.

TABLE 1: Average Diameter (in nm) for Individual Particles of FOEN with 125 nm Ag Film®

220 nm 360 nm 450 nm 520 nm 650 nm
etch time diameter gap/ diameter gap/ diameter gap/ diameter gap/ diameter gap/
{min) (mm) diameter (nm) diameter diameter (nm) diameter (nm}) diameter

1] 207 £ 12(3) 0.014
0.5 211 £ 13(9) 0.043
1 200 £13(19)  0.065
1.5 186 £ 10(34) 0.8
25 107£8(113) 105

352 £22(8) 0.023
329 £ 18 (31 0.094
315 £ 19 {45) 0.14
294 £ 23 (66) 0.22
302 £ 10 (38) 0.19

M3IEI3(T) 0016

420 £ 14(30) 0071
402+ 16(48) 012

SIR+£29(2)  0.004
497+15(33)  0.066

644 = 24 (6) 0.009

481£20(39)  0.081
436+ 19(84) 019

585 £ 27 (65) 0.11
533 26(97) 0.18

4 B3I+ 7(137) 1.65 174+ 10(186) 106 2494+ 17201y 081 334+ 19(186) 056 523+£27(127) 024
] 148 £13(212) 143 139 £ 13(311) 223 172 £ 16(348) 202 461 £17(189) 041
& 147 £ 12(303) 206 202 £ 14(308) 1.52

2 The number in parentheses is the approximate gap between nanosy

from the

light source. The variable wavelength spectrophotometer was
set to cover a spectral range of 400—900 nm. Data were
processed with Matlab to obtain the reflectance spectra using
flat Ag or Au as the reference. The LSPR wavelength (dyspg)
was calculated using a minimum finding algorithm. This
algorithm is based on modeling the LSPR peak with a second-
order polynomial. The zero of the first derivative of the
polynomial is Ay spp.

Raman Measurements. The FOEN substrates were im-
merged in 1 mM 4-nitrobenzene thiol (4-NBT) overnight. The
samples were then thoroughly cleaned with water and air-dried
prior to the Raman measurements. The Raman spectrum for
each sample was measured using a Renishaw InVia Raman
microscope using 633 and 785 nm laser excitation. Spectra were
acquired for 10 s at either 0.1% or 0.05% of the laser power,
resulting in a few tens of microwatts laser power at the sample.
The Raman shift region covering 800— 1800 ¢cm™! was moni-
tored for the characteristic Raman peaks of 4-NBT (Figure 51).
The peaks at 1082, 1112, 1350, and 1575 cm™! were used to
calculate every parameter reported in this Article. The data
reported here are for the average from four identically prepared
samples for the labeled Raman bands as shown in Figure S1.
The Raman response was normalized to unetched FON, to
compare FOEN with a common Raman substrate, and it is
reported as a percentage of the response of FON (FON =
100%). We repeated a previously reported experiment®! and
found that the Raman intensity of FON prepared with various
nanosphere diameters followed a pattern similar to the previ-
ously reported results.

Results and Discussion

There is increasing interest in fabricating ordered nanostruc-
tures with a controllable interparticle distance between adjacent
nanoparticles, due to the increased Raman amplification when
compared to isolated nanoparticles. Film over nanospheres
(FON) substrates have been popularized due to large Raman
amplification, good reproducibility, and simple fabrication
procedure. This configuration does not facilitate “gap-enhanced™
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size; note the spheres had initially a CV < 3%.

Raman, due to the possible propagation of the surface plasmon
in the continuous network of metal film. To facilitate gap-
enhanced Raman, modified nanosphere lithography is a tech-
nique exploiting oxygen plasma to combust the polymer
nanosphere mask, followed by metal deposition to result in
FOEN. Etching the nanosphere mask does not influence metal
deposition, as Ag films maintain their appearance of island-
like structures on the surface (Figure §2). SEM images show
that as etch time increases, the diameter of the spheres decrease
as the gap between the spheres increases (Figure 1 and Table
1). The diameter of the nanospheres was obtained from the SEM
images with image J (avalaible from NIH). and the gap can be
obtained from this measurement. Etching for 30 s to 1 min
created a gap in the order of Y—45 nm depending on the
nanosphere diameter, while for 1.5—2.5 min etch time, the gap
increased from 34 to 114 nm. and for etch times greater than 4
min, the structures exhibited gaps larger than 127 nm, up to
=300 nm (Table 1). Because of the inherent variability of the
NSL and plasma etching processes, there are defects on the
substrate, and there is a range of average interparticle distance
(gap) for FOEN. It does not seem that the presence of defects
on the substrate causes a large change in the Raman properties
of FOEN, as noted from the small standard deviations in the
results below. The substrate is typically well oriented. and
modified nanosphere lithography provides a simple method to
tune the gap and to investigate several parameters influencing
the Raman response.

The roughness of a substrate is another important factor in
Raman spectroscopy. The increased roughness may be advanta-
geous to create local hot spots. Initial experiments leading to
the discovery of SERS were indeed performed on roughened
surfaces.” In the present case, SEM images provide a good
visualization of the surface roughness of the nanospheres on
the FOEN. The surface of the nanospheres is initially smooth
with very few defects. As etch time increases, the surface
becomes increasingly rough. Plasma etching is not perfectly
uniform: the polymer is etched at different rates depending on
the location on the nanosphere. Hence, FOEN are significantly
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Figure 2. The reflectance spectra for 220 (left) and 360 nm (right) nanospheres are represented here, while the reflectance spectra for 450, 520,
and 650 nm initial diameters are provided as Supporting Information. The LSPR bands are the minimum in the reflectance spectra and generally
shift toward lower wavelength for longer etched samples. The red lines represent the excitation wavelength of the 633 and 785 nm lasers. Color
legend: blue (0 min etching time), red (0.5 min). black (1 min), purple (1.5 min). green (2.5 min), light blue (4 min). and gray (6 min).

more granular and irregular for longer etch time (Figure 1). The
effect of increased roughness on the Raman intensity is hard to
predict as longer etch times will change both the particle size
and thus the interparticle distance.

LSPR. Measuring the reflectance spectrum of FOEN provides
the excitation wavelength of the surface plasmon of FOEN
substrates. To provide a strong Raman response, the surface
plasmon must be excited by the Raman laser.™ It is well-known
that the surface plasmon properties of nanoparticles are highly
dependent on the size and shape of the nanoparticle,” but also
on the distance to the nearest particle.”” In the present case with
FOEN., etching the nanosphere mask significantly changed the
excitation wavelength of the surface plasmon. Etching the
nanosphere mask using nanospheres with an initial diameter of
220 and 360 nm initially red-shifts the excitation wavelength
for the shortest etch times. The surface plasmon then blue-shifts
for longer etch times from nearly 4 = 900 to 500 nm for 220
nm nanospheres and from 4 = 725 to 500 nm for 360 nm
nanospheres (Figure 2). The LSPR. data for the other nanosphere
sizes are shown in the Supporting Information. Smaller gaps
lead to larger coupling, which translates to a red-shift of the
plasmonic bands. Thus, in the case of FOEN, the larger
plasmonic coupling was observed in the case of shorter etch
times (surface plasmon excitation wavelength to the red of the
spectrum), while longer etch times did not undergo plasmon
coupling (gap/diameter > 1) and exhibited an excitation
wavelength closer to the blue (near A = 500 nm). FOEN with
nanospheres of 360 nm diameter exhibited multiple plasmonic
bands, which have been previously reported to be associated
with multipoles.” Lastly, the intensity of the plasmonic band
decreased significantly with longer etch times, as the etching
process maintains the density of nanospheres but decreases the
actual area covered by the smaller nanospheres.

Raman Spectroscopy on FOEN. Etching the NSL mask
prior to metal deposition significantly changes the physical and
plasmonic properties of FOEN as compared to unetched FON.
For FOEN of every size, the Raman response is optimal as
compared to unetched FON, by up to 450% for the 633 nm
laser and by 360% for the 785 nm laser with the optimal gap/
diameter (Figure 3). Every sample studied followed the same
pattern, where the Raman intensity increases to a maximum and
then rapidly decreases to smaller responses than FON as the
etch time increases. This indicates that there is an optimal etch

time for increased Raman response, and further increasing the
etch time leads to performances poorer than FON. The optimal
etch times for each nanosphere diameter are 1, 1.5, 4, 2.5, and
2.5 min for the 220, 360, 450, 520, and 650 nm nanospheres,
respectively. Optimal etch times result in gap/diameter of less
than 1, and the optimal gap/diameter was around 0.2 for many
FOEN (Table 2). The variation of the Raman response with
the etching time is mainly due to two factors: plasmon excitation
by the laser and tuning the interparticle distance.

The excitation wavelengthis) of the surface plasmon on FOEN
with optimal Raman amplification are all near the excitation
lasers of 633 and 785 nm (Table 2). Thus, one important factor
in attaining larger Raman amplification with FOEN involves
matching the LSPR band with the Raman excitation laser. The
tuneability of the LSPR response with FOEN is advantageous
in this regard. Small differences in the plasmonic response of
SERS substrates may lead to dramatic changes in Raman
intensity. It was demonstrated by Van Duyne et al. that increased
enhancement is obtained for an excitation laser at higher energy
(lower wavelength) than the maximum of the plasmonic
response.™ The significant blue-shift of the plasmon resonances
below the excitation lasers and the absence of multiple plas-
monic bands for longer etch times leads to poor excitation of
the surface plasmon. Hence, the Raman response becomes much
smaller with longer etch time and significantly smaller than for
FON.

The distance between two particles significantly changes their
plasmonic properties and their Raman amplification. By etching
the nanosphere mask. the gap is tuned from a few tens of
nanometers to several hundreds nanometers, or when normalized
to the actual diameter of the nanostructure, the ratio of the gap/
diameter is varied from near 0 to more than 2. A ratio of less
than 1 indicates that plasmon coupling is occurring according
to the plasmon ruler equation, while a ratio of greater than 1
indicates plasmon coupling is not occurring.” As expected, the
optimal gap/diameter is generally small, indicating that plasmon
coupling is a significant factor in increasing the Raman response
(Table 2). Moreover, tuning the plasmon wavelength to the
excitation laser cannot solely explain the larger Raman response
of FOEN, and the gap created contributes significantly to the
larger Raman response of FOEN. For example, the Raman
amplification of 220 nm nanospheres with the 785 nm laser
excitation is much greater at 320% for FOEN etched for 1 min
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Figure 3. Improvement of the Raman intensity for film over etched nanospheres for (A) excitation with 633 nm laser and (B) excitation with 785
nm laser. The Raman response for each series of different sphere size is normalized to unetched FON of the same size and reported as a percentage

of the response versus FON (FON = 100%).

TABLE 2: Properties of Optimal Film over Etched Nanospheres for Various Nanosphere Diameters

relative response vs FON (%)

Raman intensity® {10* counts)

sphere size (nm) etch time (min) 633 nm T83 nm 633 nm 785 nm Aspa (nm) gap/diameter
220 1 450 320 5.2 8.1 616 0.065
360 1.5 150 330 47 121 633 and 835 022
450 4 350 360 1.7 1.2 541 and 770 081
320 25 240 250 21 59 633 and 845 019
650 25 170 100 21 42 640 and 782 018

¢ Laser power: 785 nm, 35 yW: and 633 nm, 3.4 ¢ W.

than with FON. This amplification occurs despite the presence
of a plasmon band between A4 = 800 and 900 nm for FON and
the absence of a plasmonic band above 700 nm for the FOEN
etched for 1 min (Figure 2). The gap/diameter for the FOEN of
220 nm etched for 1 min is very small at 0.065, indicating that
the structure is within the high plasmon coupling region. Thus,
large Raman amplification can still occur without coupling the
laser light to near the maximum intensity of the surface plasmon.
This result correlates well to a recent article published by Van
Duyne et al. in which the authors reported that matching the
laser excitation to the surface plasmon was not necessary to
obtain large amplification for dimers in close proximity.?
Another FOEN structure exemplifies the importance of the gap
created with FOEN. The surface plasmon of FOEN of 520 nm
etched for 2.5 min exhibits excitation bands in the same spectral
region as the surface plasmon of FON of 520 nm (Figure 54).
Despite this identical plasmonic response. the Raman response
is much greater for the FOEN (gap/diameter of 0.19) than for
FON by 240% and 250%. respectively, for the 633 and 785
nm lasers. Thereby. tuning the gap/diameter also leads to
enhanced Raman response for FOEN.

Lastly, the surface roughness of the FOEN substrates
increases with longer etch times, which can typically contribute
to the improvement of the Raman response of SERS substrates.
However, if the increase in substrate roughness had contributed
significantly to the Raman response observed from the series
of FOEN, the Raman response would have increased continu-
ously with longer etch times instead of rapidly declining to
values smaller than FON. The Raman response correlates more
closely to the tuning of the gap/diameter and matching to a
surface plasmon excitation band. The Raman amplification
observed with FOEN is due to a combination of all three factors,
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but with relative importance: tuning the plasmonic band to the
excitation wavelength of the lasers (important factor), creating
a gap capable of increasing the Raman amplification (important
factor), and increasing the roughness of the sample (minor
factor).

The raw intensity measured for FOEN with optimal etch time
shows that for 633 nm, the intensity is larger for 220 nm
nanospheres and decreases with larger nanospheres, while for
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Figure 4. Raman response of film over etched nanospheres with
cysteamine adsorbed on Ag and 4-NBT adsorbed on Au and Ag. These
results show the effect of etch time on a 450 nm nanosphere mask,
with a laser excitation of 785 nm. The response is normalized o FON
and reported as a percentage of the response from FON (FON = 100%).
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Figure 6. (Left panel) Schematic representation of multilayered metal films over nanospheres. The number of layers is varied by successive
depositions of metal, with the overall thickness fixed at 175 nm. (Right panel) Improvement of the Raman response with multilayered metallic
films, normalized to a single metal layer (response = 100%). The legend indicates the metal present on the outermost layer, on which 4-NBT is
immobilized and the excitation wavelength of the laser employed to measure the Raman response.

785 nm laser, the intensity is optimal for 360 nm nanospheres
and greater than for 633 nm laser. Thus, these results indicated
that using the 785 nm laser with 1.5 min FOEN of 360 nm
initial diameter yields the largest Raman amplification, and these
conditions will be used for subsequent experiments.

Effect of the Metal Film Composition on Raman Ampli-
fication. Another important point to take into consideration is
the Raman amplification with different metal surfaces as the
metal composition directly influences the plasmonic properties
of the nanoparticles. The amplification (with 785 nm laser)
achieved by 4-NBT on Au and on Ag is greater for FOEN with
etch times of 2.5—4 min as compared to unetched FON (Figure
4). Longer etch times lead to poorer Raman response with FOEN
in comparison to FON. Au FOEN also exhibited a greater
amplification as compared to Ag FOEN. It is also noteworthy
to point out that the amplification is also molecule dependent.
Ag FOEN with 450 nm nanospheres and 2.5 min etch time
enhanced the Raman response of 4-NBT by 3.4 times as
compared to the 6.5-fold enhancement of cysteamine both
relative to the unetched substrates.

The thickness and composition of the metal film of FOEN
are other important parameters to control for optimal Raman

amplification. The thickness of the Ag film can greatly change
the plasmonic properties of FOEN (Figure 5, left). This study
was conducted with the optimal FOEN of 360 nm nanospheres
etched for 1.5 min. For thin Ag films, the plasmon is excited at
A = 550 nm, while plasmonic peaks appear near A = 633 and
785 nm for thicker films. The Raman amplification is thus
maximal for Ag films near 200 nm (Figure 5, right). Further
increasing the thickness did not improve the Raman response.
This is due to the plasmonic response of 280 nm thick Ag film
red-shifting to nearly 4 = 900 nm. These results are in
agreement with the Ag thickness of 200 nm used by Van Duyne
et al ! and the optimal thickness determined by Cullum et al.
for Ag FON.*

There has been an increasing interest in fabricating multimetal
layered nanoparticles. These exhibit stronger absorption of light,
and the plasmonic properties are tunable according to the
thickness and the composition of the metal films. Recently, it
was also demonstrated that the intensity of enhanced transmis-
sion in nanochole arrays was improved for bimetallic films, using
a Ag underlayer and a Au overlayer."* Other examples include
FON substrates composed of Au multilayers with silver oxide
island films.* The authors demonstrated that the films are more
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stable to oxidation and they have an improved Raman response.
Two series of FOEN with 360 nm nanospheres and 1.5 min
etch were prepared: the first series had alternating layers of Au
and Ag, terminating with an Ag overlayer (data represented by
squares in Figure 6), while the second series still had layers of
Ag and Au, with an Au overlayer (data represented by circles
in Figure 6). The thickness of the metal layers was maintained
at 175 nm, while the number of layers was varied from a single
metal layer to & metal layers of equal thicknesses (Figure 6.
left). Figure 6 (right panel) shows the Raman response for both
633 and 785 nm laser normalized to a single metal layer (single
metal layer = 100% Raman response). The Raman response at
785 nm excitation for FOEN exhibited an increase of the Raman
response to 160% with a bimetallic layer of Ag underlayer and
Au overlayer. This result was repeated with two series of four
identically prepared samples that had been analyzed weeks apart
and is therefore reproducible. However, this result is unigue in
this study. as all other bimetallic FOEN exhibited a response
lower than a single metal layer. Hence, Au on Ag bimetallic
layers also exhibit analytical advantages for Raman amplification.

Conclusions

Modifying film over nanosphere (FON) sample preparation
by etching the NSL mask prior to metal deposition exhibited
several advantages as compared to unetched FON. The Raman
amplification can be increased by nearly | order of magnitude
by tuning the etch time, the initial diameter of the nanosphere,
the metal composition, and the molecule adsorbed on the
surface. FOEN were found to be optimal for 360 nm nano-
spheres etched for 1.5 min, with a film thickness of 175 nm
and composed of 87.5 nm Ag as the underlayer and 87.5 nm
Au overlayer. Characterization of these SERS substrates was
performed using LSPR, SEM, and Raman spectroscopy. The
greater Raman amplification of FOEN as compared to unetched
FON is due to tuning the LSPR of the substrates to the excitation
lasers, creation of a gap between adjacent nanospheres, and the
increased roughness of FOEN generated by longer etching times.
Thus, these surfaces are attractive to develop for analytical
applications.
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Mapping the transition of Ag nanotriangle to manohole arrays
revealed that the optimal SERS response was obtained near the
transition. Correlated AFM and Raman imaging provided novel
experimental proof that hot spots are located on Ag idamds for
nanotriangle arrays and in the core area of the hole for nanohole
arrays, which is in agreement with previous theoretical predictions.

Surface-Enhanced Raman Scattering (SERS) is a sensitive,
vibrational spectroscopic technique capable of giving rich,
molecularly specific information.' The enhanced Raman
scattering achieved by SERS over classical Raman speciro-
scopy is attributed 1w both electromagnetic and chemical
enhancement mechanisms with the former having the major
contribution to the overall enhancement.

SERS active nanostructures have generated great interest in
recent years due to their substrate stability and reproducible
Raman response.” Nanostructures comprised of metallic nano-
partickes organised in a dose-packed arrangement result in large
Raman enhancement factors due to long range coupling between
nanoparticles and a high ‘hot spot’ surface density. The use of
nanotriangle and nanohok arrays for sensitive detection of bio-
molecules has been demonstrated in the literature with enhance-
ment factors of up to 10° having been reported.® Whilst these
SERS substrates have been thoroughly nvestigated individually,
there is no comparative investigation into their Raman response
and the transition of nanotnangle arrays to nanohole arrays.

Nanohole arrays exhibit advantageous properties such as smple
tuning of the plasmonic bands by varying the periodicity® and
straightforward fabrication owing to recent advances in modified
nanosphere lithography (NSL) techniques.® Nanohole arrays have
also been shown to be mechanically stable over long periods of
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time. Modified NSL was employed in this sudy to ewch the
polymer nanosphere mask (initial diameter of 820 nm) with a
reactive oxygen plasma to decrease the diameter of the nano-
spheres while maintaining the arystalline lattice®” (detailed proto-
colin ESIT). This technique was previously employed 1o investigate
the transition from nanotriangle to nanohole arrays by surface
plasmon resonance (SPR).™* Raman mapping the transition of
nanotriangle to nanohole arrays has not been performed and the
optimal nanostructure for SERS is stll unknown.

The localisation of hot spots on nanotriangle and nanohole
arrays has only been demonstrated by theoretical calculations.
These calculations revealed that the highest electromagnetic
field was located at the junction of two adjacent triangles for
nanotriangle arrays,” whilst the rim of the hole in nanohole
arrays cxhibited the highest field intensity.'™"" Thus, in this
investigation, correlated Raman imaging and Atomic Force
Microscopy (AFM) was utilised to provide experimental
evidence and further insight on hot spots and the homogeneity
of the Raman response of nanotriangle and nanohole arrays.

The optical properties such as the surface plasmon and Raman
intensity vary as both a function of the siz and shape of
nanostructure and the distance between nanostructures.' ™" The
transition from nanotriangle to nanohole arrays causes a signifi-
cant change in the plasmonic properties. Related studies have
demonstrated that the surface plasmon of nanotriangle arrays
occurs at a higher wavelength than for nanohole arrays of the
same periodicity and that the plasmonic properties of nanohole
armys remain relatively constant. It was also demonstrated that
the transition of the plasmonic properties from nanotriangle to
nanchole array occurs at a diameter| periodicity (D/P) of between
0.6 and 0.75.7% A D/P of 1 corresponds to a nanotdangle array
and D/P of 0 is for a non-structured metallic film.

Fora D/P ratio of 1, no plasmonic bands were observed in the
spectral range invedigated (Fig. 1). This observation is consistent
with Jensen et al,'? where 8 Ay, of 1125 nm was observed for
nanotriangles prepared with nanospheres of 820 nm. Nano-
structured SERS substrates with a D[P ratio of 0.69 (in the
transition region) show two surface plasmon bands at 550 and
725 nm. As expected for nanohole arrays, the plasmonic response
was almost identical for D/P ratios of 0.52 and 0.43 with three
plasmonic bands at S00-550 nm, 650 nm and 800-850 nm. The
two plasmonic bands at shorter wawelength (500630 nm)
are associated with the metalsolution interface and exhibit a
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Fig. 1 Reflectance spectra for nanostructures prepared from 820 nm

periodicity etched NSL masks. Color legend: diameter/periodicity

(D/Py of 1.0 (0 min, blue), 0.69 (2 min, red), 0.52 (8 min, grey), and

0.43 (10 min, black).

sensitivity of 300 o 400 nm per RIU, while the plasmonic band
near 800 nm has very low sensitivity to bulk refractive index, due
to the excitation of the glass—metal interface.

In Raman spectroscopy, optimal response is generally obtained
for an exatation laser at a shehtly lower wavelength in relation to
the surface plasmon, such that both the laser excitation and the
Raman shifted photons are within the excitation boundaries of
the plasmonic bands. The Raman intensity varies significantly as
a function of the D/P for the 633 and 785 nm cxdatation
wavelengths (Fig. 2). The Raman response of 4-nitrobenzenethiol
(Raman spectrum provided in ESIY, Fig. 1) is reported as a
relative response in comparison with nanotrian gles (nanotriangles
are normahised at 100%). When the D/P ratio approaches 0, no
Raman amplification was observed, which is similar to the
behaviour of a continuous film (for example, Ag layer deposited
on a glass microscope slide). Nanchole arrays of D/P between
0.4 and 0.6 have plasmonic bands at dightly longer wavelength
than the excitation laser. As previously stated. this scenario is
generally optimal for the amplification of the Raman response.

£ a0

w

g

300

a Nanohales

aE(JIZP
= I $

¥ . 5
=1 Ll il BF - ettt -
E oo b4 § Namlrian;es
£ o

04 05 08 07 08 08 1
Diameter/Periodicity

Fig.2 Raman response of 4-nitrobenzenethiol for nanohole arrays of
820 nm periodicity; relative response vs. nanotriangles (100%).

However, the optimal Raman response was with D/ P of (.69 with
the improvement in Raman enhancement caleulated to be 225%
for 633 nm and 310% for 785 nm laser excitations in comparison
to nanotriangles. This nanostructured sample corresponds to the
size regime intermediate between nanotriangles and nanoholes

These results demonstrale that the optimal amplification ocours
at the transition between nanotriangle and nanchole arrays despite
the fact that the lasers are not exciting the plasmonic band at
the optimal wavelength (slightly shorter wavelength in relation to
the plasmonic band). Within the siz regime encompassed by the
transition, the nanostructures are an array of nearly connected
triangles, with a small gap between adjacent trangles. This gap
created by etching the nanospheres enhances the eectric field
between the apex of the triangles, leading to sgnificantly enhanced
Raman response from molecules located in that region.'® Tuning
the surface plasmon of the SERS substrate to the laser wavelength
cannot explain the larger Raman intensity of the SERS substrates
at the transition point. Thus, the dominating factor in the
enhanced Raman response is indeed the gap created between
nearly connected triangle arrays, obtained with modified NSL.

The acquisition of Raman maps and AFM images on the same
regon of the SERS substrate was necessary to correlate spectro-
scopic information obtained from the Raman maps with the
topographical information acquired with AFM. The Raman
mmages clearly show the progression of nanotriangle to nanohole
array (Fig 3). The Raman image of D/ P 1.0 and 0.69 shows a well
ordered, crystalline lattice of dark holes. The comrelated Raman
map and AFM image shown in Fig. 4 revealed that the highest
intensity Raman scattering, represented by the brighter areas on
the inset image, can be clearly atiribuied to the network of Ag
triangles (colored in red) that surround the dark holes (the holes
demonstrated no Raman amplification) (Fig. 4, for higher resolu-
tion image, see Fig. 82 provided in ESIT). This observation
correlates well to theoretical reports in the literature. Schatz
et al. used disarete dipole approximation (DDA) 1o show that
nanotriangle dimers in a tip-to-tip arrangement exhibit maximum
local ekectric field enhancement at the interface between the two
triangles.” These calculations have been corroborated numerous
times in the literature.'™'* The lateral resolution of the Raman
map was limited by the experimental set-up to 350 nm thereby
preventing identification of the exact position of the localised
enhancement on cach individual nanotriangle. Instead, a con-
tinuous network of Raman active sites is observed, kading to the
appearance of dark holes and bright metallic nanotnangles.

The Raman maps of the nanohole amrays revealed a dark
background with bright circular spots located where the holes

Fig. 3 Raman imaging data for (A) D/P 1.0, (B) /P 0.69,(C) D[P 0.57, (D) /P 0.56, and (E) D/P (.43 substrates. False colour Raman map of

intensityat 1574 em ™. i,

samples B and E are provided in ESIT (Fig. 84 and S5).

633 nm, 0.01 s integration time, 100 objective, 200 nm resolution. Ima ges with smaller scanning areas (5 % 3 pm) for
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Fig. 4 D/P = 0.69 AFM and Raman imaging data. (Left) AFM
image, (right) overlay graphic of AFM image and false color Raman
map (framed inset).

Fig. 5 D/P 043 AFM and Raman imaging data. (Left) AFM image,
(right) overlay graphic of AFM image and false color Raman map
(framed inset).

were assumed to be (Fig. 3). The bright spots in the Raman map
arearmranged in a hexagonal pattern, with a center to center spadang
perfectly matching the periodiaty of the nanohole arrays (820 nm).
Correlated Raman and AFM analyss of D/P 0.43 samples showed
that the bright red-yellow spots of the Raman image followed the
same hexagonal pattern and well matched the dark holes in the
AFM image. This observation confirmed that the maximum
Raman scattering originates from the core area of nanoholes
(Fig. 5, for higher resolution image, see Fig. 83 provided in ESI).
Theory predicts that in nanchole arrays, the electromagnetic field
is concentrated around the edges of the nanoholes." This agrees
with the results observed expenmentally in this study. Modified
NSL results in “bowlshaped™ holes with the Ag wall tapered
towards the centre of the hole. The hole shape and the diffraction
limited spectral resolution can explain the pattern observed in the
Raman image. In addition to electric field maximisation, surface
roughness of the nanoholes also contributes to the overall Raman
enhancement of the substrate. Etching the polystyrene spheres is
an inhomogeneous process, which results in rougher surfaces as
etch time increases. Afier metal deposition, the spheres are
removed and the resulting nanoholes have a roughened metal
surface, which is dictated by the roughness of the polystyrene mask
after etching. Therefore, the nanohole surface roughness con-
tributes to the overall Raman enhancement and furthermore, this
effect is more pronounced in samples etched for longer times.
Lastly, the Raman map of a D/P ratio of (.57 has no distinctive
pattern, which can be attributed to the nanostructured surface
being a convolution of nanotriangle and nanohole arrays (Fig. 3).

Another important point is the relative homogeneity of the
intensity across the Raman images. There are indeed regions

of slightly larger intensity in some of the images, but generally
the SERS substrates do not exhibit hot spots of extremely
large intensity. Defects can be observed in some images, which
are associated with the darkest zones in the Raman maps.
Thus, this observation indicates defects are not the source of
the large Raman intensity and that defect-free nanotriangle or
nanohole arrays will lead to optimal SERS intensity.

In conclusion, the Raman intensity is optimal for a nano-
structure near the transition (D/P ratio of 0.69) of nanotriangle
to nanohole arrays; an improvement of 310% for 785 nm
excitation and of 225% for 633 nm excitation. The AFM
and Raman images correlate perfectly and prove that the
maximum Raman enhancement originates from different
sources in the two classes of substrate: from the metallic
triangles for nanotriangle arrays and from the holes for nano-
hole arrays. Although this difference in enhancement origin
has been predicated several times in the literature, this is the
first experimental demonstration. This observation is significant
in the understanding and design of SERS active substrates to
maximise the Raman enhancement and allow greater sensitivity
in the detection of molecules of interest.
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NANOTRIANGLE TrANSITION NANOHOLE

ABSTRACT: The increasing popularity of surface plasmon
resonance (SPR) and surface enhanced Raman scattering D/P=1.00 0.75>0/P>0.60 DP=05
(SERS) sensor design based on nanotrangle or nanchole "

arrays, and the possibility to manufacture substrates at the y . ad

transition between these plasmonic substrates, makes them

ideal candidates for the establishment of structure—property .

relationships. This work features near diffraction-limited

Raman images and finite-difference time-domain (FDTD) simulations of nanotriangle and nanohole array substrates, which
clearly demonstrate that the localization of the hot spot on these SERS substrates is significantly influenced by the ratio of
diameter/periodicity (D/P). The experimental and simulation data reveal that the hot spots are located around nanotriangles
(D/P = 1), characteristic of localized SPR. Decreasing the /P ratio to 0.75—0.7 led to the creation of nanchole arrays, which
promoted the excitation of a propagating surface plasmon (SP) delocalized over the metal network The optimal SERS intensity
was consistently achieved at this transition from nanotriangles to nancholes, for every periodicity (650 nm to 1.5 gm) and
excitation wavelength (633 and 785 nm) investigated, despite the presence or absence of a plasmonic band near the laser
excitation. Further decreasing the D /P ratio led to excitation of a localized SP located around the rim of nanohole arrays for D/P
of 0.5—0.6, in agreement with previous reports. In addition, this manuscript provides the first evidence that the hot spots are
positioned inside the hole for D/P of 0.4, with the center being the region of highest electric field and Raman intensity. The
compelling experimental evidence and FDTD simulations offer an overall understanding of the plasmonic properties of nanchole
arrays as SERS and SPR sensors, which is of significant value in advancing the diversity of applications from such surfaces.

anostructured surfaces have found use in various fields size and shape of the nanostructured substrate and by
geometrical parameters, such as the distance between nano-

such as uplicjll chemical and biological sensing‘,2
particles (gap-effect).

pholovo]ta.ics,"" and surface-enhanced spechoscopies.é The

exquisite surface sensitivity of surface plasmons on nano-
structured substrates is at the origin of optical phenomena, such
as surface-enhanced Raman scattering (SERS). SERS is a
versatile and highly sensitive analytical technique, which is
capable of producing a vibrational fingerprint of the molecule
under sludy_6 Significant literature supports the theory of
Raman enhancement in SERS. A major contribution to the
Raman enhancement can be attributed to the excitation of the
localized surface plasmon resonance (LSPR) that occurs on
surfaces.” As a result, an intense electro-
magnetic field is confined to specific regions on SERS
substrates.”® Molecules located within these regions of high

nanostructured

Among the plethora of nanostructured surfaces that have
been designed” nanotriangle'” and nanchole arrays'' exhibit
good sensitivity to refractive index and so are suitable for SPR
sensing. In addition, these nanostructures give large Raman
enhancement factors necessary for SERS studies. Nanotriangle
array-based sensors have been shown to be reliable and versatile
substrates for LSPR .sen.singII and SERS.' In particular,
nanochole amrays present a strongly enhanced light transmission
at specific wavelengths that can be attributed to varous
plasmonic modes. As a result, an amplified electrical field is
generated when an active plasmonic mode is excited, which can

electric field (so-called hot spots) contribute a major portion to Received: January 27, 2012
the overall response of the substrate, without being the only Revised:  February 29, 2012
contribution. The hot spots are significantly influenced by the Published: March 2, 2012
6884 e Aoinrg/10.102 1/jp30090181 1. Fys. Cham. C 2012, 116, 68846892
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be of use in SERS and SPR Experimanls.IJ Nanohole and
nanotriangle arrays owe their interest to the availability of
several fabrication methods capable of producing large areas of
nearly defect-free substrates. The possibility of creating
nanostructures ranging from nanotriangle to nanohole arrays
by modified nanosphere lithography (NSL) has provided a tool
to study the plasmonic &lmperlies at the transition between
these nanostructures.'*™"® While nanotriangle and nanohole
arrays have been reported numerous times in the literature, no
comparative studies have established their relative plasmonic
properties.

Tuning the physical properties of nanostructured substrates,
such as the diameter, height, thickness, and interparticle spacing
engineers the plasmon dispersion, which influences the
excitation wavelength of the LSP, the sensitivity to refractive
index, the SERS enhancement, and SP mode (propagating or
localized). For example, the modification of the size of Au
nanoparticles on silicon substrate or of crescent-shape metallic
nanoparticles resulted in the full control of tuning the SP
excitation wavelength over a range from visible to infrared
reg‘icm.IT Furthermore, the plasmonic resonance of Ag
nanocylinders was blueshifted by either increasing the height
or reducing the diameter, which often results in the increase of
optical absorption losses within the metal.”® Surface plasmon
frequency can be engineered using double metallic config-
urations ~ or metallo-dielectric cunﬁguratiurs.m These exam-
ples demonstrated the strong influence of the substrate
geometry on the LSP.

Substrates with surface features of a length scale longer than
the dissipation length of the surface plasmon polariton exhibit
properties characteristic of propagating surface plasmons. Some
substrates, such as nanohole arrays, have features with length
scales both in the nanoregime and the macroregime. Studying
their plasmonic properties is thus of importance. The transition
between localized and propagating SP modes was reported in
nanovoid substrates supported on a metallic film by changing
the normalized thickness of the voids”' Nanovoids were
prepared by nanosphere lithography (NSL) on a metallic film,
leading to structures of relative similarity to nanotriangle and
nanoholes. For example, structures with small nomalized
thickness resemble to nanotrangle arrays on a metallic film,
while nanovoid substrates of large normalized thickness are
similar to nanohole arrays. It was demonstrated that
propagating SP modes were excited for small nomalized
thickness, which transition to localized SP mode located inside
the voids for large normalized thickness. The excitation of
localized and propagating SP modes was reported in nano-
triangle and nanohole substrates based on sensitivity to
refractive index and SPR spectra in the Kretschmann
conﬁguration.”’u’n However, manotriangle and nanohole
arrays are commonly excited by extinction or transmission
spectroscopy for SPR and SERS experiments. It is thus
important to establish the properties of these plasmonic
substrates for fundamental knowledge and sensor design.

In addition to experimental properties, there is a strong
interest in correlating the plasmonic properties to the predicted
theoretical response. Recently, significant efforts have been
undertaken to predict the localization of the regions with the
strongest electromagnetic enhancement on the substrate, often
referred to as “hot spots”. These hot spots are major
contributors to the SPR and SERS response from molecular
adsorbates. Thus, it is important to understand the structure—
property relationship for different plasmonic substrates in order

to better control the localization of molecular receptors on the
surface of the substrate. Enhanced sensitivity may be accessible
due to binding of the analyte at specific locations of a
nanostructured substrate.”* Numerical solutions have produced
significant predictions for the localization of hot spots. For
example, Schatz et al. performed discrete dipole approximation
(DDA) calculations on triangular dimers separated by a gap of
2 nm.” It was found that the hot spots were located at the tips
of the triangles in nanotriangle substrates. In the case of triangle
dimers, it was demonstrated that the maximum electric field
enhancement occurs at the tip-to-tip region of the dimers. For
nanchole arrays, simulations revealed that the hot spots were
located around the rim of the nanohole.”® Essentially, all
simulations were performed on nanchole arrays, in which the
diameter was nearly half the periodicity. No complete set of
simulations has demonstrated the evolution of the hot spot
localization in the transition from nanohole arrays.

Correlating simulations with experimental results provides
compelling proof of the localization of the hot spots on
nanostructures. Raman microscopy, although a very powerful
analytical tool, has not been extensively exploited to image the
localization of the regions of high Raman intensity on SERS
substrates. These regions can be attributed to hot spots. Hot
spots were first imaged by Qin et al. for barcodes of different
spacing to understand the effect of plasmonic coupling on the
SERS resl:mnsg27 The Raman images of film over etched
nanospheres showed experimental evidence that the hot spots
were indeed in regions where nanospheres were at closest
])rclx]'mit}r.:,'E We have recently achieved correlated AFM and
SERS images for nanotriangle and nanchole a.rrays,y which
provided compelling evidence of the localization of hot spots
on the SERS substrates. The Raman images map the regions of
high plasmonic field and, thus, can provide evidence of the
plasmonic mode excited on substrates. In the work presented
here, the measurement of SPR properties, SERS response,
Raman images, correlated atomic force microscopy (AFM) and
Raman images, and electric field distribution calculations
obtained by finite-difference time-domain (FDTD) for nano-
triangle and nanchole arays of various periodicities provide a
comprehensive overview of the plasmonic properties of these
important substrates.

B EXPERIMENTAL SECTION

Fabrication of the Nanotriangle and Nanohole Arrays.
Nanosphere lithography (NSL) is a simple method used to
fabricate several different types of size-tunable nanoparticle
arrays as it provides great control over the size, shape, and
interparticle distance (gap). While some defects are present and
depend on the deposition conditions, crystalline regions
composed of several domains with different orientation of the
crystal lattice can create useful substrates of several square
millimeters up to a square centimeter. NSL has been utilized to
fabricate nanotriangle a.rrays,'” and by adding a reactive ion
etching step, nanohole amrays can be created by reducing the
size of the polymer na.nu?heres without altering the crystalline
lattice of the NSL mask."***** Thus, in this work, modified
NSL was employed to investigate the surface plasmon
properlies's"ﬁ and SERS propertiesw of the transition from
nanotriangle to nanchole arrays.

Glass microscope slides of 22 mm x 22 mm were first
cleaned in a piranha solution (75% v/v H,80 4 25% v/v H,0,)
at 80 “C for 90 min. After thoroughly rnsing with 18 M£2-cm
water, they were sonicated in a 5:1:1 v/v solution of water/
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H,0,/NH,;0OH for 60 min. The glass slides were once again
thoroughly rinsed with 18 M{):cm water and stored in water
for extended periods of time, with replacement of the water
every 48 h. Nanosphere lithography (NSL) was employed to
fabricate the nanohole arrays of various periodicity and
diameter. "' Using the clean glass slides as the substrate,
NSL masks were prepared by drop coating of the nanospheres
in solution. Considering the periodicity, a specific drop coating
solution was prepared by mixing respectively water (18 MQ-cm
Milli-Q), ethanol (ACS grade), and a nanosphere stock
solution (Themmo Scientific Particle technologies, 5000 series;
10% w/v) in different volume proportions (Table S3 in the
Supporting Information (SI)). The drop size used in the drop
coating process was also dependent on the periodicity. Finally,
well-ordered regions were formed by drying the deposit at
room temperature by covering the coverslip with the drop
coating solution with a Petri dish slightly raised by a pipette tip.

The size of the nanospheres was then tuned by etching the
NSL masks with an oxygen plasma using a plasma cleaner
(Harrick Plasma Cleaner PDC-32G) at high power (18 W) for
0—=10 min for perodicities ranging from 650 to 1000 nm and
for 0—18 min for 1500 nm nanospheres under a continuous
oxygen flow of 15 mL/min. A 20-min vacuum step prior to
etching was necessary to remove air gases and to leave a low
pressure of nearly pure oxygen.

Metallization of the substrate was achieved by depositing a 1
nm Cr adhesion layer followed by a 125 nm Au or Ag layer.
Finally, removing the NSL mask by sonication in ethanol for a
few seconds resulted in the nanostructured arrays. Four
identical samples were prepared for each series for analytical
purposes, and the size (diameter and depth) of the nanoholes
was estimated by atomic force microscopy (AFM) in contact
mode and scanning electron microscopy (SEM).

Plasmonic Properties. The plasmonic properties were
determined by reflectance measurements at normal incidence
using a 6 around 1 reflectance probe. lllumination under a
halogen light source allowed the measurement of a reflectance
spectrum ranging from 400 to 900 nm. For each sample, a
spectrum was obtained by processing the reflectance data using
a smooth Ag or Au film as the reference. Reflectance
measurements were preferred due to the similarity of the
Raman spectra measurements with an epi-microscope.
Sensitivity was measured with sucrose solutions of different
refractive indices, using transmission measurements with a
custom-built flow cell and optical setup.

Raman Spectroscopy Measurements. Nanchole arrays
were first immersed in an aqueous solution of 0.5 mM 4-
nitrobenzene thiol (4-NBT) overnight. The 4-NBT was chosen
as a control molecule because its Raman behavior is well-
known. The samples were then rinsed with water followed by
ethanol, dried under an argon flux, and stored in the dark prior
to their use. For each series (4 samples for each etch time), a
Raman spectrum was measured with a Renishaw InVia Raman
microscope using 633 and 785 nm excitation wavelengths.
Spectra were acquired for 10 s at 1% of the laser intensity,
resulting in 35 uW for the 633 nm laser and 35 mW for the 785
nm laser. Four chamcteristic Raman peaks of 4-NBT (1082,
1112, 1350, and 1575 cm™') were used to investigate the
intensity of the Raman response for each nanohole array
sample. For comparison purposes, the Raman response was
reported as a percentage compared to the nanotriangle
response (where nanotriangle = 100%), prepared with the
same NSL mask.

Near-Diffraction Limited Raman Microscopy Meas-
urements. Raman analyses were carried out using WiTec
alpha300 instrumentation, which facilitated the mapping of
approximately 10 % 10 gm areas. The false color Raman maps
of intensity were obtained using a 532, 633, or 785 nm
excitation laser. The approximate powers of the 532, 633, and
785 nm excitation lasers were 0.57 (1.2% of total power), 0.33
(1.5% of total power), and 1.2 mW (1.5% of total power),
respectively. The laser power density was estimated at 0.84
MW /cm® for the 532 nm laser and at 0.34 MW /cm® for the
633 nm laser, with an illuminated area of approximately 0.068
um” for the 532 nm laser and 0.097 pum” for the 633 nm laser.
The parameters were set as following: 0.005 s integration time
and 100x objective (Olympus MPlan, NA = 0.9), which
resulted in approximately 300—500 nm spatial resolution. The
intensity of the w(C—C) stretch of 4-NBT at 1575 cm™ was
mapped resulting in a false color image of the Raman
enhancement over the analysis area. Three maps were taken
from three separate, identically prepared samples for each etch
time and all maps from samples with the same etch time
resembled one another to a high degree highlighting the
reproducibility of the Raman response from the substrates.

Contact mode AFM analysis was performed on a Nanolnk
DPNS000 instrumentation. Images were obtained at 512 X 512
pixel resolution using a scan rate of 0.2 Hz The scanned areas
intentionally included crystallization defects and/or scratches to
act as a point of reference between the AFM and Raman
images.

Finite-Difference Time-Domain (FDTD) Simulations. In
the work described in this paper, the FDTD technigue was
employed for numerically calculating electromagnetic (EM)
fields around nanotriangle and nanchole arrays in metallic thin
films ( Ag thin films) so as to study the effects of the diameters
(D) and periodicities (P) of the nanchole arrays on the EM
fields. We have previously employed FDTD for modeling EM
fields around metallic nanostructures such as nanoparticles and
nanopillar arrays. "I While FDTD a]gcu'ithms“g analyze
structures by solving the differential form of coupled Maxwell’s
equations, analyses described in these calculations incorporate
the effects of dispersion relations, e.g. the effects of wavelength
dependence of the dielectric constants of the metallic
structures. Here, we employed an FDTD software called
FullWAVE 6.0 by R-Soft to carry out the FD'T'D analysis for the
nanchole arrays. This software enables FDTD analysis of the
metallic media to include Debye or Lorentz models of
dispersion relations of the dielectric constants of the metals.

In the FDTD simulations, we used an extended Debye
dispersion model for determining the dielectric constants for
silver."* 3D FDTD solutions were obtained for electromagnetic
fields around periodic hexagonal arrays of nanoholes (having
different diameters and periodicities) in Ag films (50 nm thick
Ag film, having a 5 nm thick Ti adhesion layer underneath the
Ag film) deposited on a silica substrate. Electromagnetic fields
(e.g, E and H fields in the x, y, and z directions) in the vicinity
of the nanchele amays were calculated assuming plane wave
illumination being normally incident on the nanohole arrays,
the wavelengths of the incident radiation being 532 and 633
nm. The magnitude of the incident electric fields was taken to
be unity and the enhancement of electromagnetic fields, around
the nanchole arrays, evaluated. The time steps employed in
these simulations were selected to be small enough such that
the Courant stability criterion'® was satisfied for the different
grid sizes employed For FDTD calculations involving the
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nanohole arrays, the grid sizes in the x, y, and z directions (Ax,
Ay, and Az) were selected to be such that the value of the E
field intensities around the nanchole arrays became independ-
ent of the grid sizes. In these simulations, the grid sizes in the x,
¥ and z directions were 5, 5, and 30 nm, respectively. The
FDTD simulations were performed with the incident light
being linearly polarized light along the x-axis of the figures (see
bottom row of Figure 4). In our simulations, the diameters of
the nanohole arrays in the Ag film were varied between 300 and
1500 nm (steps of 150 nm), while the periodicity of the
nanohole arrays was 1500 nm.

B RESULTS AND DISCUSSION

General Properties of Nanohole Arrays. Nanohole
arrays of different periodicities and diameters were fabricated
by modified nanosphere lithography (N’SL).”'IG"“ The initial
size of the polystyrene spheres dictates the periodicity, while
the duration of the etching process controls the diameter of the
holes. A diameter/periodicity (D/P) ratio allows simple
comparison of arrays of different periodicities. For example, a
D/P ot 1 corresponds to a nanotriangular structure, while a D/
P of 0 is observed for a continuous film. It has been reported
that the SERS, SPR, and LSPR results demonstrate that the
transition from triangle to hole arrays occurs within a D/P ratio
ranging from 0.75 to 0.60.”° Therefore, a matrix of nanohale
array samples was constructed with periodicities ranging from
650 to 1500 nm. Samples with D/P between 0.4 and 1.0 were
investigated (Table 1). The investigation was limited to a lower

Table 1. Surface Plasmon Resonance Wavelength for
Nanohole Arrays of Different Periodicities

650 nm §20nm 1000 nm 1500 nm
Ay Aysrg. Aysem A se
D/ (nm) D/P (nm) D/P (nm) D/P (nm)
L0 OSR* L0 OSRY 100 OsR* 00 OSR*
0 513 077 OSR® 0.68  OSRY 071 OSR®
0.60 567 069 549,700 0.6 OSR? 069  OSR®
046 510, 0.57 480, 668, 0.59 520 064  OSRY
700 868
045 542, 056 513,895 053 520 064 OSR*
637
04 513, 052 507,357, 0.50 498,645 059 OSRY
747 &40 740,
819
043 528,670, 046 498 645 053 649
807, 740,
842 819

“08R: Outside spectral range of 400—950 nm.

boundary of D/P equal to 0.4 as the modified NSL method is
incompatible with the fabrication of nanohole arrays of smaller
D/P ratios. The transition region is of particular interest, as it
exhibited an improved Raman response for nanohole arrays of
820 nm.” The physical aspect of the substrate changes
significantly in this transiton region. AFM images of samples
with 1000 nm perodicity clearly demonstrated that samples
with D/P ratio ranging from 0.74 to 0.77 consist of a network
of nearly interconnected triangles, while a D/P with values
around 0.60—-0.63 exhibits a continuous network of holes
(Figure 1). Therefore, these values of D/P will be used to
define the upper and lower limit of the transition zone. To
better understand the properties of plasmonic substrates in this
transition region and to determine optimal SERS substrate

6887

Figure 1. AFM images (10 gm % 10 gm scan) of nanohole arrays with
1000 nm periodicity, for which the D/P corresponds to the (A} upper
and (B) lower boundaries of the transition region, respectively.

among nanofriangle and nanchole arrays, a comprehensive
characterization of nanohole arrays was undertaken.

The D/P ratio and the periodicity are two factors that
significantly affect the optical properties of nanchole arrays.
The excitation wavelength of the surface plasmon™ and the
sensitivity to refractive index of nanohole amays are propor-
tional to the periodicity; higher excitation wavelength and
sensitivity are achieved with a larger periodil:ity.‘” While the
plasmonic properties can be extended to the IR regiun}'w this
study focuses on the optical properties of nanohole arrays
within the visible—near-infrared region manging from 400 to 950
nm, as this region covers the plasmonic properties of Auand Ag
and also spans the range of most common Raman systems (e.g.,
A = 488, 514, 532, 633, and 785 nm). As expected, the surface
plasmons (SPs) of nanotriangle arrays (D/P of 1.0) and of
nanohole arrays of larger periodicities (e.g, 1000 and 1500 nm)
are excited above 4 = 1 gm (Table 1). Indeed, for nanotriangle
arrays, decreasing the D/P ratio promotes plasmon coupling,
and redshifting the plasmonic band to lower energies (higher
wavelengths). For nanohole amays, decreasing the D/P ratio
does not significantly influence the excitation wavelength but
increases the intensity of the plasmonic band. The observations
noted here have also been reported for other periodicities of
nanotriangle and nanohole arra; 51 As for samples with
small D/P ratios or short periodicities, a plasmonic band in the
visible region of the light spectrum was observed. Hence, the
majority of samples prepared using 650 and 820 nm
periodicities support an SP in the target spectral region, while
the SP of samples with 1000 and 1500 nm periodicities could
not be excited under experimental conditions. Samples with
lower D/P ratios feature multiple plasmonic bands associated to
the several modes excited in the spectral region probed. The
sample set was designed to evaluate the influence of the SP
excitation wavelength on the Raman properties of nanchole
arrays.

Bulk Plasmonic Properties: From Nanotriangle to
Nanohole Arrays. The D/P ratio significantly impacts the
Raman response of SERS substrates. Importantly, the Raman
response reported here is for the dllumination of a surface of
constant area on the substrates, regardless of the geometrical
shape of the substrate, providing a direct comparison of the
Raman intensity. The Raman response is normalized to that of
nanotriangle array (D/P = 1.00) of the same perodicity for
comparison purposes. In the nanohole region, for D/P ratios
smaller than 0.60, the Raman response is essentially equivalent
to that of nanotriangle arrays. A distinct exception to this
observation concerns the nanohole arrays of 650 nm periodicity
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arrays on the amplification of the Raman response for an excitation

excited at 4 = 785 nm (Figure 2, right). By featuring a strong
plasmonic band near A = 700 nm, the response is amplified to
about a factor of 6 in comparison to nanotriangle arrays.
Otherwise, for every periodicity and excitation laser (4 = 633
and 785 nm), the Raman response is maximal for SERS
substrates within the transition region with D/P of 0.75 to 0.6
(Figure 2). Particularly, the largest Raman responses were
observed for D/P ratios of 0.60, 0.69, 0.61, and 0.69 for
substrates of 650, 820, 1000, and 1500 nm periodicities,
respectively. The SERS substrates obtained from 650 and 1000
nm perodicities exhibited the highest relative Raman improve-
ment in the transition region. The amplification factor is
approximately 3.5 and almost 5 for the excitation wavelengths
of 633 and 785 nm respectively. A smaller amplification factor
is observed for SERS substrates of 820 and 1500 nm
periodicities; a factor of 2.5-3 and 1.5-2 for excitation
wavelengths of 633 and 785 nm was achieved, respectively.
The raw intensity of the Raman response for the illumination
of a fixed geometrical area of the optimal nanostructure of each
periodicity was constant for 4 = 633 nm excitation. In contrast,
the Raman response at 4 = 785 nm was most intense for
substrates with 1000 nm periodicity where the response was
50% more intense compared to that of other periodicities.
Overall, on our system (Renishaw InVia Raman microscope),
we observed a larger raw intensity per unit power for the 4 =
633 nm laser. However, the 4 = 785 nm Raman laser is available
with ten times more intensity and has the additional advantage
of decreasing the fluorescence with longer wavelengths.
Therefore, the nanostructures of 1000 nm periodicity with a
/P ratio of 0,69 excited at a 785 nm wavelength yielded the
most intense response among the ones tested in this study.
While the Raman response is essentially constant for
nanohole arrays (D/P < 0.6), the sensitivity to refractive
index is a factor of /P for these nanostructured substrates.
Although the theoretical equations describing the sensitivity of
nanohole arrays do not take into consideration the diameter of
the ho]e.s}"s it was previously reported that the sensitivity is
indeed modulated by the diameter of Ag nancholes with 450
nm periodicity.'® Here, the sensitivity of Au nanchole arrays of
820 and 1000 nm perodicities also strongly depend on the
diameter of the nanoholes within the region of D/P ratios
comprised between 0.40 and 0.60. The sensitivity measured
with sucrose solutions of refractive index (RI) ranging from
1.33 to 1.37 RIU region varied between 196 and 428 nm/RIU

and reached a maximum for a D/P of 0.44 for nanchole arrays
of 820 nm periodicity (Figure 3). For the nanohole arrays of
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Figure 3. Sensitivity to refractive index of sucrose solutions (R range:
1.33—1.37) measured for nanchole arrays with 820 (drdes) and 1000
nm (squares) periodicities at different D/P ratios in the nanchole
region, eg D/P < 0.60

1000 nm periodicity, the sensitivity increased linearly as a
function of D/P to reach a value of 533 nm/RIU for a D/P
ratio of 0.6 (Figure 3). The absence of a plasmonic band in the
4 = 400-950 nm region for larger D/P values prohibited the
measurement of sensitivity of these substrates. In comparison,
Au exhibited a constant sensitivity for 450 nm periodicily.'
The various trends resulting from the relationship of the
sensitivity as a function of the D/P ratio are not only useful for
understanding the plasmonic properties of nanohole arrays but
also for predicting the behavior and analytical properties of
these arrays as well.

While the sensitivity of SPR sensors with nanohole arrays
strongly depends on the D/P ratio and the periodicity, the
SERS response follows similar trends for the periodicities and
D/P ratios investigated here. By comparing the values in Table
1 with the data plotted in Figure 2, it is possible to argue that
the presence of a strong first order SP band is not necessary to
achieve an enhanced Raman response especially at the
transition region from nanotriangle to nanchole arrays, since
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Figure 4. (top row) False color Raman microscopy images of a 10 gm X 10 gm region for nanohole arrays of decreasing D /P ratios from left to
right, respectively. (bottom row) FDTD images of a 3 gm % 3 um region for nanohole arrays corresponding to the same D/P regions as for the
Raman images. For the Raman images and the FDTD simulations, the perodidty of the nanohole arrays is 1500 nm, illuminated with a 532 am

laser.

Raman lasers are likely to excite higher-order plasmon bands on
substrates of larger periodicities. Thus, other factors such as
plasmonic coupling from tip-to-tip geometry are major
contributors to the improvement of the Raman response in
the transition region of 0.75 > D/P > 0.60.

Imaging the Hot Spots of Nanotriangle and Nanchole
Arrays. Imaging Raman scattering of samples with different
periodicities, but similar D/P ratios, may provide an overview of
the localization of the hot spots on the SERS substrate. The
strong correlation between geometrical factors of the samples
and the strong Raman response could be explained by the
similarities of the hot spots. By measuring high-resolution
confocal Raman microscopy images of the SERS substrates, the
localization of the enhanced electric field and, thus, the
identification of the regions with the highest intensity for the
Raman response on those nanostructures can be precisely
mapped and correlated to the physical aspects of the SERS
substrates. Confocal Raman microscopy allows near diffraction-
limited resolution images of the samples. In the case of laser
excitation at A4 = 532, 633, and 785 nm investigated here, the
diffraction limited lateral resolution of the Raman images with a
100 dry objective (NA = 0.9) are 360, 430, and 532 nm,
respectively,. A monolayer of 4-nitrobenzenethiol (4-NBT)
uniformly covers the samples to alleviate any surface
concentration effect that could have arisen from irregular
coating of the SERS substrate with the reporter. As expected,
the lateral resolution with the A = 785 nm laser was inadequate
to measure Raman images with sufficient details. Due to their
better lateral resolution, Raman images of the SERS substrates
with the 532 and 633 nm lasers provide detailed images of the
localization of the region of high Raman intensity (Figme 4
complete set is provided in the SI). Four distinct patterns can
be observed: (1) islands of high Raman response correlated to
the location of the triangles for a D/P of 1.00, (2) a network of
high Raman response colocalized with the network of nearly
interconnected triangle arrays at a D/P mtio ranging from 0.74
to 0.63, (3) “donut-shaped” regions of high Raman response
around the rim of the nancholes for 0.63 > D/P > 0.54, and (4)
the core area of the nancholes acts as a point-source of the high
Raman response for smaller D/P ratios. It is important to note
that the images were acquired with circularly polarized light,

explaining the symmetrical nature of the hot spots. By
decreasing the periodicity, the quality of the images is lowered
due to a poorer ratio of feature size /spatial resolution (Tables
§1 and S2 in the SI). Nonetheless, the Raman images revealed
that the location of the hot spots is similar for substrates with
constant D/P, regardless of the periodicity and the presence or
absence of a plasmonic band being excited by the Raman laser.

The highest Raman intensity is observed near the transition
between the network of interconnected triangles and the
substrates with a high electric field around the rim of the
nancholes. The network of nearly interconnected triangles
exhibited a region of high plasmonic coupling,”™* due to the
presence of a network of dimers. It is expected that the high
electric field will lead to significantly improved Raman response
at the tip-to-tip region of this substrate. Figure 4 (second panel)
presents faint areas near the center of the tdangles as well as
regions of slightly higher intensity. The contrast is quite poor
between these regions, which may be due to the spatial
resolution being much larger than the actual hot spots.
Nonetheless, this structure of nearly interconnected nano-
triangle arrays (or so-called bowtie arrays) provides significantly
improved Raman response in relation to conventional nano-
triangle and nanohole armys.

As expected, the SERS images clearly demonstrate the
localized SP excited in nanotriangle armys. The structure-
dependent properties of a nanchole array substrate are evident
from the different SERS images obtained depending on the
D/P ratio. The delocalization of the region of high Raman
response on the metallic network near the transition from
nanotriangle to nanohole arrays is characteristic of a
propagating SP. We observed in our previous studies that a
propagating SP can be excited on the substrate at the transition
from nanotriangle to nanohole a.rrays."‘ In addition, the
nanovoid substrates prepared by Kelf et al, which resemble
the nmanchole arrays, also exhibited a propagating SP at low
normalized thickness.”’ Low normalized thickness corresponds
to large D/P ratios. Further decreasing the D/P ratio leads to a
localized SP located around the rim of the nanohole, which
becomes highly focused inside the nanchole at lower D/P
ratios. T'his transition from propagating to localized SP was also
reported in nanovoids substrates. Thus, the plasmonic
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properties of nanchole arrays are very similar to nanoveids. In
summary, the transition from nanotriangle to nanchole arrays is
characterized by a localized SP at high D/P for triangle arrays,
which propagates near the transition to nanohole army and is
localized for nanohole arrays of smaller D/P.

Despite the imperfect nature of NSL for fabricating nanohole
arrays, the simplicity of the technique, the low cost of
fabrication, and facile tuning of the geometrical parameters of
the substrate makes it an interesting alternative to photo-
lithography, E-beam lithography, or focused ion beam milling.
Most importantly, SERS images demonstrate that the response
is relatively homogeneous across the sample; a 10-30%
coefficient of variation was observed on the intensity of the
hot spots across the Raman images. This confirms that most of
the sample contributes to the overall Raman response, unlike
the nanoparticle aggregates for which the majority of the signal
may originate from one particular hot spot. Another important
observation resides in the intensity observed at the point
defects of the samples. The boundary of a dislocation between
two regions of different crystalline orientations is more intense
than perfectly oriented regions for the triangle arrays (D/P of
1.0). These same boundaries in nanchole arrays exhibit smaller
Raman responses, suggesting that the highest Raman response
for nanohole arrays will be for samples perfectly oriented.

Correlated AFM and SERS images on the same location of a
nanostructured substrate provide valuable insights on the
structure—property relationship of these arrays. It was
previously reported that for a transiion state of nearly
connected nanotriangles for substrates of 820 nm periodicity
for a D/P ratio of 0.69, the network of metallic triangle is
colocated with the one of intense Raman areas.” In addition,
the point source-like areas of high Raman intensity for
nanohole arrays of D/P = 043 correlated with the center of
the core area of the nanoholes.” Here, correlated AFM and
SERS images confirmed that the “donut-shaped” region of high
Raman intensity is pedectly colocalized with the rim of
nanohole arrays of 1.5 wm periodicity with a D/P of 0.64
(Figure 5). The dark region of low Raman response at the

Figure 5. Correlated AFM and SERS images of a nanchole array with
a D/P ratio of 064. The flse color Raman image (pink) was acquired
at 633 nm, which is delimited by the white boundaries. The ring
attributed to the high Raman intensity is colocalized with the rim of
the nanchole, which is in agreement with the FDTD caleulations.

center of the donut is about 400 nm across for 1500 nm
periodicity. This region is close to the diffraction-limited
resolution of the 4 = 532 and 633 nm lasers, explaining that it
was only observed for the 1000 (only with 4 = 532 nm) and
1500 nm (with both lasers) periodicities (Tables $1 and S2 in
the SI). We anticipate that these regions also exist for nanchole
arrays of smaller periodicity, but the spatial resolution of the
measurement did not provide direct evidence of this dark core,
as it is below the diffraction limit for smaller periodicities.

Finite-Difference Time-Domain (FDTD) Simulations.
Calculations to map the electric field distribution of SERS
substrates correlate well with the experimental SERS images
(Figure 4 (bottom row); Tables S1 and S2 in the SI). The
FDTD simulations were performed with linearly polarized light
along the x-axis of the figures. As predicted by numerical
\\:imu]alion\:}“'w the alignment of the areas of high electric field
with the orientation of the polarzed light is expected. Both
simulations at A = 532 and 633 nm show that the region of high
electric field surrounds the nanotriangles for substrates
exhibiting a D/P ratio of 1.0; therefore, matching with the
SERS image showing the triangles as being the regions of high
Raman intensity. FDTD simulations are also in strong
agreement with the experimental data for the nanohole array
substrate with a 0.74 > D/P > 0.63. The SERS image and the
FDTD simulation for 20.63 > D/P > 0.54 demonstrate that the
region of high electric field and intense Raman response is
located around the rim of the nanoholes. By decreasing the D/
P ratio of the FDTD simulations to 0.3, the center of the
nanoholes becomes a point-source region of high electric field,
fitting very well with the experimental SERS image for smaller
D/P.

The slight discrepancy between the experimental and
simulated D/P, in particular for smaller D/P values, is due to
the imperfect nature of the samples prepared with NSL. Indeed,
the experimental [)/P measured by AFM and the simulations
do not consider the tapered nature of the nanohole wall. In fact,
the nanoholes are more bowllike, instead of cylindrical.
Therefore, the apparent D/P for the sample labeled 0.57 >
D/P > 050 is true for the top of the nanchole, but an SEM
image of this sample demonstrates that the bottom of the
nanohole had a smaller D/P ratio of approximately 0.3 (Figure
S$1 in the SI), which is in good agreement with the simulations,
Measuring the diameter of the region of high Raman response
for the smallest nanohole diameter also results in a D/P of 0.3,
once again in agreement with the SEM image and the FDTD
simulation. To our knowledge, it is the first time that such
result demonstrates that if the nanohole diameter is small in
comparison to the periodicity, the region of high electric field is
not located at the edge of the rim of the nanohole (so-called
donut-shape), but rather at the center of the nanohole
(typically made of glass, rather than metal), where molecules
are not expected to absorb in common biosensing strategies. It
also explains the lower Raman intensity measured for these
samples, despite the excitation of the plasmonic band. The
electric field is concentrated in a region where very few
molecules are located, resulting in a lower Raman intensity.

The deviation between the FDTD simulations and the
experimental SERS images for a D/P near 0.7 is another
example of the influence of the imperfect nature of the samples
prepared by NSL. The AFM image of the sample with a 0.77 >
D/P » 0.74 shows a lower topography at the tip-to-tip region
(Figure 1), due to the shadow effect of the NSL mask during
the deposition of the metal layer. This imperfection in the tip-

e doiorg/10.1021/jp3008018 1 J. Py Chem. C 2012, 116, 68845832

165



Appendix

The Journal of Physical Chemistry C

to-tip region may promote high electric field at this region, as
observed in the experimental SERS image, instead of the rim of
the nanoholes as simulated.

FDTD simulations performed at 4 = 532 nm provide images
with better lateral resolution than the ones at 4 = 633 nm
(Tables S1 and 52 in the SI). While this is in agreement with
experimental Raman images, FDTD simulations are not
diffraction-limited and so this does not explain the poorer
definition of the hot spots with the longer wavelength. The
simulations were performed with substrates of 1500 nm
periodicity, such that there is no presence of plasmonic bands
due to periodic hexagonal array of nanoholes (Table 1).
Therefore, the influence of the D/P ratio can be clearly seen in
the interpretation of the Raman images. One possible
explanation involves fringes resulting from the excitation of
the substrate. Fringes arise from the excitation of a surface
plasmon polariton (SPP) around an individual nanohole by the
incident electric field in the zero-order excitation. This SPP
propagates radially from the individual na.noho]es}'w’w and an
interference pattern is created from the SPP of adjacent
nancholes, which can be observed in the FDTD simulations.

M CONCLUSIONS

Raman spectroscopy, confocal Raman microscopy, surface
plasmon resonance, and FDTD simulations have been
employed to extensively characterize the transition from
nanotriangle to nanchole amrays. For every periodicity sampled
(650—1500 nm), the largest Raman response was observed at
the transition state between nanotriangle and nanchole arrays.
This transition occurs within a D/P region ranging from 0.75
(nearly interconnected triangle) to 0.60 (network of nano-
holes). The SERS images of the hot spots on the
nanostructures vary as the transition from nanotriangle to
nanohole occurs. The hot spots were observed to be a
delocalized area of high Raman intensity, which perfectly
matches the metallic network of the array at a D/P ratio of
nearly (.7 and a donut-shape region of high Raman response
(nanchole array), which correlates very well with the edges of
the nanoholes. Thereby, the SERS images demonstrate the
presence of alocalized SP in nanotriangle arrays, a propagating
SP for the substrate at the transition from nanotriangle to
nanohole arrays and a localized SP in nanohole arrays. These
changes in structure were demonstrated by correlating the
AFM results and Raman microscopy images with one another.
For the first time to our knowledge, it was observed that by
further decreasing the D/P ratio, the region of high electric field
for nanohole arrays is positioned at the center of the nanoholes,
with a center-to-center spacing perfectly matching the
periodicity. This observation has significant implications for
biosensing applications in terms of optimal placement of
bicanalytes. The experimental SERS images are in good
agreement with the FDTD simulations, and the outcome
provides a comprehensive study of the plasmonic properties of
nanohole arrays, from understanding the different locations of
the hot spots to demonstrating the largest potential for SERS
and SPR sensing applications.

M ASSOCIATED CONTENT

© Supporting Information

Complete set of Raman images for all the periodicities (650~
1500 nm) for 535 and 633 nm excitation wavelengths as well as
their matching FDTD images, SEM image attesting to the
bowl-like shape structure of nanoholes, and summary of drop
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coating conditions as a function of the periodicity. This material
is available free of charge via the Internet at http://pubs.acs.
org/.
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Abstract The presence of microhole arrays in thin Au films
is suited for the excitation of localized and propagating
surface plasmon (SP) modes. Conditions can be established

consequence of the enhanced EM field, enhanced sensitivity
and an improved response for binding events by about a
factor of 3 to 5 was observed with SPR sensors in the

to excite a resonance between the localized and prop
SP modes, which further enhanced the local electromagnetic
(EM) field. The co-excitation of localized and propagating
SP modes depends on the angle of incidence (f,,.) and
refractive index of the solution interrogated. As a
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Kretsch configuration for a set of experimental con-
ditions (Agpg, e, and 1). Thus, microhole arrays can
improve sensing applications of SPR based on classical
prism-based instrumentation and are suited for SP-coupled
spectroscopic techniques.
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Introduction

The properties of plasmonic materials emerge from the
electromagnetic (EM) field generated by the surface plas-
mon (SP) waves (or polaritons), which are the collective
oscillation of free electrons at the metal/dielectric interface
[1, 2]. Arising from this enhanced EM field, the plasmonic
materials exhibit high sensitivity to refractive index (RI) and
to the presence of molecules at the vicinity of their surface,
which makes them particularly well suited for label-free
optical sensing of bicanalytes [ 1-4]. In addition, other appli-
cations exploit the excitation of the SP on the metallic
surface to greatly increase the EM field generated for vari-
ous applications in surface-enhanced spectroscopies
(Raman (SERS) [5-7]; fluorescence (MEF) [8, 9]; and in-
frared (SEIRAS) [10, 11]), sub-diffraction limit microscopy
(apertureless near-field scanning optical microscopy
(NSOM)) [12], photothermal treatments [13], and drug de-
livery [14] in biomedicine. The increasing interest in plas-
monic materials underlines the importance of further
understanding and controlling the plasmon effects.

Distinct underlying principles are characteristic of the
size of plasmonic materials: radiative localized SP for
nanomaterials are excited directly by light and explained
by the Mie theory [4], while classical SP resonance for
thin Au films has been explained by the reflectivity of
thin films and the Fresnel equations [15]. The locally
enhanced EM field arising from the generation of SP
polaritons in nanomaterials leads to enhanced detection of
molecular adsorbates in localized SP resonance (LSPR) [16]
or surface-enhanced spectroscopies [17]. The exquisite sen-
sitivity of propagating SPR to RI changes has given rise
to a large market of SPR instrumentation, with major
implications in bioanalysis and biosensing [18]. While
both LSPR and propagating SPR relies on the excitation
of free electrons in metals, they differ in instrumentation
(transmission (or extinction) measurement vs. angle- or
wavelength-scanning instrumentation), excitation mode (di-
rect vs. prism coupling or diffraction), theory (Mie scattering
vs. Bragg resonances or Fresnel equations), and sensitivity
(surface vs. bulk). Understanding the principles of the transi-
tion between localized and propagating SPR. will contribute
not only to the development of a new generation of plasmonic
materials with enhanced spectroscopic properties but also to
bridge the gap in knowledge between LSPR and propagating
SPR.

4 Springer

Although for most plasmonic materials the nature of the
SP dictates if excitation is produced by direct illumination or
by prism-coupling, localized SP can be excited in the
Kretschmann configuration with nanostructured substrates
[19, 20]. Both localized and propagating SP can be excited
simultancously, as previously demonstrated for nanovoids
supported on a metallic film [21], by the extraordinary
transmission of sub-wavelength holes directly excited by
light [22], and with nanoporous membrane excited in total
internal reflection [23]. Of particular interest, nanovoids
feature localized or propagating SP depending on the exci-
tation angle. At a specific excitation angle, a resonance
between these modes can be established (i.e., the localized
SP mode can be coupled to the propagating mode or vice
versa), leading to an enhancement of the SP polariton reso-
nances as demonstrated in Raman spectroscopy [21, 24].
Co-exciting localized and propagating SP improves the
enhancement factor in SERS experiment [25, 26], which
can be achieved by tuning the resonance frequency of the
propagating SP and localized SP to be matched [25]. De-
spite the enhancement demonstrated in Raman spectrosco-
py, plasmonic sensors exploiting the resonance between
localized and propagating SPR modes have not been
demonstrated.

Due to their features in the size regime intermediate to
classical propagating SPR and LSPR substrates, it is antic-
ipated that similar SP modes interactions can be excited in
SPR with micro-pattemed substrates, thus combining the
strong sensitivity of localized EM fields with the powerful
analytical properties of propagating SP. Recently, it was
demonstrated that microhole arrays support a propagating
SP with high sensitivity to RI [27, 28], providing solid
evidence to further investigate plasmonic metamaterials.
Microhole arrays are also adapted for use with classical
SPR instruments or with LSPR configuration. Hole arrays
are known substrates for Raman enhancement, and thus,
should be for other SP-coupled spectroscopies.

This paper elucidates that a resonance between a
localized and a propagating SP modes supported on
microhole arrays enhances SPR sensing, which can be
established by tuning the angle of incidence of the light
beam. The interacting SP modes generate localized EM
fields observed in SERS. The resonant interaction be-
tween the localized and propagating SP modes generates
a highly sensitive SPR response at specific experimental
conditions (Agpr, Pexe, and n). This enhanced sensitivity
is applicable to biosensing while preserving the integrity
of the current continuous thin film-based SPR method.
A better understanding of the distinct micro-plasmonic
properties cannot only improve SPR biosensors but also
lead to broader applications based on a novel class of
materials.
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Materials and methods

SP resonance and Raman microscopy measurements
on microhole arrays

The method for the fabrication and characterization of the
microhole arrays was adapted from previous reports [27, 29,
30], and is explained in details in supporting information.
Briefly, microhole amays were prepared using a modified
nanosphere lithography (NSL) method, where the periodic-
ity is controlled by the initial diameter of the microsphere
and the diameter of the hole depends on the duration of the
etching process. A gold film of about 65-nm thickness was
sputtered on the NSL mask, which was then removed by
sonication to create the microhole array. SPR measurements
were performed on an angulo-spectral instrument from 400
to 900 nm and with angles ranging from 70° to 77° (details
in supporting information).

Raman microscopy measurements were performed at
633 nm laser excitation with a =x100 dry objective, which
provides near-diffraction limited spatial resolution (details in
supporting information). The white light images of the micro-
hole arays were performed with the same experimental setup
as for the Raman microscopy by replacing the laser source with
a broadband white light. A monolayer of 4-nitrobenzenethiol
was formed on the microhole amrays to image the distribution of
the electric field on the microhole arrays.

Enhanced biosensing with microhole arrays was dem-
onstrated with the detection of IgG with a substrate
functionalized with anti-lgG (details in supporting infor-
mation), in comparison to the response from a thin Au
film of 30-nm thickness. Angle-resolved multi-wavelengths
SPR response of the immobilization of anti-IgG and the
detection of IgGG at various excitation angles optimized the
response of microhole amrays. Thus, real-time kinetic measure-
ments of the IgG detection were performed at 72.6° for micro-
hole arrays of (65+ 10) nm depth, with at least four identically
prepared substrates. The IgG biodetection was performed for
concentrations of 0.1, 1, 10, 100, and 1,000 nM in phosphate-
buffered saline (PBS) solution.

RCWA simulations

3-D rigorous coupled-wave analysis (RCWA) calculations
[31, 32] of reflectance from the microhole array structures
were carried out using DiffractMOD 3.1 software. In the
RCWA calculations carried out for the microhole array struc-
tures, TM-polanized plane waves (at different wavelengths
and angles of incidence) were incident on the hexagonal aray
of microholes ina thin gold film and the reflectance calculated
as a function of the incident angle or wavelength. In the
simulations, the thickness of the gold films was modeled at

70 nm—the gold films being deposited on a 1-nm thick
chromium adhesion layer which is deposited on BK7 glass
substrates having RI of ~1.517. Other experimental details are
provided in supporting information.

Results and discussion

Metamaterials with features of a length scale greater than the
incident wavelengths of light and shorter than the propaga-
tion distance of the SP polariton in a continuous Au film
(typically greater than 10 pm) [2] are not well understood.
These metamaterials are also characterized by a length scale
that is explained by neither SP theories. Thus, the plasmonic
properties of metamaterials need to be defined, for which
enhanced sensitivity was observed with microhole arrays.
This can enable the design of microhole array based plas-
monic substrates with optimal enhanced sensitivity.

To answer this important question about the plasmonic
properties of metamaterials, a modified SPR instrument in
the Kretschmann configuration is well suited for under-
standing the SP interactions involved in sensitivity enhance-
ment of microhole arrays compared with conventional
continuous films. A polychromatic light source allows an
angle-scanning SPR. instrument to record dispersion curves
with experimental boundaries of 450—950 nm and excitation
angles at the substrate plane of 70-77° (for details, Fig. 51
in the Electronic supplementary material (ESM)). Thus, the
influence of experimental parameters (Agpg, Ooxe, and 1) on
the plasmonic properties of microhole amays can be system-
atically investigated. Here, we focus on microhole arrays of
3.2-pum periodicity with hole diameter of 1.8 (+0.2) um and
a depth of 65 (£10) nm fabricated on a BK7 glass substrate
(SEM image of the microhole arrays is provided in Fig. 82
in the ESM). The influence of experimental parameters on
the plasmonic and analytical properties of microhole arrays
was established, and potential biosensing applications of
microhole arrays were explored.

Localized and propagating SP waves in microhole arrays

The SPR dispersion relation well characterizes the plasmonic
properties of materials. The SPR. dispersion relation refers to
the momentum matching conditions of the SP polaritons for
several excitation angle and wavelength couples. In continuous
films, the influence of the excitation angle from 70° to 77° in
water (7=1.333 RIU) on the minimum intensity in the SPR
spectra, attributed to the excitation of a propagating SF, is
clearly observed in the SPR dispersion relation (Fig. 1, left).
The momentum-matching conditions of light and SP are met
around A=600 nm for excitation angles near 77° and A
increases as e decreases from 77° to 70° (dashed line). This

ﬂ Springer
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Fig. 1 SPR dispersion in water 50 nm 65 nm depth
environment (RI=1.333 RIU) continuous film microhole arrays
of contimuous films and
microhole armays. Left,
propagating SP mode (dashed
line) is present on continuous
films, while 65 nm depth A - Propagating SP
microhole arrays (Fighn) present
localized SP (dotted fine) and
propagating SP modes g

“ B -localized SP

strong dependence of the excitation wavelength with respect to
the angle of the incident beam of light characterizes propagat-
ing SP.

The dispersion relation of microhole arrays revealed that
a propagating SP is excited in these metamaterials (Fig. 1,
right). The propagating SP of microhole arrays is blue-
shifted by about 50 nm in comparison to the one observed
for a continuous film in the f,, range of 73° to 77° (Fig. 83
in the ESM). The symmetry of the response between micro-
hole arrays and continuous films is broken for 6,,.<73°
The angular sensitivity of the propagating SP of microhole
arrays exceeds the one of continuous films, such that micro-
hole arrays are resonant at wavelengths greater than contin-
uous films at 70°. The divergence between the response of
microhole arrays and continuous films demonstrates partic-
ular properties of microhole arrays that may be at the origin
of their enhanced sensitivity.

In addition, microhole arrays exhibit a second plasmonic
band that is resonant at around A=500 nm and is observed
for 6., <75° (Fig. 1, nght dotted line). The weak sensitivity
of this plasmonic band at higher energy (or shorter wave-
length) to the excitation angle is characteristic of localized
SPR supported by nanoparticles [33, 34]. Thus, at ., <75°,
localized and propagating SP modes are co-excited in
microhole arrays.

This result clearly indicates that microhole arrays can
support simultaneously a localized and propagating SP for
a given set of experimental conditions. The sudden increase
of the resonant wavelength of microhole arrays at £, <73°
originates from resonant interactions between localized and
propagating SP, similar to the one reported for metallic
nanovoids [21]. Nanovoids featured resonance between the
localized or delocalized SP, which occurs when the excita-
tion angle and wavelength coincide for the propagating and
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localized SP modes. Thereby, the resonance led to an en-
hancement of the SP polariton resonances [21, 35]. In the
conditions described in this paper, it is also anticipated that a
resonance between the localized and propagating SP can be
established, with the consequence of enhanced EM fields in
microhole arrays. While the dispersion curve provides solid
evidence of the presence of a localized and propagating SPs
in microhole arrays, other techniques must be employed to
confirm this hypothesis. Hence, SERS imaging should re-
veal the position of stronger EM field generated by localized
SP in microhole arrays.

Concentration of SP waves into holes

SERS imaging is an exquisite tool to observe the localiza-
tion of EM fields in plasmonic substrates [36, 37]. It has
been predicted [38] and experimentally demonstrated [39]
that the SP supported by nanohole arrays is confined around
the im of the holes. The presence of high energy localized
SP increases the local sensitivity to RI changes [40,41]. It is
anticipated that the zero order excitation of microhole arrays
would occur in the near- to mid-IR regions [22, 42] due to
the periodicity of microhole arrays. While the lower mode
of excitation (such as (1,0), (0,1), and (1,1) of hole arrays)
cannot be excited in the visible spectral range for microhole
arrays, higher modes of localized SP or grating modes of the
microhole arrays are accessible by direct illumination. The
reflectance spectrum of microhole arrays measured under a
=100 objective shows the presence of SPR modes between
500 and 00 nm (Fig. $4 in the ESM). These modes can be
excited in SERS imaging experiments to reveal the presence
of an increased localized EM field [43].

SERS imaging provides information on the enhanced SP
location on microhole arrays as regions of high Raman
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intensity are correlated to the highest EM field [43]. A refer-
ence image can be collected from the laser line scattering. This
technique is possible with microhole amrays since these are
much larger than the diffraction limit resolution of Raman
microscopes. Thus, a monolayer of 4-nitrobenzenethiol (4-
NBT) was formed at the surface of microhole arays and a
SERS image ofthe 1,573 cm™ ! vibration (C-C vibration) was
collected for 6328 nm laser excitation (A SERS spectrum for
4-NBT on micrchole arrays is provided in Fig. S5 in the
ESM). The Raman images show evidence of a localized SP,
with donut-shaped regions of high field intensity (Fig. 2),
similar to the previously reported experimental images and
prediction by numerical simulations for nanohole arrays [43,
44]. The Raman images are reported for non-background
corrected images of the integrated intensity area of the vibra-
tional band at 1,571 cm . The reflectance image of the laser
produces a high-resolution reference image of the microhole
substrate. The superimposition of the SERS and reflec-
tance image (S+R) from the same region clearly indicates
the position of a localized EM field into the microholes. The
close correlation of the FDTD and experimental images
reported by Correia-Ledo et al. strongly support that the
enhanced EM field around the rim of the hole is accurately
measured and not the result of roughness from the rim of the
hole. The results reported here are in agreement with the
FDTD and Raman images obtained for nanchole amays of
1,500 nm periodicity and a D/P ratio of 0.6 [43].

The comparison of the SERS intensity on the rim of
microhole arrays (region of highest intensity) and the terrace
reveals a significant amplification of the SERS signal of 4-
NBT (Fig. 85 in the ESM) at the rim of the microhole. No
SERS signal was observed on the terrace, while the charac-
teristic bands of 4-NBT were observed with a signal to noise

SERS Reflectance S+ R

1861 cts

23cts

3i5cts

Fig. 2 Surface-enhanced Raman scattering (SERS) imaging of the
icrohole arrays highlighting the enh d EM field into the holes.
A reference image in reflectance was collected simultanecusly to the
SERS image from the 632.8 nm laser scattering. Parameters, =100,

NA=0.9 microscope objective—cone angle of 65%

ratio of about 10 at the rim of the microhole (Fig. 85 in the
ESM). The low intensity observed for microhole arrays can
be attributed in part, to the direct excitation being a relative-
ly weaker phenomenon in microhole arrays than for trian-
gular nanoparticles or sub-wavelength gratings where the
Raman signal is amplified in the order of 100-1,000 times
[45, 46]. In addition, the resonance between localized and
propagating SP delocalizes the energy between the terrace
and the rim of the microholes. Nanohole amays with smaller
periodicity would improve the enhancement factor of SERS
on this substrate. Otherwise, plasmon coupling with labeled
Au NP would also provide further enhancement of the SERS
response on microhole arrays. While microhole amays shall
not be regarded as superior SERS substrate, it provides excel-
lent SPR sensitivity and better SERS than thin Au films.
Therefore, it is anticipated that both the exquisite surface
sensitivity of localized SPR. and the excellent analytical prop-
erties of propagating SPR can be obtained in the microhole
array sensor by establishing a resonance between both plas-
monic modes.

Imaging the SP in reflectance spectroscopy with near
diffraction-limited optics provide a clear picture of the plas-
monic properties with exquisite spatial resolution (Fig. 3). As
expected, the SPR spectra on the terrace and holes differ
mainly by the intensity of the reflected light (Fig. 84 in the
ESM). In addition, monitoring the position of the SP band of
the minimum near 630 nm reveals that the SPR band redshifts
inside the hole by 1-2 nm (Fig. $6 in the ESM). Imaging the
position of this plasmonic band provides a startling picture of
the variation of the excitation wavelength of the plasmon band
on the terrace and in the hole of the microhole arrays (Fig. 3,
right). These reflectance images of the SP, the SERS images,
and the previously published FDTD data [43] reveal that the
microhole are the location of enhanced EM fields and slight
shifis in SP excitation wavelength.

Influence of the dielectric medium on the RI sensitivity

As demonstrated, the presence of microholes in thin films
allows simultaneous excitation of localized and propagating
SP modes, which interact resonantly at specific experimen-
tal conditions. In addition to the angle and the wavelength of
light entering resonance, the RI of the solution also changes
the momentum-matching conditions of the SP. The calibra-
tion curves of microhole arrays excited in the Kretschmann
configuration of SPR reveal regions of anomalous SPR
dispersion relation at different . (Fig. 4). The SPR wave-
length of continuous films monotonously increases with the
RI from 1.33 to 1.37 RIU. However, the excitation wave-
length of microhole arrays diverges from the one of contin-
uous films within a specific range of RIL.

Microhole arrays exhibit regions of sensitivity equivalent
to continuous films (regions A and C in Fig. 4) and a region
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Fig. 3 Left, the white light reflectance image of the amrays

refl shows a shift in the plasmon excitation wave-

for the spectral region near 630 nm correlates with the laser reflectance
image in SERS. Right, the image of the minimum wavelength in the

covering approximately 10 mRIU of enhanced sensitivity
(region B of Fig. 4). It is important to note that the region of
enhanced sensitivity is expected when the resonant condi-
tions between the localized and propagating SP are met
(which are governed by the physical aspect of the microhole
arrays, excitation wavelength and RI of the solution). This
clearly demonstrates that the impact of enhanced EM field is
emerging from this resonance and leads to increased sensi-
tivity in SPR.

The region of enhanced sensitivity changes with the exci-
tation angle and the R1 of the solution. For example, enhanced
sensitivity was observed for solutions of 1.335 to 1.345 RIU
interrogated at an excitation angle of 70.6°, while the region of
enhanced sensitivity shifts by 5 mRIU for an increase of 1.3°
of fexc (Fig. 4). This influence of several experimental param-
eters on the enhanced sensitivity may raise the question about
linearity of the SPR sensors based on microhole arrays. To
answer this question, a closer look at the range of refractive
indices comprised between 1.334 and 1.344 RIU highlights
the greater sensitivity of microhole arrays and linearity of the
SPR response (A\gpg) for both plasmonic materials (Fig. 4,
right). In the 10-mRIU range investigated, the sensitivity of

E‘w Ogue = 71.9° 9""
3 £ L
£ Fagand |
3

0

Ahson (M)

Fig. 4 Microhole amays (red line) and continuous films (biue line)
calibration curves at two different excitation angles. Leff, various SP
response range (regmm A, B, and C) highlighting the non-linear

of les over the lete RI range studied.

¥ P P

@_ Springer

Iength for the location of the microholes. Parameters, *100, NA=0.9
microscope objective—cone angle of 65°

microhole arrays is greater by more than two times the sensi-
tivity of continuous films, while microhole arrays exhibit a
similar linearity in comparison to continuous Au films, shown
by the similar correlation coefficient (R*). As demonstrated
below, a 10-mRIU range is sufficient for biosensing applica-
tions. Generally, the range of AAspr observed in the course of
a biosensing experiment is on the order of 10-20 nm for
experiments. Microhole arrays were linear for at least
AMspr=80 nm. Hence, the linearity of the SPR response with
microhole arrays substrate is suited for biosensing applica-
tions. A small difference in the response of microhole amrays
as compared with continuous films is a weaker and slightly
broader absorption band, which can be attributed to the scat-
tering of photons in the microhole amray substrate (Fig. S7 in
the ESM).

In order to identify the optimal resonant conditions for a set
of RI and excitation angles, the SPR response was measured at
every 10-mRIU step between 1.33 and 1.36 RIU. The en-
hanced SPR sensitivity to RI change of the dielectric environ-
ment of microhole arrays was quantified by a ratio of Algpg
with microhole arrays divided by A\gpg observed for contin-
uous films (amplification factor dielectric (AFd)) (Fig. 5, left).

80 o
7.7 nenimRIY
70~ R=0%8 9
'g 60! o
g 50 - a
1 33 nmimRIY
3 i “  R:0m4 O
30 - o o0
20 .1 o 1
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Right, a focus ona 10-mRIU range (f.x.=70.6°, dashed line) shows the
sensitivity of microhole arrays and ble linearity
to continuous films

173



Appendix

Angle-dependent resonance of localized and propagating SP

35

Fig. 5 Lefi, quantification of
the improvement in SPR
response for microhole arrays.
A greater sensitivity was
observed in comparison to
continuous films at multple
Boye (n=<4 samples) for different
RI ranges. Right, SPR response
of microhole arrays simulated
by RCWA for 10-mRIU steps
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As observed, the optimal excitation angle increases with RI
Interestingly, the AFd remained constant at around 3 for the
various sets of experimental conditions. In addition, the range
of excitation angles for which the AFd is about 3 is generally
tolerant to variations of £0.5°. Thus, this relaxes any constraint
of highly accurate angle precision that would be required on
SPR instruments using the microhole arrays. This result signi-
fies that different excitation angles will be optimal for different
biological media (Fig. S8 in the ESM).

As expected, Agpr at which the resonance between the
localized and propagating SP is established remained con-
stant for different refractive indices of the solution. It is
observed that the optimal propagating Agpg is redshifted
by approximately 100 nm in comparison to the localized
SP. The independence of the excitation wavelength for
enhanced SPR is a consequence of the requirement of using
a wavelength that excites both the localized and propagating
5Ps to achieve the enhanced plasmonic properties. This
observation further supports the evidence of the resonance
between localized and propagating SP leading to enhanced
sensitivity.

The properties of microhole arrays are captured by RCWA,
as RCWA considers the diffraction of the electric fields at the
surface of microhole arrays and propagating SPs. RCWA
simulations revealed a similar enhanced AMgpg, Which was
dependent on the excitation angle and RI of the solution
(Fig. 5, right). We observed that RCWA predicts a slightly
weaker Algpg than observed experimentally. In addition, a
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Fig. 6 Lefi, angular SPR response characterization sensitivity to local
RI changes to the immobilization of anti-IgG for microhole arays
(biue line) and biodetection of 1gG (red fine). Righi, biosensing SPR
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small variation of the optimal excitation angle, at specific
refractive indices emerged from the simulations in comparison
to the expenimental data. This small discrepancy is attributed
to the orentation of the microhole array lattice (rotational
angle dp) with respect to the incident photon beam, and there-
fore the existence of different directions of propagation of SPs
in the microhole amray. The SP modes excited on the micro-
structure are significantly affected by the lattice orientation as
demonstrated in metallic nanovoids [21]. Simulations captur-
ing the different ¢ must be undertaken with synthetic micro-
hole arrays prepared with lithographic techniques, which is
not the object of the present work. Thus, the optical properties
measured here were an average of multiple ¢ orientations, as
the lattice orientation cannot be controlled with microhole
arrays prepared by modified nanosphere lithography. It is thus
important to mention that the RCWA simulations were per-
formed considering ¢ at 0°. Nonetheless, RCWA simulations
are valuable to estimate resonant SP mode conditions at
specific excitation angles and RI.

As previously mentioned, exploitation of the enhanced
SPR sensitivity of microhole arrays does not require instru-
mentation with great excitation angle accuracy, as the reso-
nant SP modes conditions are observed within a range of
about 1°. RCWA further exemplifies this property of micro-
hole arrays. For example, a variation of 3 % on AAgpr was
calculated with RCWA (Fig. 5, right, blue solid line) for
Afleee of 17 simulated for RI around 133 to 134 RIU
corresponding to the resonant conditions. Thus, microhole

o [o Wicrohoies |

Ahgen (PM)
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05 10 15 20
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response of microhole arrays (red) and continuous films (blue) to
varous concentration of IgG over 10 min and sensorgram at 100 nM
(inser). The error bars correspond to one standard deviation
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arrays present a great potential as an enhanced SPR. biosens-
ing platform due to the adjustable resonant conditions, the
significantly larger SPR shifts observed and the linearity of
the SPR signal. Thus, the potential of microhole arrays as a
substrate for biosensing assays must be validated with the
calibration of a biosensor to detect a specific biomolecule.

Enhanced IgG biosensing

The applicability of the enhanced properties of microhole
arrays was evaluated with a biosensor for IgG. Enhanced
sensitivity for molecular adsorbate was supported by RCWA
simulations, which predicted that the formation of a thin mo-
lecular adsorbate would yield enhanced SPR sensing around
fexe=T1.5% (Fig. 89 in the ESM). The simulations were per-
formed for a 1-nm thick layer of a molecular layer having a RI
of 1.5. Here, the local RI of the target bonded to the substrate
surface is referred as “=” instead of 3, which define the
complete volume probed in the dielectic environment The
RCWA simulations demonstrate that the molecular adsorption
processes are also subject to enhanced SPR sensing for a
specific excitation angle range.

Experimentally, the Algpg for the immobilization of

increasing to concentrations up to 1,000 nM. The non-
linearity of the calibmtion curve is predicted by the Langmuir
isothem. In addition, the AFb observed with microhole arrays
is comparable to the ones reported for other nanostructured
films [49]. The larger error on the measurements with micro-
hole amays in comparson to thin Au film is due to the fabrica-
tion process with nanosphere lithography, which is not
perfectly reproducible. We recently observed that by regenerat-
ing a single microhole substrate, the error on multiple measure-
ments of IgG becomes less than 5 %. Improving the
reproducibility of the fabrication method will significantly im-
prove the emror on the measurement. Thus, microhole arrays are
suitable as an enhanced SPR biosensing substrate.

Conclusions

Plasmonic metamaterials present unique optical properties with
a tremendous potential to improve curmrent SPR. sensing based
on continuous films. By establishing the resonance between the
localized and propagating SP modes supported by microhole
amrays, the sensitivity was enhanced by a factor of 3 to five
times compared with continuous films, which lead to an order

153 nM anti-IgG to the SPR sensor and the biodetection of
100 nM 1gG were both enhanced by a factor of nearly 3 with
microhole arrays in comparison to continuous Au films (Fig. 6,
left). Due to the slow process of acquiring the SPR. spectra at
each excitation angles, the data in Fig. 6 required measurements
calculated from the AMgpg of PBS solution before and after the
10-min kinetic process. The experimental enhancement for the
immobilization of anti-1gG and detection of IgG were observed
at higher excitation angles than predicted by the simulations
(near 72.5%), due to the thicker biological layer formed by anti-
IgG and IgG (approximately 5-10 nm) [47], in comparison to
the simulation of a 1-nm thick laver. The AF biosensing (AFb)
of 3 with microhole amays is as the one previously quantified
for the dielectric medium sensitivity (AFd).

Although useful to determine the optimal excitation angle,
calibration ofthe SPR sensor for IgG was required to assess the
potential of microhole arrays as a biosensing substrate. There-
fore, a calibration curve was established at 0,.=72.6° (gray
line), an angle very close to the one of SPR using a dove prism
(72.8°)(Fig. 5, right) [48]. The sensorgrams for the detection of
100 nM of IgG with microhole armys (top trace) and continu-
ous films (lower trace) show the greater response generated of
microhole amrays (inset). Moreover, microhole arrays revealed a
limit of detection (concentration corresponding to three times
the noise on a blank sensorgram) an order of magnitude better
than continuous film. The constant AFb of 5.7+0.4 for sensing
10 nM to 1 pM implies that the SPR response of microhole
arrays was co-linear with the one of continuous films substrates.
Thereby, enhanced biosensing based on microhole arrays was
demonstrated. The SPR response of IgG concenfration was

€1 Springer

of magnitude lower detection limit of IgG biodetection. The
presence of localized SPs is characterized by regions of higher
EM fields on the substrate in SERS imaging, thus indicating the
potential of such plasmonic material for surface-enhanced
spectroscopy. Enhancements were observed for bulk sensitivity
measurements as well as sensitivity o molecular adsorption
processes, making microhole amrays a substrate of interest to
enhance the performance of SPR. sensors.
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