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SERS is a very useful analytical technique which was discovered over 30 years ago,
however it has never fulfilled its potential due to inherently irreproducible surfaces used to
enhance the Raman signals. If a robust and reliable surface was to be produced SERS

could have applications in trace drug detection and catalytic reactions amongst others.

Gold nanostructured void surfaces have been produced which yield full control over the
enhancement, simply by tuning the surface to the correct laser wavelength. It was
discovered that SER signals varied depending on the void size and film thickness, and that
a 350 nm void structure gave rise to enhancements in Raﬁan signals of the order 10%. and
the 600 nm structures have a reprbducibility of <10% variation, in terms of signal, across a
‘surface. The theory as to why the structures give rise to a strong enhancement comes from
the fully cbntrollable plasmon modes within the structures, which are based on molecular
orbital fields. The strongest SER signal arose when thé laser light and outgoing Raman
band were encompassed within a P typé of plasmon mode:. The underlying background in
every SERS spectra was also attributed to photoluminescence (PL) from the gold surface,

and an excellent correlation between the PL and surface plasmons was observed.

The detection of pyridine and carbon monoxide using in-situ electrochemical experiments
have shown that the substrate has widened the (électrochemical) potential window for

monitoring reactions, and show excellent promise as future chemical sensors.
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Chapter One : Introduction

Chapter One: Introduction.
1 = General Introduction.

Raman spectroscopy is a useful analytidal technique, which has numerous
advantages over other spectroscopic techniques such as Infrared (IR). Spectra
can be acquired without destroying a sample, in-situ in a variety of environments,
- and unlike IR, from aqueous solutions. However Raman spectroscopy is an
incredibly weak process, with only 1 in 10'? photons being Raman Scattered.
There are two prifnary techniques that have been developed to increase the signal
obtained from Raman spectroscopy, namely, Surface Enhanced Raman

Spectroscopy (SERS) and Resonance Raman Spectroscopy (RRS).

SERS was discovered in Southampton in 1974 When Martin Fleischmann and co-
Wdrkers recorded Raman spectra of pyridine which were a million fold more
 intense than expected [1]. The increase in intensity was due to the
electrochemically roughened silver electrode that was used in this experiment.
Originally it was thought that the enhancement Céme from the increased surface
area of the electrode, however it was later established that the surface area could
only account for a 10 fold increase in signal [2, 3]. Since this discovery SERS
has undergone a massive amount of research, with over 4000 papers having been
published in the last 30 years, with over half of these being published in the last

decade.

The interest in SERS comes from the fact that it could be an incredibly useful
analytical technique, with applications in health and safety, road side drug testing
“and many other areas. However there are only a handful of substrates that are
‘commercially available, namely the general use SERS substrate Klarite that was,
until recently, marketed by Meéophotoniés, and Naﬁbplex who have utilised
SERS to detect biomarkers in a commercial instrument. The reason for SERS
not being used tb its full potential, commercially; is due to the slight lack of
repfoducibility and robustness encountered with some substrates, as well as the

cost of substrates to produce.
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The resurgence in research in this area over the last decade has been primarily
based around the development of new substrates, all of which move towards a
- more robust system. However, all substrates currently available have certain

drawbacks.

This project has been méinly based on the development of a surface that meets
the demands of a SERS substrate that could be used commercially. The key to
the development was to fully understand the fundamental ideas mechanism of the
SERS process at such surfaces. By bringing together information from other
substrates that have been influential in SERS research it was also possible to take
advantages from each and combine them together. These substrates will be
discussed in detail in this chapter, and what advantagés and disadvantages have

been learnt from each.

2 Surface Enhanced Raman Spectroscopy.

SERS is a mechanism for enhancing the Raman Effect, which is covered in
Chapter 2. When SERS was first discovered, Van Duyne and Schatz attributed
the enhancement to the large polarisability when the Raman emitting system is
taken to be. a composite of the molecule and its conjugate charge in the metal.

This model is known as the ‘image field model’ [4].

The image field theory compared the molecule to a point dipole, and the dipole,

P, is imaged in the metal, and is given by:

P=a,(E,+E,)

Where

ag = polarisability of the free molecule

Es = The incident field due to the excitation

E, = field at the molecule caused by its own image within the metal
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This theory therefore put a strong dependénce upon the distance between the
molecule and the metal. When R < 1.65 A, King et al. [5, 6] showed that
enhancements of 10° were possible on a silver surface, however when R was
more than 2 A the enhancement dropped to 10>. However the model ignored

any molecular perturbations and also didn’t apply to molecules that were close to,
but not adsorbed on the metal surface. For any image theory to be correct the
metal surface must be perfectly flat, and no explanation was fully given as to

. why rough surfaces enhanced signals to a greater extent than flat ones, and why
the enhancement seemed to only come from certain metals. To this end the

| image field model has now been widely discredited and the .majority opinion is

that image field enhancement is not an important contributor to SERS.

More recently theoretical treatments have identified two effects that are widely
accepted as the main contributors to the SERS enhancement. These are the °

chemical model and electromagnetic theory.

2.1 The Chemicél Enhancement model

The chemical enhancement, or charge transfer, model mainly deals with
mechanisms that are specifically related to interactions between the molecule and
the metal. The model also includes the effects of the orientation and the

coverage of the adsorbed molecules, metal surface structures and electrode

potential are included.
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Figure 1 Schematic diagram showing the chemical enhancement model that
contributes to the SERS enhancement.

A theory for the chemical transfer of energy has been proposed: a weak
interaction between the substrate molecule and the metal surface exists, and the
molecular energy level (Ecr) partially overlaps with the conduction band of the
metal (Ef0)). Therefore, a charge transfer can take place, this charge transfer
gives the molecule more energy for the molecule to undergo Raman scattering.
The chemical model predicts that the enhancement is more effective when the
surface is rough, as the peaks in the film provide a route for the hot electrons to
the adsorbed molecule. The intensity of the signal observed from the chemical
enhancement model depends on the charge transfer state mechanism in action,

and usually yields enhancements of around T

2.1 The Electromagnetic (EM) Enhancement.

This model considers the change in the local electric field around the adsorbed
molecule. Enhancement of the electromagnetic field at the metal surface is
caused by the local electric field at the surface, which causes a strong
polarisability of the molecule at the surface. A thorough review of the EM
model has been written by Campion et. al. [7] One mechanism that accounts for
the electromagnetic enhancement involves an overlap of the incident radiation
wavelength, scattered radiation wavelength, and a surface plasmon resonance

characteristic of the substrate.
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The simplest definition of a surface plasmon is an oscillation of the free electrons
at the surface of a metal at a certain frequéncy. On a metallic surface plasmons
are created because the structuring of the metal causes standing electron waves
across the surface when light a photon of light hits the surface. The plasmori
cannot be emitted due to the metal surface beneath it so it is therefore reflected
away from the surface in the form of coloured light. A more thorough review of

surface plasmons and how they influence SERS will be given in Chapter 3.

The EM model has been comprehensively reviewed by Martin Moscovits [8],
and it has been widely accepted as the more important contributor to the surface
enhanced Raman signals, creating an enhancement around 10*10°, depending on

the substrate.

3 Common SERS Substrates.

<

~ SERS substrates have been an area of great interest over the last decade, with
numerous groups over the world developing their own design of substrates.
These can be grouped into three dominate types of surfaces: roughened, colloids

and nanostructures. Each of these will be presented in detail in-this section.

3.1 Roughened Surfaces.

SERS was first discovered using an electrochemically roughened silver
electrode [1], produced using oxidation and reduction cycles (ORC), which
displaces atoms at the surface and redeposit’s them in an irregular manner. This
technique yields a surface with a random arrangement of peaks and troughs.

Figure 2 shows an SEM image of such an electrochemically roughened surface.
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Figure 2 Scanning Electron Microscope (SEM) image of a silver ORC SERS
substrate

This type of substrate was thought to enhance the Raman scattering due to the
peaks on the surface acting as lightening rods. The peaks were thought to be

tetrahedral in shape and an example of the peaks is given in Figure 3 [9].
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Figure 3 A randomly rough surface produced through oxidation and reduction
cycles [9].

Tian and his research group have vastly improved the electrochemically
roughened surfaces over the last 20 years, extending the technique to other
transition metals. There are numerous papers published from his group
expanding upon the technique for the production of rough surfaces, and the
techniques are summarised in a review paper in the Journal of Physical

Chemistry B [9].

There are other ways of producing an atomically rough surface, which have also
been used to produce SERS substrate. Chemical etching is the most commonly
used method other than the ORC surface. The overall surface morphology

produced is very similar to that shown in Figure 2, however the surface of the
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metal is simply etched with acid. The combination of metal and acid that is used

the most is silver with nitric acid.

The use of roughened SERS substrates has been hampered due to the lack of
reproducibility in both the enhancement of signal obtained (the signal seen from
the ORC substrate varies by up to 100% [10] from spot to spot) and the surface
morphology. This has promted the SERS ‘comr'nunnity to produce substrates that

are more reliable and reproducible.

3.2 Colloids.

In 1983 work was done by Inoue and Ohtaka [11] on the clustering effects and
‘sphere interactions upon SER signals. It was discovered that the maximum
enhancement of the Raman intensity was 10’ — 108 when the distance between
spheres was decreased. In this case the sphere cluster was 210 A, and the
maximﬁm intensity was seen when the distance between the spheres was 1 2 A.
This early research into spherical clusters sparked a surge of interest into the area
of colloids .as SERS substrates. Over the course of the next decade many papers
were published on the \idéa of colloid structures as SERS substrates [12-19], but
it wasn’t until the early 1990s that there was a resurgénce of interest in this area

of surface science.

In 1995 Michéel Natan et al. published a paper in Science ‘Self — Assembled
Metal Colloid Monolayers: An approach to SERS substrates’ [20]. This paper
was a turning point within SERS research and for colloidal substrates. The
substrate preparation was very simple and involved 2 steps: surface modifaction
of a microscope slide with a polymer, and immersion into a colloidal Au or Ag
solution. This yields spherical particles that are adhered strongly to the surface.
The size (diameter) of colloidal particles can be varied, and solutions of different

sized gold colloids are shown in Figure 4.
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100 nm » 700 nm

Figure 4 Gold colloidal solutions, showing different colour solutions depending on the
size of the colloid.

Silver colloids have been used with great success over the last 10 years,
including work done by Duncan Graham, Ewen Smith and colleagues involving
colloids being attached to biological molecules, and used to enhance the Raman
signals of the said molecules [21-23]. Katrin and Harald Kneip have also had
great success using silver colloids as SERS substrates, and by tuning the size of
the colloid to match the laser wavelength, as well as using Surface Enhanced
Resonance Raman Spectroscopy (resonant with the adsorbed molecules), single

molecules may be detected [24, 25].

The colloidal substrates have one major drawback: the particles tend to aggregate
upon the addition of analytes, which results in variations of SERS intensity [26].
However they have been advanced by looking at producing gold colloids, with
multiple layers of silver evaporated over the colloid [27]. This allows the
distance between the colloids and the size to be varied to match the excitation
wavelength of the laser, and has led the way into designing SERS substrates

using nanotechnology.

3.3 Nanostructured Surfaces.

Due to the lack of reproducibility of other SERS substrates, nanotechnology has
been used to produce highly reproducible substrates, many of which have been
thoroughly discussed within the review paper by Vo-Dinh [28]. There are three

groups who have produced the most used and succesful substrates in comparison
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to the one produced in this project: Van Duyne, Tian and the spin off company
from the University of Southampton, Mesophotonics® (The Raman substrate of
which was recently purchased by D3). The advantages and disadvantages of
each of these surfaces will be discussed in detail and other substrates will also be

mentioned.

Richard Van Duyne at Northwestern University has been at the forefront of
SERS research since it’s initial discovery. Since the late 1990s there have been
two popular substrates produced in his group, the metal film over nanosphere

(MFON) and the colloidal mask substrate.

3.3.1 Metal Film Over Nanosphere.

The development of the MFON structure was first reported in 1993, when Van
Duyne’s group developed a substrate based on a rough surface with a thick layer
of Ag evaporated over the top. This was quickly developed to an Ag film over a

polymer nanosphere [29].

The substrate has since been developed, they are prepared using 542 nm diameter
latex spheres and evaporating a known amount of Ag over the top. The
methodology improved over 8 years, leading to a surface which improved
nanostructure stability and showed an improvement in the irreversible loss in
signal [30] (this will be discussed in further detail in following chapters). A high

resolution image of a MFON structure, taken from reference [30] is given in

Figure 5.
'\
600 am
Figure 5 Metal Film over Nanosphere (MFON) structure produced by Van Duyne.

The structure consists of a 200 nm layer of silver evaporated over 542 nm
+ 5 nm latex spheres, high resolution image taken from Reference 30.
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The substrate enhances Raman signals because the diameter of the colloid
surface is on the same scale as the incident laser wavelength, 532 nm in this case,
and the light excites plasmons on the structure, which have been shown to shift
with metal thickness (Figure 7). These Raman signal is enhanced by a factor of
10.

This structure was one of the first substrates that was able to be produced in a
reproducible manner, and showed excellent stability and reproducibility for
electrochemical SERS experiments. It also extended the potential window for

electrochemical experiments.

However, the substrate also has draw backs. Figure 5 shows that the surfaces are
smooth in comparison to the ORC substrate, but they still have a very ‘textured’
appearance, which is not fully reproducible. The substrate also has a relatively

short shelf life, as the silver will oxidise very quickly in air.

3.3.2 Colloidal crystal mask.

The second substrate developed by Van Duyne is also based on the colloid
template, however for this substrate Ag is deposited in between the spheres

forming the mask, leaving triangular regions of Ag [31], as shown in Figure 6.

Ag Nanoparticles

Colloidal Crystal Mask

£

Figure 6 Colloidal crystal mask template (A), with Ag deposited through the
template (B). [31]

The colloidal mask is produced by nanosphere lithography which is an

inexpensive and highly productive way of making monolayer templates [32, 33].

10
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The Ag is deposited through the mask using physical vapour deposition, and the
mask is removed by dissolution in a solvent. which leaves a monolayer of evenly
spaced, hexagonally arranged, nanoparticles. This method gives full control over
the spacing and size of the nanoparticles, simply by altering the size of the

original template and the thickness of metal deposited.

The enhancement obtained from this structure is of the order of 107 [34]. The
regular arrangement of gold triangular structures give rise to controllable
‘lightening rods’, which were originally thought to give rise to the enhancements

from the roughened surfaces.

The properties of both of the Van Duyne structures discussed have led to
extensive work on the optical properties of SERS substrates. It has been
discovered that the plasmon resonance associated with both structures can be
tuned by adjusting the size of the original mask and the thickness of the Ag film
deposited on/through the mask,

i I 3
s 1
v 09
= 0.8 -
X 07
g 0.6 1
N 0.5
8 0.4 -
£ o3
2 0.2
0.1 x
550 650 750 850
Wavelength (nm)
Figure 7 Shifting localised plasmon resonance (LSPR) with increasing thickness of

silver over the top of a 540 nm particle [35].

The ability to shift the plasmon resonance through the visible region of light has

produced the idea of tuning to laser wavelengths. as most lasers used for SERS

11
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are between 500 and 800 nm. An excellent review paper on this idea for the

silver substrates produced by Van Duyne was published in 2005 [36].

The two substrates mentioned from Van Duyne have been seen as the *bench
mark’ for SERS substrates due to the tunability and reproducibility of the
production technique, and have been used as biosensors [36], and used for the
detection of glucose amoungst other molecules [35]. However there are several

substrates that are now competing with these surfaces.

3.3.3  Core-Shell Nanoparticles.

The development of the core shell nanoparticles as SERS substrates originated
from of combination of coating roughened Au and Ag surfaces with a atomic
layer of transition metal in order to “borrow’ the SERS from the coinage metals

[REF] and the colloid structures discussed previously.

Tian et al. have been developing SERS substrates since the late 1980s, initially
they were using electrochemically roughened surface, and however, in the late
1990s they expanded into nanoparticles. An excellent review paper has been

published, citing the structures that have been developed from this group [9].

They have produced a substrate consisting of a Au nanoparticle core with a

coating of Pd. A brief schematic is shown in Figure 8.

Electrodeposited

metal
Au
nano-particle 4
Figure 8 Schematic showing a representation of the Au — Core shell nanoparticle

SERS substrate.

This substrate allows SERS to be detected from the historically ‘non-SERS’
active metals by using the enhanced electric field from the gold nanoparticle
beneath the thin surface of the transition metal. Work on these substrates has

progressed rapidly into pure platinum and palladium nanocubes [37]. However,

12
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the way that the nanoparticles are assembled onto an electrode for each
experiment means that the substrate varies each time. and therefore the

enhancement factors will also vary.

3.3.4 Anisotropically etched Si based Au structures (Mesophotonics/D3)

This substrate consisits of a base made from a silicon wafer, into which inverted
pyramidal pits in the surface have been created using anisotropic etching. The
substrate is then covered in ~ 80 nm of gold. Figure 9 shows an SEM image and

a computer generated image of the substrate.

Figure 9 SEM image and a computer generated image of the Klarite® SERS
substrate. Image provided by Mesophotonics.

The substrate is commonly known as Klarite and it was developed at the
Department of Physics, University of Southampton and was commercially
produced by the spin off company Mesophotonics. (The technology has now
been bought by D3; a company associated with The University of Strathclyde).

Klarite works by trapping light within the pits of the substrate, acting as a
photonic crystal. The details Surface Plasmon Polaritons (SPP’s) will be
discussed in much greater depth in Chapter 3. However, briefly. the idea behind
this substrate is to produce a standing wave of light (SPP) within the cavity,
which will enhance the Raman scattering of any molecules within the pit. The
substrate is very easily manufactured, and the surface structure is highly
reproducible due to the preparation procedure. At the point of writing the thesis,

there was no information available on the enhancement factors obtained from the

13
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surface. Klarite™ is primarily a photonic crystal. which is a crystal structure of
size similar to that as the wavelength of light, and there are other substrates that

also fall into this category of substrate.

3.3.5 Photonic Crystals.

Nanostructured surfaces tend to focus on photonic crystal structures, using
colloidal templates. This type was structure was first published by Imhof and
Pine in 1997 [38], however Velev [39] and Braun and Wiltzius [40, 41] also

published very similar work shortly afterwards.

The structures are made by assembling a colloidal crystal template, which is then
filled with metal (using various different methods), and the the template is then

removed, leaving a void in it’s place, Figure 10 shows a general schematic.

\ 4

Metal substrate Self assembly of silica
or polystyrene spheres

metal or
polymer around

) 5
&

<
«

Removal of spheres to
leave honeycomb like
structure

Figure 10 General diagram showing the process for producing inverse opal photonic
crystal structures, using a sphere template (dark blue spheres).

The original structure made by Imhof and Pine [38] was made in a different
manner to that used for the majority of structures made today. They used an
emulsion templating procedure, which used an oil-in-formaldehyde emulsion,
where the oil droplets acted as the template. The metal surrounded the droplets
by the preparation of a metal oxide sol, which was mixed with formamide. The

oil containing emulsion was then dispersed into the metal sol, and the droplet

14
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size was controlled by centrifugation. Finally the gel was dried and calcinated,
leaving the inverse structure. Their method was quite successful and the film
looked well ordered, however the technique yielded templates that were

irreproducible and lacked absolute control over the pore size.

In contrast, Braun and Wilzius used CdS and CdSe to deposit around polystyrene
spheres of 466 nm [40] The spheres were assembled on an indium tin oxide
electrode. However their technique for the production of the template uses a
sedimentation technique, which produces a multilayer polycrystalline material.
These tend to have numerous defects e.g. stacking faults, cracking and grain

boundaries.

A SERS substrate was developed using this template method by Tessier and
Velev et. al. [42], which had a enhancement factor of 10°. However the
substrate lacked repfoducibility in surface morphology — the area between the
original template was filled with 25 nm gold nanoparticles, leading to a rough

surface.

More recently there have been advances in templating techniques, for example

templates can be produced with a monolayervof spheres, and with regular defects
[43] and bands [44]. Our group now prepares templates with monolayer :
coverage and voids are filled using electrodeposition. The main benefits of this
| technique over methods such as spin coating [45] or electroless deposition [46] |

arc:

1. Production of a high density material between the voids. The material is
deposited in the voids between the spheres as opposed to around the
surface of the spheres. This, in turn, means that there will be little or no
shrinkage when the spheres are removed.

2. Electrodeposition can be used to prepafe a wide range of materials. Both
| aqueous and non-aqueous solutions can be utilised.

3. Electrodeposition allows control over film thickness, by control of the

total charge passed in the cell.
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4. The film produced is very smooth, with typical roughness factors that

may be fully accounted for by the nanostructure imposed by the spheres.

+ Sculpted SERS Substrates.

The substrate that is presented in this thesis has been developed over the course
of 7 years. Mohamed Ghanem and Phil Bartlett originally produced platinum,
palladium and cobalt films using metal salt solutions to deposit through a
template of submicron polystyrene particles [47]. The structures produced
consisted of multilayers of polystyrene spheres, however it paved the way for
macroporous conducting polymers (polypyrrole, polyaniline and

polybithiophene) structures to be produced, using the same principle [48].

It was realised that these cavity structures had many applications due to the
structure’s magnetic [49] and optical properties [50-52]. Therefore work was
carried out on: optimising the preparation of the templates, to ensure monolayers
were produced [51], development of structures of varying morphology i.e.

isolated cavities [53] and nanodots [54], and metallic composition [55, 56].

The structure has been developed throughout this project to produce a SERS
substrate and the full preparation procedure of these substrates is given in

Chapter 2, however a brief schematic is given below in Figure 11.

% o it

Self assembly of polystyrene spheres from Electrodeposition of gold through the Polysty ph dissolved in Tetra

an aqueous solution onto a hydrophilic template. hydrofuran leaving a smooth surface.
gold slide.
Figure 11 Diagram showing the three key stages in the preparation of a sculpted

SERS substrate.

The work presented throughout this thesis will show how an improved SERS

substrate has been made in terms of: surface smoothness. enhancement factors,
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reproducibility, robustness, shelf life and the overall understanding of the

mechanisms causing the enhancements.
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5 - Thesis Plan

~ The techniques, equipment and methods used to develdp, prepare and measure
the sculpted substrates are presented in Chapter 2. An in depth discussion of the
principles of surface plasmon polaritons required to fully explain these substrates
is provided in Chapter 3. Along with the theoretical plasmon modes associated

with the structure.

Chapter 4 gives a more indepth look at the structure and the plasmonics and how
this relates to the SER signal from different surface morphologies and laser
wavelengths. The surfaces were varied by changing the void size and film
thickness, and three different laser wavelengths were chosen to see how the

signal varies.

The dévelopment of silver SERS structures and comparison to a Van Duyne
MFON style structure in terms of shelf life and enhancements is given in
Chézptér 5. The background observed on every SERS substrate has rarely been |
discussed in SERS research, and an overview of how it changes with laser

wavelength is also given in Chapter 5.

Chapter 6 discusses the applications of this substrate, and finally, conclusions

and suggestions of further work are presented in Chapter 7.
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Chapt'er Two  Experimental Méthods_and Techniques

Detailed information regarding the theoretical and practical aspects of the

experimental work undertaken in this project is presented in this chapter. This

includes descriptions of: nanostructure preparation, Raman spectroscopy,

electrochemical methods, optical and scanning electron microscopy.

1 Reagents and Materials.

The materials and reagents used within this study, along with their suppliers, are

detailed below in Table 1.

Table 1 List of the reagents / materials used and their suppliers.

Reagent/Material

Supplier

Potassium Chloride (KCI)

BDH Laboratory Supplies

Potassium hydroxide (KOH)

BDH Laboratory Supplies

Pyridine (Py)

BDH Laboratory Supplies

Propan-2-ol

Sigma Aldrich

1 wt% aqueous solution polystyrene
spheres (various sizes)

Duke S_cientiﬁc

Cysteamine

Sigma Aldrich

Dimethyl formaide (DMF)

Sigma Aldrich

Benzenethiol (BT)

Sigma Aldrich

Ethanol HPLC grade

Fisher Scientific

Commercial gold plating bath (Cyanide
free)

Metalor, Technic Inc.

Commercial silver plating bath

Metalor, Technic Inc.

Platinum plating bath:

) Sigma Aldrich
Hyrdogen hexachloroplatinate(IV) hydrate .
Concentrated sulphuric acid (98%) Fisher
Carbon Monoxide (CO) BOC Gases
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Argon | BOC Gases

Sodium Dodecyl Sulfate (SDS) Fisher

2 Preparation of SERS substrates.

SERS substrates have typically been prepared by electrochemically roughening
electrodes since the discovery of SERS in 1974[1] ‘leading to an irregular surface
structure made of peaks and troughs. However in the 3 decades since this discovery,
many different substrates have been prepared, silver colloid structures [2-8] being
the most used, due to the relative ease of preparation and good enhancements of
signal. Nanosti’uctured substrates have been coming to the forefront of SERS .
research since the mid 1990s with Van Duyne’s ‘Metal Film Over Nanostructure
(MFON)’ and the silver island structure [9-13]. Tian et al, have also developed
many substrates, primarily using transition metals [6, 13-17], both of which have

improved the reproducibility of SERS substrates.

The nanovoid substrate presented within this thesis has been developed over the past
6 years [18-24] at the University of Southampton, and there are several important

stages that lead to the production of this smooth and robust SERS substrate. Surface
modification, self assembly and electrodeposition will be discuss_ed in the following

section. -

2.1 Surface Modification and Self Assembly.

In order to explain the surface modification techniques used to assemble polysty'fene
- spheres in this project, the ideas of surface wetting, contact angles and self assembly

must first be introduced.

Self assembley has been described as ‘self aggregation of particles into an organised

structure without external assistance’ [25] and there have been many landmarks in
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it’s understanding, including the disébvery of the structure of Deoxyribose Nucleic
Acid (DNA) and the development of microscale self assembly using surface tension
[26]. Since this discovery self assembled structures have drawn interest from a wide

variety of research fields.

Self assembly of particles using surface tension and éapil]ary forces is of particular
interest in this project.” In particular Kralchevsky and Denkov [27] have published

an excellent review on the theory of lateral capillary forces involved in fhe

production of these structures. A capillary tube is the most obvious example of a
capillary force; which can occur between particles, due to an overlap of menisci
formed around each separate particle. Liquid forms a bridge between them, which
can either be attractive or repulsive depending on contact angle between the particles
and the solution. Attractive forces such as these give rise to aggregation of the

particles and lead to the formation of a hexagonal close packed structure.

An example of regular arrays of latex parﬁcles pro.duced by evaporation of
suspensions are the substrates produced for the study of optical properties [28],
which form multilayer’s of particles which act in a similar way to an opal.
However, the control over acquiring a single monolayer did not come until the
1990’s with the first instance being when Velev et al. produced a 2D opal structure
[29]. The control over the assemb]y arises from surface modification, and reducing

the contact angle between the solution and the surface.

The contact angle depends on the properties of the solid and the liquid and if the
angle is 0 < 8 < 90° then the surface is said be wet, and if the angle is between 90° <
0 < 180°, then the surface is said to be non wetting. This is an important factor it

terms of self assembly from aqueous solutions.

When a solution of particles, held in an aqueous solution, comes into contact with a
surface the angle at which the liquid touches the surface has a profound effect on

how the particles arrange themselves. As Figure 1 shows, if the contact angle is
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greater than 90° then the particles are able to form multiple layers upon the surface.
However if the angle is below 90° the particles spread out and monolayer formation

is more likely.

e ’ s ¥
Contact Angle >90° Contact Angle <90°
Figure 1 Drops of solution containing particles, on a surface with contact angles greater

and less than 90°.

It is this technique that has been developed at the University of Southampton to
create monolayers of polystyrene spheres, which are used as templates for the
sculpted SERS substrates. The experimental procedure will now be explained in

full. \
2.1.1 Slide preparation

Gold slides were prepared in-house by evaporating a 20 nm layer of chromium onto

a glass microscope slide, as the gold does not adhere straight onto the glass,

followed by a 200 nm layer of gold. The slide was then cut into eight pieces using a
diamond glass cutter. Each piece was cleaned by sonication in deionised water for |
30 minutes followed by isopropanol for 90 minutes. Each slide was then placed into

a 10 mM solution of an ethanolic solution of cysteamine.

The slides were left in the cysteamine for a minimum of three days to form a self
assembled monolayer (SAM), for two reasons: Firstly, the contact angle between
the gold surface and the aqueous solution decreases from 93° to 35° making the

surface wet. Secondly, the molecule is a short alkane chain that ends with an amine
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group. The amine group becomes protonated in aqueous solution, which leads to the
surface of the gold having an overall positive charge. The positive charge is
important because the polystyrene spheres (used directly from the bottle) used as a
template are polarised easily to a negative charge: therefore an electrostatic
interaction occurs between the spheres and the gold surface, which aids the self

assembly process.

A thin layer cell has been developed within this project which allows these
techniques to come together in a practical way. The cell is comprised of a gold slide
with a cysteamine SAM assembled onto it, a thin layer of parafilm and a glass cover

slip. As shown in Figure 2.

GOLD
SLIDE T
/ +«—1— PARAFILM
\
GLASS | \
COVERSLIP —{ |y [N |
Figure 2 Schematic diagram showing the components of a thin layer cell.

The parafilm is cut into a tetrahedral shape to force the spheres together as the
solution evaporates. The glass cover slip is used untreated. and is hydrophobic and
as such repels the solution and forces it onto the gold. The distance between the

glass and gold slides is ~100 um.

The thin layer cell was filled with a solution of 1 wt% polystyrene spheres, used
directly from the bottle, using an autopipette set to 5 pl.  Once the cell was filled
with the desired size of sphere (350 nm up to 1000 nm), it was placed into a petri
dish and the open end of the cell was raised by placing it onto a flat microscope
slide. The dish including the cell was placed into an incubator (LMS 305), and left
overnight at 20 °C. Figure 3 shows how the polystyrene spheres assemble onto the

top of a gold surface, using evaporation and surface modification techniques.
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ELECTROSTATIC
INTERATION

lSEDIMENTATION

Figure 3 Schematic diagram showing how polystyrene spheres assemble on a modified
gold slide.

When the aqueous solution evaporated out of the cell, a monolayer of spheres
remained. The progress of evaporation can be monitored through the clear glass
cover slip of the thin layer cell. This monolayer acts as a template for

electrodeposition. Figure 4 shows an SEM image of a monolayer of spheres.

Figure 4 SEM images of a monolayer of 600 nm polystyrene spheres which had been
sputter coated in gold to make them conducting.

There are two substrates that have been prepared in this project using the
polystyrene spheres as a template. One is the nanovoid structure that is the
predominant structure in this thesis. However a second structure has been prepared
which is the inverse of this, involving evaporating metal over the top of the spheres.
The preparation of the nanovoid structure will be presented in the next section (2.2),

followed by the inverse structure in section 2.3. |
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2.2 Electrodeposition.
2.2.1 Chronoamperometry

The reaction shown in equation | is an example of a simple electrode reaction, |
where O is oxidised/reduced at the electrode surface, this is the simplest example of

a reaction that can be controlled by chronoamperometry.
O'+e¢ 55 R )
Chronoamperometry (CA), involves an instantaneous change in potential from E;,

where no reduction of O oceurs to E; at time 0, where the reduction of O occurs at a

diffusion controlled rate. The potential waveform is shown in Figure 5.

E : EZ

Figure § Potential wave form for chronoamperometry.

During time (t) the change in current occurring during the reaction can easily be
monitored, for a simple diffusion controlled example such as equation 1. Using the

Cottrell equation (2):

. nFD”chf
il =" @)

Where i is the current density, n is-the number of electrons involved in the overall

¢
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electrode reaction, F is the Faraday constant, D is the diffusion coefficient, ¢ is the

concentration of the bulk solution and ¢ is time. It can be derived that, the current
falls at 7. However this is a very simple example and is not the case for all

reactions.

When the product or reactants are'ndt soluble in solution, e.g. metal deposition, the
current time transients are very different, and often contain a rising portion, which is
a clear indication of a nucleation step, i.e. the formation of a species on the electrode
surféce. In this case the current time transients are usually presented as a function of
i vs. ", where n depends on the type of nucleation involved, the geometry of phase
growth and the rds in phase formation. There.are three key transients in the different

phase formation processes, as shown in Figure 6.

i  A i B i

Figure 6 Schematic diagrams of i-t transients for various types of phase formation
processes. (A) monolayer formation with instantaneous nucleation; (B)
monolayer formation with progressive nucleation and (C) three dimensional
nucleation and growth process. [30] '

These three transients can also be seen to be combined when depositing a thick layer
of metal. The i~ transient shown in Figure 7, shows clearly these three stages of

metal growth, as labelled A, B and C.
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Figure 7 Current — Time plot showing the electrodeposition of gold through a 600 nm

polystyrene sphere template.

The curve shown in Figure 7 shows gold being deposited through a polystyrene
sphere template, and therefore the region between B and C can also be explained in
terms of the change in surface area exposed between the spheres as the film
deposition progresses. As the film thickness increases, the area between the sphere
template decreases until a point where they touch, at this point the current reaches a
maximum (shown in region C). As the area, available for deposition, between the
spheres increases again, the current decreases. Further work done by Szamocki et al
[31] has shown that current — time plots can be used to control the deposition

through multilayer templates to a very accurate level.

Using the current time plot, the area under the curve can be integrated at the point
where the spheres touched in the template (the maxima in region C), and the film
thickness can be measured using the pore mouth diameter in the SEM to confirm
that the film is 2 d (the film thickness divided by the sphere diameter). From this a
calibration number can be calculated to allow deposition to other film thickness

simply by using this ratio factor.
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~

During the course of this project three different metals were electrodeposited
through the polystyrene template. Full control over the film thickness comes from

monitoring the potential as a function of time.

The potentials chosen for depositing metals through the templates are listed in Table
2.

Table 2 Electrodeposition potentials, and solutions for each metal.
Devosition Calibration Plating
Metal Plating Solution Po tsn tial /V 1 C/cm? equals | Solution
. film thickness | Efficiency
‘ Metalosi) 1%1(2(; Ii)latmg vt on Au=-0.7 -_ |
Au . “Au on Ni=-0.75 " 100%
5 ml brightener per 1
. . . (vs. SCE)
itre plating solution
. Ag on Au=-0.125
Ag Yfit]fl":osl‘ltvii; " Agon Ni=-021 2.2 um 100%
piating sofu (vs. MMSE)
50mM H.PtCls | PronAu=0.05V |
Pt 0.4 100%
&0.5MSDS (vs. SCE) Hm °

Chronoamperometry was primarily used for Electrodeposition, however it was also
used during spectroelectrochemical experiments, explained later in the chapter.
Electrodeposition of metals was carried out using a standard three electrode cell,
controlled by an Autolab PGSTAT20 potentiostat. The three electrodes were as

follows:

Working Electrode.

The gold slide was used as the working electrode. The area of the slide where
deposition of gold was not required, i.e. the non templated area, was made non

conductive by using nail varnish, as shown in figure 8.
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—Unvarnished gold.
(For electncal connection)

ey ~Vernsted
Figure 8 Diagram showing a prepared working electrode.

The area of the templated region was measured, and the dimensions were used to aid

the control over the amount of metal that was deposited, as explained further below.

Counter electrode.

The counter electrode was 1 cm” platinum gauze. The area of the counter electrode

was kept in proportion to the working electrode.

Reference electrode.

The reference electrode used in the cell was a home made saturated calomel
electrode, as shown in Figure 9. The calomel electrode was chosen as the reference

electrode, as it is one of the most stable reference electrodes, and is easily prepared.

\</—— Platinum wire

Inner glass tub

Quter glass body——_ Calomel paste

Saturated KCI

Sintered glass plug.

Figure 9 Diagram depicting the completed homemade Saturated Calomel electrode
(SCE).

The electrode was prepared in accordance to the method produced at the University
of Southampton. The electrode was stored in saturated KCl and the potential should

remain stable and within £ 1 mV of a commercial SCE electrode.

(5]
(oS
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The electrodes were set up in the arrangement shown in Figure 10:

Insulating
tube
\Crocodile clip
ry ] /
Translation M I |
stage ela
arm
Screw
SCE
Labljack Ve / ™~ electrode
i Platinum
3 gauze
A1 -
o > J Plating
olution
Gold slide Glass cell
Figure 10 Experimental set up for electrodeposition of metal.

The working electrode was mounted onto an arm connected to a translation stage.
This allows full control over the position of the electrode within the cell and, by
calculating the area of the templated region on the electrode, the film height of each
sample can be controlled by monitoring the charge passed through the cell. The

relationship between the charge passed and film height is as follows:

_ npAHF -
0 M 3)
Where,
n = Number of moles involved in the reaction.

P = Density.

A = Area of electrode.
H = Height of film

F = Faraday Constant
Mr

= Molecular mass
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This relationship allows very precise control over the film thickness of the structure;
this gives rise to the possibility of having multiple thicknesses using the same
template. Each template was divided into sections, and the layers were
electrodeposited one after the other, raising the substrate out of the solution in

between depositions, creating a staggered film thickness.

Once the desired film thicknesses had been deposited across the template, the

spheres were dissolved in DMF. A structure was then produced with increasing film

thickness, as shown in Figure 11.

r\

A
“

»',,,‘- r

oY

R AR YY)
v e S,
RN A

-

.

“uq”“f‘Md“ ‘.v““'

:

|

N
<
~

o

o g
e

Scanning Electron Microscope SEM pictures of a 600 nm film, with varying
film thickness (d). The accelerating voltage was 15 KeV and the stage was at a
tilt angle of 30 °. The magnification of the images is 20, 000

Figure 11

2.3  Evaporation

The second type of surface that can be prepared using a polystyrene sphere template

involves evaporating metal over the top of the spheres, producing a film similar to
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that of Van Duyne’s MFON substrate [12].

Silver was evaporated over the template to a thickness of ~100 nm. The substrate
was then immediately placed into a solution of the probe molecule, to avoid the

silver oxidising in air. An SEM image of the silver structure is shown in Figure 12.

Figure 12 SEM image showing a 200 nm silver film over a template of 600 nm
polystyrene spheres. The image was acquired with an accelerating voltage of
25 KeV, and the magnification is 10,000.

3 Scanning Electron Microscopy

Scanning Electron Microscopy (SEM) has been used to analyse the nanostructured
surfaces before any other measurements were acquired. However, it is beyond the
scope of this thesis to describe the intricate working of an SEM. Two models were
used in this project: A Philips XL30 ESEM, in which electrons are accelerated, by a
Tungsten filament source, to energy of 30 keV, the spot size used was 5 (arbitrary
units) and images were recorded at magnifications of up to x 20 000, and the JOEL
5910 which has a higher resolution than the Philips, at 3 nm. The energy and spot
size were varied depending on the sample, and the settings are reported with each

image.
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R Raman Spectroscopy.

4.1 The Raman Effect

Raman spectroscopy arises from the detection of the Raman effect. When a
molecule is polarised by incoming laser light there can be a temporary change in
dipole. The laser light excites the electrons within the molecule, and while the
molecule is temporarily polarised an electron can be excited, and a change in
vibrational energy level can occur. If the electron should drop down to the energy
level that it started from, this is known a Rayleigh scattering. However, if there is a
change in vibrational energy level a photon is emitted and then this is Raman
scattering, and the process is known as the Raman Effect, shown pictorially in

Figure 13.
™ . e i Virtual State
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Figure 13 Vibrational energy levels showing the Rayleigh and Raman scattering

processes.

If the Raman scattering occurs when there is an increase in the change of vibrational
energy level, then this is termed Stokes scattering, whereas if there is a decrease this
is termed Anti-Stokes scattering. The Raman effect is a very weak scattering

phenomenon, with only 1 in 107 photons being Raman scattered. The Raman effect

can be measured using spectroscopy.
4.2 Raman Microscopy.
The main type of Raman instrument used in this project was a Dispersive Raman

system which involves using diffraction grating or prism to disperse the light and

select the wavelengths seen by the detector. In this project the Raman scattered light
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was collected using a microscope objective. A schematic is shown in Figure 14.

Figure 14 A flow diagram showing the main components of a Raman Microscope system.

A laser source (usually within the visible region of light) is used to excite molecules,
and the Raman scattered light filtered out from the Rayleigh scattered light and
dispersed onto a detector by a diffraction grating. The spectrometer used in this

project was a Renishaw Raman 2000 system.

4.3 Renishaw Raman 2000 System.

The Renishaw Raman 2000 system, which encompasses a Leica DMLM series
microscope, 632.8 nm Helium Neon laser source and a CCD detector, is shown in

Figure 15:




Chapter Two Experimental Methods and Technigues

Figure 15 The Renishaw 2000 Raman spectrometer. The main components are indicated
by the letters a through l. a) Laser alignment mirror, b) x 40 objective lens
and 10 pm pinhole, ¢) X 4 objective, d) Adjustable mirror, e) Fixed mirror, f)
Holographic notch filter,g) Laser filter, h) Spectrographic entrance slit, i)
Prism mirror, j) Diffraction grating assembly, k) CCD focusing lens, 1) CCD
detector.

The Renishaw Raman system works is a confocal Raman system. The laser enters

the system via the back of the spectrometer at mirror a. The beam is directed

through the system using mirrors d and e, and then into the microscope where the

sample is viewed through an objective, the laser should be aligned in such a way that

the laser focuses in concentric circles.

The Raman and Rayleigh scattered light is reflected back through the microscope
and the notch filters (f) cut out the Rayleigh scattering and any stray laser light,
allowing only the Raman scattered light to pass through the rest of the system. The
slit (g), must be set to the width to allow the greatest amount of Raman light through

to the post slit lens (h), which refocuses the light onto the 1800 I/mm grating (j),
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using a prism (i). The scattered light is focused through the CCD lens (k), onto the
CCD detector (I). The number of pixels used to collect data from the CCD is
restricted because the spectrum only hits a small part of the detector, so the image
area should only be this size allowing greater signal to noise within the spectrum.

Figure 16 shows the image area on a standard CCD.

Figure 16 Image area on the CCD detector.

The CCD can have two different set ups. Non confocal and confocal Raman
microscopy. The system is normally set up with the slit width at 50 pm and the
image area on the CCD 10 pixels above and below the crosshair, when used in non
confocal mode. In confocal mode the slit width is altered to 20 um and the CCD

image area is £2 pixels from the crosshairs.

The confocality of the system can easily be measured using a piece of silicon as the
sample, and collecting spectra with the focus set 10 microns above and below the
surface of the silicon (at 1 micrometer intervals). The peak height of each spectrum
is then plotted as a function of distance from the focal point, and the full width half
maximum (FWHM) of the curve gives the confocality (hence sampling depth). The
FWHM in confocal and non confocal mode are 12 pm and 32 pm respectively. The
sampling volume is greatly reduced by using confocal mode. Reducing the
sampling volume allows spectra to be obtained from defined volumes, or locations,

such as the interface between the sample and solution.

There are two different ways of collecting Raman spectra using the Renishaw 2000
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system: Static and extended scans. Static scans allow the user to focus on one
particular 500 cm™ region of the speétrum, and can be collected within a few
seconds because the grating remains in one position throughout the accumulation.
An extended scan allows the user to collect data from the whole spectral region by
moving the grating. However the integration time is over any particular region of

the spectrum is limited to 10 seconds using this technique.
4.4 Renishaw InVia System.

The InYia Raman system developed by Renishaw Ltd'is eséentially the same as the
2000 system, however all the mirrors and the notch filters are all electronically
controlle_d, and the data is analysed using Renishaw Wire 2 software. The sample is
also held within an enclosure cutting out any light interfeljence. Work was carried

out using the InVia system when working with 785 nm and 830 nm excitation.

4.5 Instrument Calibration and Scan Parameters.

Before measurements were taken, each system was calibrated using silicon as a

reference. The silicon peak should occur at 520.4 cm™, and any variation was

accounted for by offsetting the grating.

All Raman spectra collected within this project were collected using an cxtended i
scan from 3200 to 200 cm™ with a single 10 s accumulation (which takes -
approximately 50 seconds to record a complete spectrum), using a x50 objective
produced by Leica, in non-confocal mode, unless otherwise stated. The spectral
resolution is 4 cm™. All data was collected using laser powers between 0 and 10

mW across 4 laser wavelengths, and data was corrected for variations between

power when comparing data.
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4.6 Combined SEM and Raman.

The SEM with structural chemical analyser (SEM-SCA) incorporates a Raman
imaging probe into an SEM system. This allows Raman measurements to be
acquired from chosen points on a sample, with excellent spatial accuracy. The main

components of the system are shown schematically in Figure 17

Figure 17 The Renishaw SEM-SCA (A), the inside of the SEM chamber, showing the
fibre optic Raman probe (B) and a schematic of the inside of the SEM showing
the Structural and Chemical Analyser (C).

The sample is mounted as in a standard SEM, discussed previously, however the
working distance between the electron gun and the sample is larger (approximately
20 mm) in comparison to the standard set up, allowing room for the optics transfer
tube (OTT). The sample can still be viewed when the OTT is in position, however it

is a limited view, therefore the OTT is removed to acquire SEM images.

The 785 nm diode laser is coupled to an InVia spectrometer, and is carried to the
SEM using a fibre probe, which has a spot size of 1.2 um. The spectra were
collected when the electron beam was blanked, which prevented any carbon building
up on to the sample while the spectra were collected. Images were collected after

each spectrum and the experimental details for each image are labelled individually.
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5 Electrochemical Methods.

Electrochemistry is a useful analytical technique when it comes to monvitoring _
surface reactions ahd modification. In this study chronoamperometry was employed
for electrodepositing metal, as discussed previously, and while collecting Raman
measurements in an electrochemical cell. Voltammetry was used to clean the
substrate and remove any adsorbed molecules and to prepare electrochemically

roughened surfaces.
- 51 Voltammetry.

Voltammetry covers a group of electrochemical methods, in which information
about surface reactions and electrochemical procésses is gained from measuring the
current as a function of applied potential.. The current response observed is

- dependent on the charge transfer processes taking place at the surface of the working

electrode.

Cylic voltammetry (CV) is one of the simplest of these techniques, and was
primarily used throughout this project. In CV the potential is swept from an initial
potential, E,, to a vertex potential, E,, and returns to the initial potential, E;, at a

known sweep rate, v.

5.1.1 Preparation of roughened SERS substrates.

Roughened gold and silver substrates were prepared using the Oxidation Reduction
Cycle (ORC) method [32], which involves cycling a metal electrode numerous
times, allowing the surface to become atomically rough. Table 3 lists the potential

curves, electrolytes and sweep rates involved in the preparation of these substrates.
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Table 3 Experimental conditions for the preparation of gold and silver ORC SERS
substrates.
J Parameters
Electrolyte Foue (E/V v5.5CE, | Cyoles | , urfuce
Waveform ¢ /s) Appearance
= E, = E;=-0.25, :
Ag | 0.IMKCl | g _\7}33 E, = 0.25. 1 Milky Yellow
3 . t1=15.13=8.t3=60
E| = E; = ‘0.3,
v Ez =1.2.
Au | 0.1 MKCL | g, - e 25 Dark Brown
t| —[3 .)0~ tz = 12
4 5
V= 1% V3= 0.5

The substrates were treated in the same manner as has been previously described for

the nanostructured substrate, before Raman spectra were collected.

5.2

Raman experiments were often run simultaneously with electrochemical

In-Situ Spectroelectrochemistry.

measurements during the course of this project. Chronoamperometry (described

previously) was used to control the potential whilst accumulating a Raman spectrum.

Figure 18 shows the cell and electrode set up that were used for this purpose.

Figure 18

Counter

Electrode

Quartz Window

#Reference
Electrode
Lugin Capillary

with the Renishaw Raman 2000 system.

Front view (not to scale) of the spectroelectrochemical cell used in conjunction
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The SERS substrate was mounted onto an electrode, consisting of a Pt wire encased
in a glass tube, using a small piece of carbon tape and silver paint to ensure a
connection was made with the gold on the top of the glass microscope slide. The

electrode was secured using PTFE tape. |

In order for the Raman spectra to be collected the laser beam was reflected using a -
macro lens set (Ventacon), so that it was at a perpendicular angle to the objective,
and the laser beam was focussed through the quartz window onto the electrode

surface.

6  Optical Spectroscopy |
As previously mentioned, historically SERS substrates generally consist of randomly :
structured surfaces, which, although giVe good enhancements, are extremely
irreproducible. The enhancements come from random ‘hot spots’ of tightly localised |
plasmons, which produce enhancements of the electromagnetic field. However in
order to engineer surfaces to produce the greatest SERS signals, the surface

plasmons must be fully monitored and understood. To do this, two techniques are |

employed: normal incident reflection spectroscopy, and angle resolved reflection
measurements, both of which are fully described in Chapter 3, along with a detailed

discussion of the plasmon modes observed. .

7 Summary

All techniques described within this chapter were used in collaboration with each
other to obtain the greatest understanding of the SERS substrates in question. .

/ .
Imperfections on the substrates, i.e., scratches etc, were used as reference points to

ensure that the same areas were being sampled when different results were being -

compared.
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Chapter Three Optical Properties of Sculpted SERS
| Substrates.

1 | Introduction

It has been widely accepted that there are two theories asto why Raman scattering is
enhanced by modified surfaces: the chemical enhancement model and the
electromagnetic model. The chemical enhancement model is essential a charge
transfer mechanism between the metal and molecule and only account for 10° to 10*
enhancements, it is also molecular specific. The electrom“agnetic model is thought to
account for a 10° to 10° enhancement; however the reasons behind the enhancement ;
are still under debate. Surface plasmon polaritons are thought to be the dorﬁinant
factor and this chapter explains the basics behind plasmons, and how they can be

monitored and controlled with the sculpted surfaces used in this project.

2 History 6f Surface Plasmon Polaritons (SPP’s)

Interesting optical properties of metals were seen as early as the 4™ century AD, and

the most common example is the Lycurgus cup, Figure 1.
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Figure 1 The Lycurgus cup. Dating back to 4™ Centruy AD, this cup shows optical
properties which are now known to be surface plasmon polaritons. [1]

This cup possesses very interesting optical properties. When the cup is viewed in
daylight it appears green, however when the cup is illuminated from within it
appears red. In very simple terms, this is due to the metallic particles within the
glass (the same is true for some stained glass). as light hits the tiny particles it is

diffracted and this results in a colour change.

The way that light interacts with a metal surface is easily described using a mirror as
an example. Metals are characterised by the presence of free electrons within in
them. Light and electrons have an intimate connection due to their electric fields.
The oscillation of the light field causes the electrons in the metal to also oscillate.
Because the electrons have some mass it takes time to get them moving, so they tend
to oscillate in anti-phase with the optical field. This movement stops the light from
entering the material, the electrons create a screening field that the light cannot pass

through, and thus the light is reflected.

In the case of the cup the pieces of metal are so small that the movement of the free

electrons is restricted. The free electrons moving around the metal particles in the
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cup can only oscillate at certain frequencies, this is the simplest definition of a
surface plasmon; an oscillation of the free electrons at the surface of a metal at a
certain frequency. At these frequencies the light is absorbed and scattered leading to
a reduced transmission but enhanced reflection, giving the cup its properties. By
altering the size of the metal particle the scattered colours/wavelengths (and
therefore transmitted colours) are altered. However, it wasn’t until the 1950s that
surface plasmons became recognized, due to the pioneering work done by Ritchie ez
al. [2]

The general concesus is that surface plasmons (SP). interacting with metal
structures, are essentially light waves that are trapped on the surface because of their
interaction with the free electrons of the surface. In this interaction, the free
electrons respond collectively by oscillating in resonance with the light wave. The
resonant interaction between the surface charge oscillation and the electromagnetic

field of the light constitutes the SP and gives rise to its unique properties.

The longitudinal surface charge oscillations give rise to an electric field
perpendicular to the interface which decays exponentially with distance, shown
pictorially in Figure 2. This corresponds to an evanescent field above the surface
with a decay length similar to that of the wavelength of light. The plasmon has
similar properties to the optical field but always has a greater momentum and is non-

radiative.

Dielectric

Figure 2 Schematic of the surface charge and electric field. [3]
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It is possible to create a standing wave SP due to the non-radiative nature of the
plasmon, especially when it is confined to a surface such as a grating or photonic

crystal.

2.1 Photonic Crystal Structures

The production of photonic crystals allows fantastic control over light, and can be
used to produce micron-scale optical circuits, through which the light is squeezed
and manipulated. The earliest and most common examples of photonic crystals are

the Papilio Ulysses butterfly and a naturally occurring opal, shown in Figure 3.

Figure 3 The Papilio Ulysses butterfly [1], found in Australia and the optical properties
shown in a natural opal.

The butterfly's wing and the piece of opal are great examples of how structuring on
this size scale leads to strong optical effects. The butterfly's wing acts as an optical
filter, only reflecting blue light, producing the vibrant colour. It is important to note
that the better the ordering of the structure the stronger the optical effect will be.
The opal has more variation in colour because it has a more random structure,

leading to the reflection of different colours from different places.

There are many groups who have specialized within the area of photonic crystal

structures [4-6], an excellent review of plasmonics properties of nanostructures was
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produced in the MRS Bulletin with articles published by Halas [7] and Xia [8, 9] on
the properties of shape controlled nanostructures . However, very few structures can
control the plasmons in the way that has been developed within the group at the

University of Southampton [10-17].

The SERS substrates developed in this project have been based upon what is seen in
nature but are essentially diffraction gratings, which interact with light producing

opalescent patterns, Figure 4.

Figure 4 600 nm % d gold nanostructured SERS substrate as seen when illuminated
with a white light.

Depending on how thick the film is grown around the original sphere template the
light interacts with the SERS substrate in one of two ways, diffraction from the rim

of the dishes, or interference from the light within the dishes and the ingoing light.

3 Diffraction.

Diffraction, from the SERS substrate, occurs when the film is very thin or thick and
there is a large top surface area in between the dishes. This allows for the light
waves to propagate between the dishes before being scattered. The scattering of

light can be described in terms of Bragg scattering/diffraction.
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3.1 Bragg Scattering.

The simplest example of Bragg diffraction is that from a crystal structure: as a wave
of light enters the crystal, some portion of it will be reflected by the first layer, while
the rest will continue through to the second layer, where the process continues. By

the definition of constructive interference, the separately reflected waves will remain
in phase if the difference in the path length of each wave is equal to an integer

multiple of the wavelength (n4), the path difference is given by:
nA=2dsin@

Where d denotes the interplanar distance and 6 the angle of incidence, as shown

schematically in Figure 5.
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Figure 5 Bragg diffraction from a crystal structure [18].

Waves that satlsfy the Bragg condition: interfere constructively and result in a |
reflected wave of signifi cantly changed intensity. In terms of the photonic crystal
structures, this change in intensity is seen as a colour change, and is seen clearly in
Figure 4. Due to the hexagoﬁal close packing of sphéres in the original templaté for
the SERS substrate, a 2D six fold diffraction pattern is observéd, as shown in Figure

6.
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Figure 6 Diffraction of white light upon a nanostructured gold film with 600 nm pores
and a film thickness of 0.3 d.

The image shown in Figure 6 is simply the diffraction pattern observed when a white
light laser illuminates the surface of'a 600 nm % d substrate, at an angle of incidence
of 0 °. This pattern can also be observed within Bragg plasmon modes, and will be

discussed further in following sections.

3.2 Mie Scattering

The second type of diffraction between the SERS substrates and incident light is Mie
scattering. Mie scattering formed part of the initial research into plasmonics, which
can be traced back to the first studies of the optical properties of metals when
Michael Faraday observed the changing colours of solutions of gold colloids. Since
then a great deal of progress has been made in this field, but metallic colloids are
still used in the forefront of research; especially in the field of surface enhanced
Raman scattering. Whilst the SERS substrate developed within this project does not
use metal particles, many of the results require an understanding of the tools

developed from colloidal theory [19].

It has been shown that in two-dimensions the optical properties of metals can be

significantly modified by surface plasmon resonances and surface effects dominate
the optical properties of small metal particles. It has also been noted that a SPP can
travel up to about 10 um over a metal film at visible frequencies. If a metal particle

with a diameter of several nanometres is considered, a SPP will traverse the particle
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many times before decaying. In reality, a SPP mode will interfere with itself as it
travels around the particle, leading to an electro-magnetic standing wave. This
standing wave will follow the field of the incident light, taking a dipole form for

particles much smaller than the wavelength of light, as shown pictorially in Figure 7.

Figure 7 Pictorial representation of the electric field (the blue arrow indicates the
direction of the field) around a colloidal particle (yellow sphere) when
illuminated. The electric field arises due to the formation of an
electromagnetic standing wave formed when light traverses an object smaller
than itself.

An electromagnetic wave can probe structures many times smaller than its
wavelength, as shown in Figure 8 where gold coatings have been applied to sub-
micron sized dielectric particles in solution. By varying the thickness of the gold
layer by tens of nanometres the SPP is tuned, in turn tuning the maximum scattering
frequency, thereby altering the colour of the light transmitted through the solution

[20].

Figure 8 Solution of Ag nano-shell particles from [21], increasing the shell
thickness (left to right) alters the surface plasmon energy to longer
wavelengths and changes the scattering efficiency.
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The idea of standing waves around a colloid can be applied to the void structure f
used in this project, except that the standing wave forms within the cavity rather than '
around it, and there are many different patterns in which the standing wave can arise. |
Recent publications from the Baumberg group in the School of Physics at the
University of Southampton have given a very thorough over view of the plasmon
modes [1, 10-12], predicted and observed, from the SERS substrates, and a brief

summary of Mie and Bragg plasmons is given in the following section.

4 Plasmon modes of sculpted SERS substrates.

It has recently been shown that absorbance features observed in reflectance spectra

of the sculpted surface may be described in terms of the relative contributions of f
SPPs, which may be attributed to either Bragg plasmons or localised Mie plasmons
[22]. Reflectance spectroscopy is a way of monitoring the light that is reflected back
from the sﬁrface, when it is probed by a white light laser. There are two types of |
spectroscopy that have been 'used in this project: Normal incidence and angular

resolved reflectance spectroscopy, the experimental set up of both will be described

in the following section.

4.1 Normal Incidence Reflection Spectroscopy.

All reflectance spectra were recorded using a BX51 TRF Olympus optical |
microscope. The samples were illuminated by a white light source and the images '
were recorded usiﬁg a CCD camera (DP2 Olympus). A fibre optic coupled
spectrometer (Ocean Optics, spectral range 300 — 1000 nm, resolution 1 nm) placed
in the focal plane of the image was used to recora the spectral response from the

selected area, the spot size of the fibre is 50 um.
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CCD
image
acquisition

4+
v ‘}

;“R

. Spectrometer
Sample . 400 500 700 800 900
, Wavelength (nm)
Figure 9 Experimental arrangement used to record reflection spectra from small areas

of the sample with simultaneous optical microscopy

The same areas of the samples were used for both Raman and reflectance spectra.
Well ordered areas of sample were pin pointed using the SEM images acquired and
the optical images were used to find irregularities and defects in the film as reference
points. Replicate measurements were made at each step to verify the spectra were a

true representation of each step in film thickness.

An example of the spectra obtained using this method is shown in Figure 10.
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Figure 10 Example of reflection spectra and white light images obtained. The image on
the left shows the white light images of the whole sample, and the blue arrows
(indicating the film thicknesses) show the positions at which the reflection
spectra were recorded. The spectra are off set for clarity.

The sample is illuminated from above at normal incidence (0°), and the light is then
reflected back through the microscope. If the surface interferes with or absorbs the
light a dip will be observed in the spectrum. The spectrum at the top of Figure 10
comes from the area corresponding to the arrow marked 0 d, this is the response

from flat gold, as the film becomes structured, the interactions between the surface

and the light increase.
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For the thinnest films, < 0.2 d thick, the surface of the metal film consists of a
hexagonal array of shallow circular dishes, with the top surface consisting of flat
areas of metal separating the dishes. Surface plasmon-polaritons are able to travel
across this surface, being scattered off the rims of the dishes, giving rise to Bragg
diffraction modes. These modes are evident as the absorbance features in the
reflectance spectra (Figure 10) observed between 550 nm and 600 nm for the thinner

films, and they move to shorter wavelengths as the film thickness is increased.

At a thickness of 0.5 d, corresponding to hemispherical voids, the top surface breaks
up into disconnected triangular islands and the fraction of the area of the top surface
that is flat is a minimum. At this point the scattering of the Bragg modes at the top
surface starts to give way to the absorbance features seen from thicker films. For
films with thickness > 0.4 d localised plasmons are trapped within the spherical
cavities in addition to the surface plasmons traveling across the top surface. The two
different types of interaction can be seen in Figure 11, these plasmons can be

modeled using Mie theory and are, therefore, termed Mie Plasmons.

Figure 11 Computer generated image of a porous structure, showing where the Bragg
and Mie plamons occur.

As previously discussed, the surface gives rise to a six fold diffraction pattern.
Therefore, to obtain a full overview of how the surface interacts with light, the
samples must be illuminated, and data collected from various angles of incidence.
To do this an angular reflectance spectroscopy rig was set up in the School of

Physics.
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4.2 Angle Resolved Measurements.

The dispersion of the plasmons is investigated by recording the reflectivity spectrum
for different incident angles 6 and sample azimuthal orientations ¢ and for various

sample thicknesses d and hence geometries.

White light
laser source

Figure 12 Sample orientation and incident angles for angle resolved reflectivity
measurements. O is the angle of incidence of the white light laser and ¢ is the
sample orientation or azimuthal angle.

A supercontinuum white-light laser was used to simultaneously study absorption

features throughout the visible and infrared spectral regions. Samples were mounted

on a custom-built computer-controlled goniometer. This can be programmed to
move in both the 6 and ¢ directions as well as move in the x-y plane of the sample.

An optical fiber is attached to the end of the goniometer arm, on which the reflected

light is focused, and this was also positioned under computer control. The light is

polarised before illuminating the sample and a polariser was placed before the fiber
to select the polarisation of the reflected light. Spectra were collected using both
visible and infrared spectrometers (Ocean Optics USB2000 and NIR512), which
were also controlled via the same software used to operate the goniometer. This
setup can therefore perform reflectivity measurements over a wide range of
parameters. The data collected are then combined into a matrix where they can be
viewed as a contour map and analyzed [23]. An example of a contour map is given

in Figure 13.
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Interference

ragg Diffraction

T T T T T T
0 10 20 30 40 50
Angle of incident (8)
Figure 13 An example of a contour plot of the reflection spectrum, showing how light
interacts with the surface at different incident angles (6). Red corresponds to

greatest absorbance and blue the least. Each normal incident spectrum, as
shown in Figure 10 can also be represented by a contour plot.

It is possible to create a contour plot such as the one in Figure 13, for every normal

reflection incidence spectrum in Figure 10, and hence compare Figure 14 with

Figure 10.

as 2 3 04 3 3 o 3 a .
lonuwm nnannnaonnonn-nomnnnn M0 MWO 04WWI D000 WOV ncnnnmnnuondn-unnn

Figure 14 Contour plots of reflectance spectra for varying degrees of film thickness (d)
increasing from left to right across each row, from a 500 nm sample. With the
thinnest end of the sample being in the bottom left and the thickest end of the
sample being in the top right corner.
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It is also possible to take one angle of incidence and plot all variations of d as one

figure as shown in Figure 15.

__ 20
O
>
e
()]
i=
Ll
1.0
0 04 08
Film thickness / (d)
Figure 15 Contour plot for one incident angle as a function of film thickness (). The

angle resolved reflection spectrum was recorded for a 500 nm with film
thickness that was fully graded from 0 to 1 d. The spectrum was collected with
an incident angle of 0°.

The angle resolved reflectance spectrum shown in Figure 15 can be compared
directly to a normal incidence spectrum, except that the results are shown as a
contour plot with the intensity of the plasmon modes (yellow being the highest and

black the lowest), being represented in the z axis.

Using each of the techniques described in sections 4.1 and 4.2 it is possible to

predict and assign plasmon modes to different film thicknesses of samples.
4.3 Modelling of plasmon modes
Recent papers published by our collaborators in the School of Physics at the

University of Southampton, led by Prof. Jeremy Baumberg [11-13, 16] have

comprehensively summarized the different modes within the void substrate. The
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results of their calculations/models are summarized below so that the concepts may

be applied to the surfaces developed in this thesis in later chapters.

4.3.1 Bragg Plasmons

For sample regions where d < 0.3 the nanostructured surfaces take the form of a thin
two-dimensional grating and a six-fold diffraction pattern from these structures is
observed. This model assumes the surface to be flat with point scattering, from the
rims of the cavity, in a hexagonal lattice. All six modes are only seen when the

sample is illuminated from varying incident angles (¢ ), as shown in Figure 16.

Figure 16 (i) Reflectivity of a surface with a void diameter of 700 nm at a thickness of
0.3 d, for incident angle (¢) 0° (a) and 30° (b). The dotted white lines show the
theoretical Bragg plasmons. The red arrows show the energies that were used
to show the arrangement of the six fold diffraction pattern in Figure 16 ii. (ii)
The six fold Bragg diffraction pattern at the energies 1.43 and 1.73 eV.
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The Bragg modes fit very well with theoretical calculations up to 0.3 &, however at
this point it must be assumed that that plasmon is tightly bound to the surface in
order to allow for film thickness variations to be considered up to 0.4 d. At this
thickness they are no longer seen on the surface as the top surface breaks into

triangular sections (Figure 17), and the mode becomes encompassed within the void,

as a Mie plasmon.

Figure 17 Schematic diagrams showing the top surface of a gold void structure as the
film thickness is increased from 0.1 d to 0.5 d.

A typical set of angle resolved (with respect to incident angle) reflectance spectra
from a nanostructured film up to 0.4 d are shown in Figure 18, and the transition
between Bragg plasmons and Mie plasmons can be observed. Bragg modes shift in

energy as a function of incident angle, whereas Mie modes do not.

Energy /eV

Incident angle /°

Figure 18 Reflectance spectra with respect to incident angle for four different film
thickness up to d = 0.39. The spectra were acquired using a 500 nm substrate.
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~ The plasmon modes can be seen to correlate with the theoretical ploté shown

overlaid on Figure 16 i. The mode starts at 2.0 eV and drops to lower energy when

the angle of incidence is increased. As the film thickness increases through 0.2 to

0.3 d, the mode becomes stronger, as the dishes are more pronounced. However,
when the film thickness reaches 0.39 d, the Bragg mode seems to split into a higher
and lower energy mode, which is indicative of the start of the Mie modes (indicated

by the white circle in Figure 18). This mode splitting is the start of a new series of

Plasmon modes, all within the theoretical standing waves represented by Mie theory.

4.3.2 Mie Plasmons.

As the film thickness reaches 0.4 d the voids can be modeled usingvMie scattering.
The plasmons are simply standing waves within the cavity, and they have been
modeled on P and D molecular orbitals. “Figure 19 shows the theoretical modes for
a 500 nm structure with increasing film thickness, along with the top view of the
void. It should be noted at this point that the model does not take into consideration
that the voids are interconnected by windows between adjacent voids that occur in

the real structure, where adjacent spheres touched in the original template.
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Film Thickness (d)

1%
b i

Y S

d=02 d=04 d=06 d=08 d=095 d>1

1. 9.9-0-O

60deg 1.55eV  1.25eV  1.1eV 1eV 1eV

(ii) =Y. o
5 '@‘v &/

O0deg g82¢v  082¢V  085¢V  087cV  1eV

(iii) TN

0 deg 1.22 eV 1.22 eV

)

4

e e
°pD o (@ 4 ) ()

60 deg 1.9 eV 1.68 eV 1.49 eV 1.4 eV
v) o ¢ O20,;
PP T

Odeg 1.95eV 1.74eV  1.55eV  1.44eV 1.4 eV

!
I
'
1
1
'
i
'
'
"
1
i
i
1
1{
1
1

1

1

T
'

1
1
1
1
]
)
'
1
1
1
1
'
i
'
'
1

[

1
1
1
1
1
]
]
'
1
T
'
'
1
]
i
.
'
'
D
|
1
1
1
1
1
1
1
L

)
'
'
(vi) % E E
B P P
0 deg 1.55¢V_ 1.53eV |
(vii) . 2 A A
D )} O
60 deg 122eV 139y e
. Direction of plasmon
Side profile and metal dipoles
Figure 19 Theoretical plasmon modes within a S00 nm sample. The film thickness (d) is

indicated at the top of each column, and the theoretical molecular orbital is
given for each row. The column for film thickness d > 1 shows the overall

direction of the dipole within the metal (red arrows) and the void itself (green

arrows). [14]

Figure 19 shows the different types of Mie modes predicted to occur within
spherical cavities. Each mode is labeled to correspond to bonding (+) and anti-

bonding (-) molecular orbital’s within the cavity.
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The overall movement of electrons within the metal creates a dipole at the rim as
indicated by the red arrows in the right hand column in Figure 19. If the plasmon
mode is in phase with the metal field, then there a bonding type interaction between

the metal and the plasmon, leading to a low energy plasmon mode. The modes that

show this in the clearest manner are the ‘P+ and 'P_modes. When the electric field

around the rim and in the void are in phase ('P,), or bonding, then the plasmon
mode is seen between 0.8 and 1 eV, depending on the film fhickness of the sample.
However, if the rim and void field are out of phase (' P.), or anti-bonding, then the

energy of the plasmon mode increases to ~1.2 eV. This increase in energy for anti-

bonding modes holds true for each of the plasmon modes.

Further details of how the plasmon modes correlate to SER signals will be given in
Chapter 4, however it is felt that the theory of the plasmon modes within the
structure will allow for a strong understandingas to which plasmon modes actually

give rise to SER signals at varying void diameter, and film thickness.

5 Conclusion.

The sculpted SERS substrates have been modelled upon naturally occurring
photonit crystal structures, such as butterfly wings and opals. The manner in which
they diffract light has beeﬁ modelled ﬁsing Bragg and Mie scattering with excellent
correlations. The six fold Bragg scattering is clearly observed. at thin films ( d <
0.4), and above 0.4 d Mie scattering occurs. The standing wayves created within the |

cavities have successfully been modelled.
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Chapter Four: SERS from Gold N anostructures.

1 Introduction.

Gold is known as one of the coinage metals and has very similar properties to Silver

and Copper which are the most common metals for SERS substrates. This is due to

the altered electronic configuration of these &’ metals, where the configuration

becomes s' d'®. The single electron within the s orbital lies at a lower energy to that !

of the electrons within the full d orbital and therefore the electron is more easily

excitable and surface plasmons are more easily generated on these metals.

The most commonly used substrates made by Van Duyne [1-3], Tian [4, 5] and

others [6-8], presented in Chapter 1, all possess optical properties which give rise to
_surface plasmons. However none of these substrates are as readily tuneable as those
discussed in this thesis. The ability to grade the film thickness on the substrates, and

hence alter their plasmonics properties sets our substrates apart from other surfaces.

The aim of this chapter is to develop an understanding of how the surface plasmon
on the sculpted gold surfaces correlate with the SER signals obtained, and to

N . e '
determine which modes are responsible for the enhancements.

In my MPhil thesis work I showed that the diameter of the sphere sizes in the

template had a large effect on the SERS enhancement seen [9, 10]. Figure 1 shows

S

the SERS intensities from varying different diameter size voids and film heights of 1

‘sculpted gold suffaces, with 633 nm excitation.
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Figure 1 Peak intensity of the 1571 cm™ band in the SERS spectrum of adsorbed

benzene thiol as a function of the sphere diameter, d, and fractional film
thickness [9,10]

To obtain these results the samples were tested for a Raman signal by adsorbing

10 mM Benzene Thiol (BT) onto the surface. Three spectra were taken at each step
on the sample and the peak height at 1571 cm™ was measured for each spectrum,
and the average was determined. Although this result showed that the 350 nm
sample gave the greatest enhancement, no theoretical reasons were proposed.
Therefore further work was required to establish the origins of the variation in
enhancement of the tuneable nature of the sculpted substrates: and to extend the

study more excitation wavelengths to determine generality.

Using the comprehensive understanding of the optical properties of the structures
that have been developed since the initial SER spectra were obtained, and were

discussed in Chpater 3, a more thorough discussion of the origins of the SERS
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enhancements will be presented. To restrict the number of variables a single probe
molecule was chosen for all the studies. BT was chosen due to its strong
polarisability, and the fact that the thiol forms a strong bond With gold creating
monolayer coverage of the molecule within ~30 minutes of the substrate being

submerged in a 10 mM solution.

A typical SERS spectrum of BT adsorbed on a gold substrate from10 mM BT, in

ethanol, is shown in Figure 2, the peak assignments are given in Table 1.

1.0x10°
8.0x10*
ﬂ ]
5 6.0x10'
o]
&
c -
©
£ ‘
< 4.0x10" 1
2.0x10* -
0.0 T T 1 T T T T T T ' i
500 1000 1500 2000 2500 3000
Raman Shift /cm”
Figure2 - SER spectrum of 10 mM BT adsorbed onto a nanostructured gold surface,

collected with a single 10 s accumulation with 633 nm excitation at 2 mW with
a Renishaw Raman 2000 system.
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Table 1 Assignment of the SERS peaks for benzene thiol on structured gold.
SERS peak (cm™) Assignment”
3055 a;, v(C —H)
1571 a,v(C-C-0)
1471 a1, v(C-0)
1177 a;, v(C —H)
1071 a, u(C-C-C)and v(C-9)
1021 a;, u(C —H)
996 a, 9 (C-C-0C)
689 a..u(C-C-C)and v(C-9)
416 a;,u(C-C-C)and v(C-Y9)

* Assigned on the basis of Han et al.[11]

All samples presented within this chapter were graded in film thickness, which is
achieved simply by raising the template out of the plating solution when depositing

the metal, as explained in Chapter 2. SEM images for several steps on a 600 nm

template sample are shown in Figure 3.

Figure 3 SEM images of four film thicknesses on a 600 nm void sample. (A)~0.2 d, (B)
0.4 d,(C) 0.6d and (D) 0.8 d. Each image was acquired from a JOEL 5910
SEM, with a stage tilt angle of 30°, and a magnification of 10,000.

Figure 3A shows a film that is 0.2 d, the film has a relatively large area between the
dishes (the top surface area) at this film height, whereas when the film increases to
0.4 d (Fig 3B), the area between the voids has decreased, and the voids are now
interconnected at the point where the spheres originally touched. As the film
thickness increases (figures 3 C & D) the voids begin to close over again. However,
even at thicknessés close to 1.0 d the film does not close completely over the voids

and a chimney is formed above the sphere yielding a pillow like structure top
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surface. This pattern repeated for all the void sizes investigated; therefore the other

full sets of SEM images have not been shown.

2 633 nm excitation on 350 — 800 nm voids.

2.1 Comparison with normal incidence spectroscopy

The position on the stepped sample i.e. thickness, that showed the greatest SERS
intensity from each sphere diameter investigated was used to acquire a reflectance
spectrum, normal incident reflectance spectroscopy was described in Chapter 2. For
each sample the enhancement factor was also calculated to allow diréct comparison

between each sample.

The enhancement factor shows how much of a SERS signal the substrate is -
_producing. The standard enhancement factor for a SERS substrate seems to be
approximately 10° as was observed in the ori ginal measurements by Fleischmann
[12], and enhancements up to 10® are common from the ‘substrates which were
introduced in Chapter 1 [2, 13-15]. The enhancement factor, EF, can be calculated
using the formula [4]: |

_c¢,N ohl

surf

Rlbulk

EF

Each EF was calculated using the Raman peak that corresponds to the benzene ring

stretching mode of BT at 1571 cm™. Thus, Ly is the integrated intensity of the band :

at the surface and Iy is the integrated intensity in solution of concentration co. Na
is Avogadro’s number, o is the surface area occupied by the adsorbate, R is the
roughness factor of the surface (which is the real surface area divided by the |
geometric surface area) and / (units of um) is the area illuminated on the surface. It

should be noted that accurate enhancement factors could only be calculated for 633
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nm excitation wavelength. This is due to lack of fume cupboard facilities at
Renishaw Plc, meaning that spectra for *bulk’ benzene thiol could not be measured

safely using 785 nm and 830 nm.

The SER spectra corresponding to the greatest enhancements and the equivalent

reflectance spectra for each sphere size are summarized in Figure 4.

1571 (cme1) s

(056 ¢)
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Figure 4 (A) SERS of benzene thiol adsorbed on sculpted gold substrates as a function

of sphere diameter. Note that the substrates were deposited to various
thicknesses as indicated in the diagram. The reported spectra represent the
largest SERS enhancements for each sphere size. (B) Reflectance spectra
corresponding to the sculpted surfaces used in figure 3A.

From Figure 4A it is clear to see that the SERS spectra obtained from the 350 nm
structure is the most intense by a factor of 10, the calculated enhancement factor for
this sample was 6.6x10%. The reflection spectra shown in Figure 3B are taken from
the same point as the SERS spectra allowing a direct comparison. The wavelengths
corresponding to laser excitation, 633 nm, and Raman scattered photons of the

1571 cm™ SERS peak, 703 nm, are indicated in Figure 4B. The primary difference
between the 350 nm sample and the other sphere size is that the reflection spectra is
dominated by a very broad band as opposed to the relatively sharp peaks seen for the

800 nm and 500 nm sphere templated samples, for example.
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In order to get a more thorough picture of how the SERS substrates perform, SER
spectra were collected using three available laser wavelengths (633, 785 and

830 nm).. Samples were also analysed using angle resolved reflectance
spectrosbopy, which led to a full overview of the plasmon resonances occurring on
the samples. The SER data will first be presented from the various wavelengths for
each sample, followed by a more in depth review of three of the samples with a

comparison to the theory presented in Chapter 3.

3 SER data from 633, 785 and 830 nm incident laser excitation.

All work performed using 785 and 830 nm excitation was carried out at Renishaw
plc, using an InVia Raman system, and all work done at 633 nm was carried out at

Southampton using an RM2000 system, both systems were described in Chapter 2.

The same samples were used for each laser wavelength and the top right hand corner
of the slide was used as a point of reference to ensure that the starting points were

the same for each experiment.

The results will be shown in order of void size, with all the raw spectra from each
laser wavelength being presented in the form of a contour plot, for each sample in
the first instance. An example of a contour is shown in Figure 5. Each spectrum is
plotted as a function of film height, with the intensity shown in the z axis. The
spectra were collected between 200 cm™ and 3200 em™, however no peaks occurred

above 2000 cm", so the datais not shown.

i
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Figure § An example of the type of plots used to present data within this chapter. The

peaks within the plot correspond to those in the actual spectra as shown by the
coloured arrows. The contour plot shows Raman Shift plotted against film
thickness with the SER spectra shown in the z-axis. With purple being the
weakest intensity and red the strongest Raman scattering.

3.1 SERS variability with excitation wavelength.

A comprehensive study of wavelength scanned SERS (WS SERS) done by Van
Duyne and colleagues showed that the strongest SER signal was obtained when both
the incident an out going Raman photons were both enhanced [16]. This theory

agrees very well with the results initially observed and shown in Figure 4.

The SER spectra obtained using 633 nm, 785 nm and 830 nm excitation wavelengths
from 10 mM BT adsorbed onto 350 nm, 450 nm, 500 nm, 600 nm, 700 nm and
800 nm diameter void structures are shown in Figure 6. Each contour plot consists

of approximately 50 spectra.
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Figure 6 SER spectra, plotted as a contour plot described in Figure 5, obtained from
BT using 350 nm, 450 nm, 500 nm, 600 nm, 700 nm and 800 nm voids, with
excitation from a HeNe 633 nm laser, and diode lasers 785 nm and 830 nm.
Note that the colour scales vary for each plot, with the greatest intensity
being set to red and the weakest to purple
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A very clear observation from the data shown in Figure 6 is that the SERS
enhancement varies with incident laser wavelength void diameter and film thickness.
Therefore it can be concluded that a single surface morphology (thickness) does not

give the greatest enhancement at all excitation wavelengths or for a given sphere

diameter.

The theoretical plasmon modes which were described previously, and how they shift
with void diameter, have been calculated by a colleague (Robin Cole) in the School

of Physics, and are shown in Figure 7.
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Figure 7 Plots showing how the plasmon modes are expected to shift with increasing

void size. Figure 7A are the expected plasmon energies for a sample at ~0.5 d,
and figure 7B are the expected plasmon energies for a sample at 0.9 d. The
dashed lines are labeled as the theoretical plasmon modes (in terms of
molecular orbitals, described in Chapter 3). The red dashed lines correspond

to 0° incident angles, whereas the green dashed lines correspond to an incident
angle of 60°.

The plots shown in Figure 7 will be used to analyze how the SER signal from each
sample correlates with the plasmon modes expected for that sample. However, there
are only two film thicknesses accounted for in this figure, therefore a few sample
will be looked at more thoroughly with the angular resolved reflectance spectra for

the whole sample. Each sample will be discussed individually in the first instance.
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3.1.1 350 nm void diameter

The lines which represent the peaks, as shown in Figure 5, within the spectra are all

very narrow for the 350 nm template, whereas other size voids have very broad lines
showing lower signal to background ratio. However there is also the presence of an

extra peak within the spectra at 785 nm excitation. This was assumed to be an

impurity at the sample and will be ignored for the purpose of analysis.

Figure 8 shows the curve fitted peak intensity, for the peak at 1571 cm™ as a
function of film thickness for each laser wavelength. Note that all data presented in

this manner throughout this thesis have been corrected for laser power variations.

1.8x10° 7
. ] ®—633nm
16x10°7 o e 785nm
1 \ *— 830nm
1.4x10° \
1.2x10°
» i \
=
3 1.0x10° \ T
O ) \ b IO MR 1~ oy
S 8.0x10°~ \
- J *
@ 6.0x10* A
i L | L
4.0x10° i ¥ - -
/”, /,X e i
1 A \ — e
4 L 7 \ S
2.0x10° b3 e i
- S ./— % <2
0.0l —e" : . ; : ; - 7
0 0.25 0.5 0.75 1
Film Thickness /d
Figure 8 Comparison of the trends in signal at 1571 cm™ obtained at 633 nm, 785 nm

and 830 on a 350 nm void sample.

The intensity of the 350 nm void surface showed an order of magnitude increase in
signal across all wavelengths in comparison to the substrates, which agrees with the
earlier study as shown in Figures 1 & 4. The predicted plasmon modes for various

sized samples, shown in Figure 7 does not extend to cover this sphere diameter, as
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the plot is for samples larger than 400 nm in diameter. However, it can be
reasonably predicted that the ' P, mode is the dominate plasmon mode within this

structure, by looking at the trends in the modes as the sphere diameter decreases.

This will be looked at more thoroughly later in this chapter.

3.1.2 450 nm void diameter

For 450 nm there are clearly variations in the positions (thicknesses) that give the
greatest intensities for each of the laser wavelengths. At 633 nm excitation the
greatest enhancement seems to occur very near | d., however the broad yellow region
in the contour plot implies that the background at this point was also very large. The
plots from 785 and 830 nm excitation show clear lines corresponding to peaks for

BT. which implies that signal to background ration is much higher.
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Figure 9 Comparison of the trends in signal at 1571 cm™ obtained at 633 nm, 785 nm

and 830 nm excitation from a 450 nm void sample.

Figure 9 shows that the peak intensities are all relatively low, at < 5000 counts and

there is a relatively large variation in enhancements across the sample. The
predicted plasmon modes (Figure 7) for this sample show that the 'P, mode

(described in Chapter 3) would give rise to the SER signal at thin films with 830 nm

excitation, however for thicker films it is predicted that 633 nm excitation would
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give rise to the largest SER signal, also corresponding to overlap with the 'P,

plasmon mode, and this is what is actually observed.

3.1.3 500 nm void diameter

The contour plots shown in Figure 6 for 500 nm show that there are positions within
the sample that give intense SERS at each wavelength. However, for this sample the
SERS signal is only strong in one place on the sample for each wavelength. Figure

10 shows that the 785 nm and 830 nm excitation wavelengths produced a SER signal

that was almost an order of magnitude larger than at 633 nm.
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Figure 10 Comparison of the trends in signal at 1571 cm™ obtained at 633 nm, 785 nm

and 830 nm excitation from a 500 nm void sample.

The point at which the 500 nm sample produces the largest SERS occurs when the
film is ¥ d film thickness. The plots of the plasmon modes shown in Figure 7 are
for the two extremes in film thickness, therefore this sample is looked at again in
greater detail later within this chapter. Full angular resolved spectra are shown to aid

the analysis of which plasmon mode contributes to the SER signal.
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3.1.4 600 nm void diameter

The contour plots in Figure 6 showing the raw spectra for a 600 nm void sample
show that the enhancement does not reach a maximum until the substrate gets to
above 2 d. This is shown more clearly in Figure 11, where the trends for each

wavelength are shown as a line graph.
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Figure 11 Comparison of the trends in signal at 1571 cm™ obtained at 633 nm, 785 nm

and 830 nm excitation from a 600 nm void sample.

The trends for the 3 different wavelengths show that the enhancement reaches a
maximum at different points on the sample, starting from the higher energy 633 nm
excitation to the lowest at 830 nm. This implies that each wavelength is interacting
with a different plasmon mode as it decreases in energy. The plasmon modes which
contribute to this sample’s SER signals are difficult to assign from Figure 7 so this

sample will be looked at in more detail later in this chapter.

3.1.5 700 nm & 800 nm void diameters

The SER signal obtained from 633 nm and 785 nm excitation with a 700 nm sample
are an order of magnitude lower than that obtained from 830 nm. There is also a

large background seen at 633 and 785 nm shown by the areas of greater intensity
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across a broad range of wavenumbers and film thicknesses, in Figure 6. The origins
of this background will be discussed in greater detail in Chapter 5. The SER signal |

obtained from the 800 nm sample was also of much higher intensity dsing 830 nm,

and the signal was the largest when the film is above 0.7 d for 633 nm and under |
0.4 d for 785 nm or 830 nm. As the cavities of the substrate increase in size there is .
more interaction between different plasmon modes, as shown in Figure 7, so it is far
more comblex to determine which plasmon modes are contributing to the SERS for ;

these substrates.

4 Plasmon modes within 350 nm, 500 nm and 600 nm samples.

As previously discussed the samples with void diameters 350 nm, 500 nm and .
600 nm showed the most interesting variations in SERS intensity as a function of
film thickness and laser wavelength. Therefore these surfaces will be examined in

much greater depth in this section of the chapter and the plasmon modes that were

introduced in Chapter 3 will be employed to interpret the results.

|
4.1 350 nm void 3
|
Preliminary results from a 350 nm void showed an enhancement that was an order of
magnitude higher than any other sample. For the study with multiple laser i

wavelengths a sample was prepared, which had very fine grading in film thickness,
L !
which enables a more thorough examination of the plasmon modes occurring within |

the structure. ' : - |

|
Data was collected from the Renishaw RM2000 for 633 nm, and the Renishaw InVia
system for the 785 nm and 830 nm. The curve fitted intensity of the peak at I

1571 cm™ of the BT SER spectra from each wavelength is shown in Figure 12.

84 |




Chapter Four ' SERS from Gold Nanostructures

6x10"
{ =——@g33
—— T8
5x10* -
— 830
2 4
c  4x10 -
=
o -
O
§ 3x10*-
£
© 4
wa
2x10*
1x10°
0
v T v T ' T — 7 T T
0.0 0.2 04 0.6 0.8 1.0
Film Thickness /d
Figure 12 Comparison of the trends in signal of the Raman spectra of BT, at 633 nm, 785

nm and 830 nm excitation from a 350 nm void sample.

The enhancement observed using 633 nm and 785 nm excitations are much larger
than that at 830 nm, the reason for this becomes clear when the angle resolved

reflectance spectrum of this sample is examined, shown in Figure 13.
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Figure 13 Angular resolved reflectance spectra as a function of film thickness (d) for a

350 nm void sample. The colored lines across the figure show the relative
energies for each incident laser wavelength used, the largest intensity
reflectance is yellow, and the lowest is black.

The angle resolved spectra shown in Figure 13, has the white light laser at an
incident angle (0) of 0°, and the reflectance, at this angle, from the sample is plotted
as a function of film thickness, the brighter red and yellow areas are points at which
there is an absorption/interference of light on the surface, and this indicates the
presence of a surface plasmon. The lines indicating the incident laser wavelength

are overlaid on the reflectance spectra at the correct energies.

There is an overlap of both the 633 and 785 nm incident laser radiation with the
plasmon mode occurring at above 2 d. At this point the SERS enhancements,
shown in Figure 12, show a clear increase with 633 nm and 785 nm excitation. The
signals observed at 633 and 785 nm excitations correspond well with the plasmon

modes seen on the surface. As the thickness increases to ~0.4 d there is a sharp
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increase in SER signal, after which the SERS signal remains strong for all remaining

thicknesses.

The results from 830 nm excitation are consistent with the plasmon intensities, as the
energy of the laser does not correlate with any plasmon intensities until the energy
drops, near 1 d, at which point there is an increase of 10%in the peak intensity of the

‘adsorbed BT.

In order to understand which plasmon modes are causing the SER signal a more
thorough representation of the plasmon modes on the sample was required. This was
achieved by collecting the reflectance spectra of the sample with varying incident
angle. Figure 14 shows the angie resolved reﬂectancé spectra with respect to

incident angle, for increasing film thickness for the 350 nm sample.
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Figure 14 Angular reflectance spectra obtained from a 350 nm sample every 200 microns along the graded film thickness. The spectra are as a function
of incident angle, over the range 0 to 60°. Film thickness increases from the top left across the first row, then along the second and third rows to
the bottom right plot. Blue is the lowest intensity and red/white the highest intensity.
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Each image shown in Figure 14 is taken at one point of the sample and the incident
angle (0) of the white light laser is varied from 0 to 60°. The angle at which the
microscope objectives, used for the Raman measurements, collect can easily be
calculated from their Numerical Aperture (NA), and can be described, in respect to a
point P, as the half-angle 0 of the maximum cone of light that can enter or exit the

lens. Which is shown pictorially in Figure 15:

Figure 14 Schematic showing the cone of light that is sampled when calculating the NA
of an objective.

The NA of the x50 objective used in this project is 0.74, this yields a collection angle
of ~45°. Therefore any of the absorbance features that are occurring between 0 and
45° in Figure 14 are relevant in terms of SERS enhancements and represent overlap

with the incident laser wavelengths.

From the reflectance spectra it is seen that there is one dominant mode, that occurs at
when d > 0.4, seen at ~1.8 eV, which does not shift with incident angle or film
thickness. This implies that the mode is not confined within the cavity itself, as it
has been shown that the Mie modes within the cavity do shift with film thickness

[9]. The enhancements from 633 nm and 785 nm arise from this mode.

There is also a lower energy Bragg mode which occurs at thin films and as the void
closes over near 1 d. From this it can be assumed that the SER signal seen from the

830 nm excitation comes from the low energy Bragg mode.
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The mode that occurs at 1.8 eV, has been modelled [Robin Cole, School of Physics,
University of Southampton] for films if thicknesses 0.4 d and 0.9 d yielding
theoretical images showing where the plasmon mode is thought to occur. Figure 16
shows the predicted plasmon modes based on the energy seen within the actual

spectra.

Energy (8V)

Figure 15 Theoretical plots of the plasmon mode occurring within a 350 nm diameter
void sample at a film thickness ~0.4 ¢ (A) and at a thickness of ~0.9 d (B).

Figure 16A shows the theoretical plasmon mode with respect to incident angle at a
film thickness of 0.4 d, which is where there is an increase in SER signal. The scale
has arbitrary units, and simply indicates the strength of the plasmon field. The

image offset above the theoretical reflectance spectra is an image of how the

plasmon field is thought to be occurring, and shows a side view of the surface at

each film thickness indicating how the plasmon field interacts with the top surface of
the gold. Figure 16B shows the same set of images as for 16A, except that the
predicted field is for a film thickness of 0.9 d. These images suggest that the very
broad mode around 1.8 eV consists of a plasmon interaction around the rim of the

cavity and depending on the thickness of the film it shifts in energy. The ‘rim mode’
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is at a higher energy when the film is thinner; however as the film thickness
increases the mode drops to a lower energy. It is thought that this is due to the

bonding interaction from within the cavity, as explained below.

There is a charge variation across the metal structures due to the movement of the
free electrons, creating a dipole like state across the voids. The surface plasmons
also have a dipole like standing wave, and if these two dipoles match then there is a
*bonding’ type of interaction, whereas if the dipoles don’t match then there is an
‘anti-bonding’ type of interaction. Ifthere is a bonding or anti-bonding interaction

the plasmon energy would shift to lower or higher energies respectively [17].

The plasmon modes within these structures have been modelled on molecular

orbitals, as previously described in Chapter 3. The mode that is centred around the

rim of the cavity is a ' P mode, as shown in Figure 17. The 'P mode is the

equivalent of a p or py orbital, and a "P mode modeled on the p, orbital, with the

mode ‘sitting’ at the base of the cavity.

Figure 16 Computer modeled images showing how the plasmon modes are thought to
interact with the rim of the cavities. The images shown are plotted with
respect to increasing film thickness, as indicated by the yellow rim around the
plasmon field [17].

The observation that this mode shifts to lower energy as the thickness increases

suggest that it consists of a bonding type interaction with the metal, and is therefore

given the notation'P, .

The 'P. mode is at its strongest at films above "2 d. and this would therefore account |

for why the 785 nm data shows a higher SERS activity at thicker films than 633 nm.
Also as the film grows thicker the opening to the void becomes narrower, which

would intensify the plasmon mode occurring and would confine the plasmon within
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the void. This theory accounts for why substrates show a sharp increase in intensity
at the very thick end of the sample. This idea is also supported by the work done on
colloid plasmon fields. It has been shown since early SERS paper’s that as the
colloids and nanoparticles become closer then the plasmon field intensity increases

and shifts in wavelength. [18, 19].

4.2 500 nm void

In the preliminary study the 500 nm void sample showed a sharp increase in
intensity at around 2 d but the rest of the substrate seemed relatively inactive. The
angular resolved reflectance spectra as a function of @ is shown for a sample that had
250 um steps in film thickness is shown in Figure 18. The predicted plasmon modes
have been plotted over the top of the image, taken from the paper published by our

collaborators in the School of Physics at the University of Southampton [17].
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Figure 17 Angular resolved reflectance spectra as a function of film thickness for a

500 nm void sample. The colored lines across the figure show the relative
energies for each incident laser wavelength used.
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The angular resolved spectra for the 500 nm sample show two /P modes which

dominate the spectra. The 'P, mode drops to lower energy as the film thickness

increases and become the most intense around 4 d.

Raman spectra were collected via line maps for 785 nm and 830 nm excitation (the
Raman 2000 system did not have a mapping capability. therefore spectra were
collected every 250 microns from this system) which were set to collect a spectrum

every 10 microns down a finely graded sample. The general trends (an average over

200 micrometers) from the maps along with the 633 nm excitation data are

summarised in Figure 17. The 1571 cm™ peak intensities were used for comparison.
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Figure 18 The trend in signal at 1571 cm™ obtained from a 500 nm structured surface at

633 nm, 785 nm and 830 nm excitation. The sample had a film thickness

graded from 0 to 1 d.

There are obvious points of greatest enhancement for each excitation, which shift to

increased film thickness with increasing laser excitation energy. Figure 18 gives the
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theoretical plasmon modes overlaid on the angular reflectance spectra, and from this
it is apparent that the SER signals from 785 and 830 nm arise from the 'P, plasmon
mode. The enhancement seen below 0.5 d from the 633 nm excitation originally

arise from the' P, , whereas as the sample gets thicker the 'P. plasmon mode

accounts for the enhancement.

There is variability in the SER signal seen at 633 nm excitation, however this
became more prominent in the mapped results from 785 and 830 nm excitation
where the spectra were collected every 10 micrometers along the sample. The

intensity at 1571 cm™ for the two maps is shown in Figure 20.
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Figure 19 Intensity at 1571 cm™ from the SER spectra of 10 mM BT adsorbed onto a

graded 500 nm void sample. The spectra were collected every 10 pm down the
sample, with 785 nm and 830 nm diode lasers on a Renishaw inVia Raman
system. Each spectrum was acquired with a single 10 s accumulation.

The variability is thought to arise from the data being acquired from different

combinations of voids. The spot size for the laser can be calculated using the

formula:
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0.614
§=—
NA

Where A is the laser wavelength and N4 is equal to the numerical aperture of the

microscope objective, which is equal to:
NA=nsin@

The NA of the x50 objective used in this project is 0.74, which leads to theoretical
spot sizes of less than 1 micrometer. Therefore in some cases the spot could be
focussed on one entire void, whereas in others it could be centred over the edge of 3

or 4 voids.

A

Figure 20 Schematic image showing how a < 1 um laser spot hits either an entire 500 nm
void (A) or a series of void rims (B). The red spot indicates the laser spot, and
the orange area between the voids indicates the top surface of the structure.

The images shown in Figure 21 are for a film thickness of /2 d which corresponds to
the area of increased enhancement for the 500 nm sample. From these simplistic

diagrams it is predicted that the SER signal would be obtained when multiple voids
are sampled, due to multiple Mie plasmon modes within the cavity being generated,

however this needs further investigation.

The final sample that has been looked at in greater depth was a 600 nm void sample,

as this gave a strong enhancement in initial studies [10], and the sample seemed to
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show a large variation in the position on the sample that gave the strongest

enhancement.

4.3 600 nm void

The work carried out by other research groups, has shown that when the laser
wavelength is approximately the same size as the particle under investigation the
strongest SERS signal is observed [3, 9, 20-23]. Therefore the 600 nm void sample
was predicted to give the greatest enhancement at 633 nm in initial studies. The
plasmon modes start to become more complex when the void gets bigger than

600 nm. A sample that was fully graded in terms of film thickness was prepared in
order to monitor the plasmon modgs within the structure, and correlate them to the

SERS signals.

Given that the plasmon modes are more complex for this sample the reflectance
spectra, with respect to both incident angle and film thickness, along with the peak
intensity at 1571 cm’ for each laser wavelength (normalised for laser power) and

SEM images, from each position measured, are shown in Figure 22.
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Figure 22 Summary of reflectance and SER speetra from a 600 nm void sample. (A) Shows the angular resolved reflectance spectra with respect to film
thickness, overlaid is the excitation lines for 633 nm (green), 785 nm (red) and 830 nm (blue), with the SERS intensity of the BT 1571 cm™ peak.
(B) Shows the angular resolved spectra as a function of incident angle at each point that the SERS spectra were obtained. (C) Shows the peak
intensity of BT with varying film thickness. (D) Shows the SEM image of the point where the SER spectra would have been obtained.
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The results summarised in Figure 22 combine all the techniques used to monitor the
performance of the substrates in terms of both SER signal énd reflection .
spectroscopy. The spectra in Figure 22A is the angle resolved reflectance spectra of
the 600 nm graded sample, with the incident laser excitation energies overlaid (633
nm — green, 785 nm — red and 830 nm blue) with the Raman signal at that point
showed as a spot on the line (the larger the spot, the higher the intensity). The
energy of the Raman band of BT at 1571 cm™ is also-plotted as the thinner colour
codeci line for each excitation energy. The spectra in Figure 22B are the reflection
spectra, with respect to incident angle, for each point that the SER signal was
collected from. The incident laser wavelengths e/u‘e overlaid as per Figure 22A.
Figure 22C shows the"int’ensity of the 1571 cm™' band of BT plotted as a function of
film thickness for each laser wavelength. The SEM images in Figure 22D show the
film thickness for every other position that SERS and reflection spectra were

collected from.

At film thicknesses d < 0.4, there is little SERS acti.vity from 633 nm excitation.
However, there is enhancement from both 785 nrﬁ and 830 nm at thin films. There
is.an overlap between the lower energy laser excitation energies and the Bragg |
plasmon mode at high angles of incidence, for thin films which is not observed in

léigure 22A, but accounts for the SER signals at low film thicknesses.

As the film reaches thicknesses of 04<d <0.6 there is a very broad plasmon mode
that shows up within both Figures 22A & B, however, it is also clear to see that there
is very little SERS signal at these film thicknesses. On first inspection this looks
like an anomalous result, given the correlation between SER signal and plasmon
modes seen up until this point in the thesis. This result can be explained by referring
back to Figure 7 where the theoretical modes can be seen for increasing sphere
diameter. At 600 nm diameter the D plasmon mode is begihning to be observed, and
theory suggests that the D plasmon mode occurs in the centre of the void. The
molecules being detected in this study are adsorbed to the surface of the gold,

therefore nothing is being excited by the plasmon that is localised within the centre
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of the cavity. Recent work on solution phase SERS has shown an enhancement at

these film thicknesses, which arise from the D plasmon mode [17].

At film thicknesses of d > 0.6 enhancements in signal are seen from all excitation

energies. At 633 nm there is a sharp increase in energy as the laser energy matches
that of the higher energy 'P. mode, however, no further signal is observed as the

laser did not couple with any other plasmon modes. The strongest enhancement is

seen at approximately % d film thickness from 830 nm excitation. This is where the l

laser is coupled to another plasmon mode, which according to the theory in Figure 7 |

is the 'P, mode, which has dominated the enhancements seen from other substrates. |

The overall enhancements seen from this substrate, correlate with the results from
previous samples, where the largest enhancement arises from coupling to the 'P,

plasmon mode, which is that centred on the rim of the void.
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5 Conclusions.

The aim from this chapter was to asses which plasmon modes accounted for the
observed SERS enhancements, this was achieved through a systematic study of
different surface morphologies and incident laser wavelengths. The results
presented within this chapter have shown that no one surface performs the same for

all the different laser wavelengths used.

The enhancement factors from the sculpted SERS substrate, at 633 nm, reached

6.6 x10° which compares very favourably with those seen from the surfaces
discussed in Chapter 1. It can reasonably be predicted that the enhancement factors
are of a similar magnitude at different laser wavelengths from the peak intensities.
The enhancement arises from a coupling of light into a plasmon mode within the
structure, and the strongest enhancement is seen when both the ingoing light and
outgoing Raman scattering overlaps with a plasmon mode (as shown in Figure 4)

and illustrated schematically in Figure 23.
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Figure 21 Theory of ingoing light and outgoing Raman shift interacting with a plasmon

to produce a SER signal, shown schematically.

This supports the theory put forward by Van Duyne and co workers [16] and
reported in our paper [9], and emphasises the importance of the electromagnetic

theory of SERS.

Many different plasmon modes have been introduced through the course of this

thesis; however the most prominent in terms of SERS enhancement is the 'P, mode
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which is a type of Bragg plasmon and it continually interacts with the excitation
laser wavelengths used in this project. The theoretical model of the mode was
shown in Figure 17, it is localised around the edge of the dish and couples light into
the void. The fact that the Rim seems to account for the large enhancements
observed, a large variability within one sample is observed when a tightly focussed |
laser spot is used and the data is collected at many closely spaces places on the
substrate surface. This was shown to be dependent on whether the laser spot is

hitting one single void or multiple voids.

The ability to understand the plasmon modes occurring within the sUbsfrates allows
precise control over SER signals obtained. This, in turn, allows a surface to be
produced, using the controlled electrochemical templating technique, to give the best
performance at any given laser wavelength, or even molecular excitation. This isa

unique property of any SERS substrate currently used in research.
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Chapter Five - Substrate Properties

1 Introduction

The substrates that are commonly used for SERS, introduced in Chapter 1, all show

enhancements of over 10* in Raman signals [1-8], however limited data has been

presented which shows the reproducibility of the signals, and how stable each of the

surfaces are. The nanostructured gold substrate, presented in this thesis, will be

discussed in terms 6freproducibility, robustness and shelf life in this Chapter.

2  Reproducibility and robustness

The lack of reproducibility obtained in terms of SERS signal and the surface
morphology of substrates has hampered the progress of SERS over the last three
decades. As will be illustrated in this chapter, sculpted substrates, however, have

broken through this barrier.

2.1 Reproducibili\ty in substrate morphology and SER signal.

The surface ihorph‘o]ogy of sculpted substrates can be contrélled and tuhed*by
selecting the appropriate sphere sizes, and the method used to assemble the
polystyrene spheres yields well ordered close packed structures. The sphere sizes
used for the original template have thus far been chosen to be within the range of
visible light to near infra-red (300 to 900 nm) as this produced substrates with

plasmon modes that overlapped with the lasers available.
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400 700 nm
nm

Figure 1 SEM images of gold void structures sized 300 to 800 nm, each image shown
was acquired with an accelerating voltage of 30 keV, with a magnification of
10,000.

Figure 1 shows SEM images of a series of different sized samples at the same film
thickness. The surfaces are very well ordered with a hexagonally close packed

structure, which shows that the surface morphology is highly reproducible across a
wide variety of template sizes. The film structure with varying film thickness was

shown in Chapter 4 and is reproduced for each sphere diameter.

Not only is there reproducibility between substrate structures, the spectra obtained
from them are also highly reproducible across a substrate sample. To demonstrate
this over 60 spectra were collected from a 600 nm % d sculpted SERS substrate, at
different spots across the sample (the total area of uniform thickness was 250 um x
5000 pum), and there was a variability of less than 10% when over 60 spectra were

collected from this area. The spectra are shown in Figure 2.
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Figure 2 68 SERS spectra obtained every 100 pm from 10 mM Benzene Thiol on a 600

nm % d sample. (A) Each spectrum was obtained using 633 nm excitation in
conjunction with a Renishaw Raman 2000 system. A single 10 s extended scan |
was used for the acquisition of each spectrum. (B) Peak height of each

spectrum with the 10% standard deviation of the height.

The standard deviation from these spectra was calculated by analyzing the peak
intensity at 1021 cm™'. The SERS signal is also reproduced when different substrates |

with the same structure are compared, the typical standard deviation between ‘

samples was found to be less than 13% [9].

2.2 Reusability

Uniquely compared to all the other SERS substrates previously discussed it is
possible for each sculpted SERS substrate to be used more than once; however the
original molecule must first be desorbed from the surface. In the case of thiols,
which have been predominantly used in this project, the metal - thiol bond was

broken by electrochemical cycling.

The thiol covered substrate was used as the working electrode in a standard three
electrode cell, as discussed in Chapter 2, in 0.5 M KOH. The potential was cycled
between -0.1 and -0.9V vs. SCE at 0.1 mV s™'. Each substrate was cycled twice and

Figure 3 shows the first and second cyclic voltammograms.
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Figure 3 First and Second sweeps showing the desorption of benzene thiol, in 0.5 M

KOH, from a 600 nm templated structure, grown to % d.

The black line CV in Figure 3 shows the first sweep of the substrate a reduction peak
is seen at -0.7 V vs. SCE. The Au— S bond is broken at this potential and the ‘
negative current shows the irreversible desorption of the benzene thiol. The red line |
|

shows the second scan, which has a lack of the reduction of the adsorbate, and is

hence showing a clean gold surface.
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Figure 4 SER spectra obtained from 10 mM BT adsorbed to a 600 nm % d sculpted

substrate (Black line), the spectrum obtained from the same substrate after the
surface was electrochemically cleaned (Blue line), and the spectrum of a fresh
layer of 10 mM BT after the surface had been cleaned. All spectra were
recorded using a single 10 s accumulation with an extended scan, using 633 nm
excitation.

When the species had been desorbed, the surfaces were then sonicated in DMF for
30 minutes, to ensure all trace impurities had been removed before reusing them.
Storing the substrates after they have been used is also not a problem, as shown in

the following section.

2.3 Shelf life

The standard shelf life of other SERS substrates is still problematic, with the longest
shelf life seen to date being < 9months [10]. In contrast the shelf life for gold
sculpted substrates is at least 3 years. Figure 5 shows a spectrum obtained from a
600 nm % d substrate in January 2005, and a spectrum obtained from the same

substrate in January 2008. The substrate was simply electrochemically cleaned as
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described above and sonicated in DMF followed by re-exposure to a 10 mM BT

solution to re-form the monolayer and the spectra are shown in Figure 5.

Jan 08

Raman Counts

T T

T J T T T T T J T
500 1000 1500 2000 2500 3000

Raman Shift /cm™

Figure 5 SER spectra obtained from a 10 mM solution of BT adsorbed onto a 600 nm
Y d nanostructured substrate. The red spectrum was obtained in Jan 2005
and the black spectrum was acquired in Jan 2008, both with a single 10 s
extended scan accumulation on a Renishaw Raman 2000 system.

A slight decrease in the peak intensity of the BT peaks was found after 3 years.
However, the remarkable finding is that there is still a signal observed after 3 years,

and therefore it has surpassed any other reported SERS substrates” shelf life.

2.4 Signal variation with sample imperfections.

The surface roughness factor of a substrate is defined as the ratio of the real surface
area to the geometrical surface area, which can easily be calculated for our gold
substrates by performing a cyclic voltammagram (CV) in acidic solution and

measuring the charge associated with stripping of a monolayer of oxide. Figure 6
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shows the comparison between a sculpted SERS substrate and flat gold, which

enables the calculation of the roughness factor.

—— Nanostructured Gold
1.4x10° - —— Flat Gold

1.2x10° 1

1.0x10°

8.0x107 -

6.0x10“
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Figure 6 Cyclic Voltammograms of a nanostructured gold electrode and an evaporated
gold electrode, vs SCE in 50 mM H,SO,. Potential scanned from —0.1 to 1.5 vs
SCE / V. Scan rate of 100 mVs™"'. The nanostructure was made from a 600 nm
sphere size template with a film height of 300 nm (*2D). The shaded region
indicates the location of the oxide region used for calculation.

The increase in surface area was found to be 1.6 and can be fully accounted for by
the shape of the sculpted surface. From this value, it can be assumed that the metal
is relatively smooth, however there will always be areas where the plating fails
slightly, and slightly rough surfaces are observed. However, by comparison the
roughness factor of an ORC roughened substrate such as those used originally by
Fleischmann was found to be 10, which is due to the irregularity at the atomic scale

on the substrate.
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It was thought that the slight imperfections found on the sculpted surfaces, from the ‘
plating technique, could account for the slightly anomalously shaped backgrounds

within the spectra. The theory was tested by choosing these rough areas, with aid of |
Renishaw’s SEM-Structural Chemical Analyser (SEM-SCA).

2.4.1 Experimental set up

Each sample had a monolayer of BT adsorbed onto the surface prior to
measurements taking place, and Raman spectra were collected before the SEM
images were collected, preventing damage to the adsorbate layer by the electron
beam and the build up of carbon on the surface. The Raman spectra were acquired
using a 785 nm diode laser, which was introduced into the SEM chamber through a
fibre optic cable. It was possible to correlate SEM images and the image acquired
whilst looking through the top of the fibre optic arm using features on the surface, as

shown in Figure 7.

Figure 7 (A) SEM image and (B) optical image showing correlation between points
within the SEM — Structural Chemical Analyser (SEM — SCA).

2.4.2 Results

Disordered areas of 350 nm and 600 nm void samples were purposely located using
the SEM and SER spectra were collected from these areas as well as well ordered

areas. The results are shown in Figures 8 and 9 respectively; the blue circle on the
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SEM image indicates the region on which the laser was focused for the Raman

spectra.

Figure 8
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SEM images and SER spectra obtained from the same points within a 350 nm
sample % d, for a well ordered region (A) and a poorly ordered area (B). The
SEM images were collected using an accelerating voltage of 15 keV, and the
magnification is 10,000. The Raman spectra were collected using a 785 nm
laser fiber optic probe, with a laser power of <1mW.
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SEM images and SER spectra obtained from the same points at a 600 nm % d
sample, for a poorly ordered area (A) and a well ordered region (B). The SEM |
images were collected using an accelerating voltage of 15 keV, and the
magnification is 10,000. The Raman spectra were collected using a 785 nm
laser fiber optic probe, with a laser power of <1mW.
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The key things to notice from Figures 8 and 9 is that when the substrate is well
ordered and closely packed the SER spectrum is on a smooth background.
However, whenever there is any irregularity in the structure (Fig 8B) or the region
illuminated is not characteristic of the ordered structure (Isolated or few voids) (Fig

9B). the spectra have a different shaped background.

When the substrate is well packed, the metal is very smooth and it is simply the
plasmon modes contributing to the SER signal. If the laser spot hits a disordered
region, as shown in Figures 8 and 9, the signal increases due to the additional
roughened surface, the molecules on the surface are also ordered in a more random
fashion and so the peaks become broader, however, this needs further investigation

to understand why there is such a large increase in signal.

When a region that was not templated was located in the SEM-SCA the spectra
obtained was of much lower intensity than when there was a combination of voids
and disordered region, Figure 10.
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Figure 10 SEM image and SER spectrum obtained from the same points om a 600 nm
% d sample, from an area without the template. The SEM images were
collected using an accelerating voltage of 15 keV, and the magnification is
10,000. The Raman spectra were collected using a 785 nm laser fiber optic
probe, with a laser power of <ImW.
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The background seen in the Spectrum in Figure 10 is the same shape as that in Figure
9 B; however the intensity is 2 orders of magnitude Iowér. This, firstly, shows that
the laser must be hitting the voids to create an enhancement in Raman signal, and
secondly, the unusual shaped background arises from the gold surface not being
smooth. There may be minor peaks and troughs in the surface, which are similar to
the ORC substrate, which are creating additional/weaker plasmon modes. The |
origins of the background will be discussed further in a subsequent section of this

\

chapter.

The variation in signal depending on whether the laser is focused on irregularities in
the structure accounts for the variation in signal obtained from the sculpted

substrates.

This chapter has, so far, concentrated on the properties of sculpted SERS substrates;
‘however there is another substrate which is also based upon colloid templates,
némely the MFON substrate developed by Van Duyne as introduced in Chapter 1
[11]. This substrate is essentially the inverse structure to our substrate, and can be
preparéd, simply by evaporating metal over the top of the spheres as opposed to the

electrodepositing through the template.

3. Silver sculpted SERS substrates.

Silver is the most commonly used metal for the preparation of SERS active
substrates. This is due to the fact that it is one of the coinage metals, along with gold
and copper, and has it also is highly reflective which yields strong surface plasmons.
The MFON made by Van Duyne and colleagﬁes is silvef, and tuning the plasmon
resonances to generate the greatest SERS signai has been achieved successfully. A
similar structure to the MFON can easily be prepared using the polystyrene template
prepared to make void surfaces, however rather than electrodepositing metal through

the template; silver was evaporated over the top, yielding the desired structure.
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5 | Preparation

The colloidal crystal, or dot structure, was prepared by evaporating a 150 nm layer
of silver of the top of'a 600 nm polystyrene sphere template. 600 nm was chosen as
this is the closest sphere size available to the MFON structures, which contain ‘
562 nm particles [12]. The comparative void. or *anti-dot’, structure was also
prepared using a 600 nm polystyrene sphere template, and silver was

electrodeposited through the template to a film thickness of 0.75 4. This was (
achieved using the method that was described in Chapter 2. Finally, an |
electrochemically roughened surface was also prepared using the method described

by Tian [13], and described in Chapter 2, for a comparison in enhancement between

all three surfaces.

3.2 Roughened, dot and anti-dot surfaces

Scanning Electron Microscope (SEM) images for the surfaces are shown in

Figure 11.

Figure 11 Scanning electron microscope images of an electrochemically roughened
surface (A), an anti-dot (600 nm % d) (B) and a dot MFON type substrate (C)
(prepared using a 600 nm polystyrene sphere template with a 150 nm layer of
silver evaporated over the surface.) The images were obtained using a Philips
XL30 ESEM, with an accelerating voltage of 30 kV and a magnification of
10,000.

The image shown in Figure 11A is from an electrochemically roughened surface,

with irregular peaks and troughs on the surface. Figure 1B shows a 600 nm void |

substrate grown to ¥% d and Figure 11C shows a regularly ordered hexagonally close
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packed dot structure, with only minor imperfections. The substrates were
submerged in 5 mM BT for 30 minutes and then rinsed in ethanol and left to dry for
15 minutes. The SER spectra from these substrates were collected using a 633 nm

excitation on a Renishaw Raman 2000 system. The SER spectra are shown in

Figure 12
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Figure 12 SER spectra of 5 mM BT adsorbed onto an 'electrbchemically roughened Ag

surface (A), an anti-dot Ag 600 nm % d substrate (B) and a dot structure
consisting of a 600 nm template covered in 150 nm Ag. All spectr)a were
obtained using a Renishaw RM 2000 system with 633 nm excitation, and a
single 10 s accumulation. :

The spectra shown in Figure 12 are all plotted on the same scale so they are directly
comparable. The SERS from the dot and anti-dot structures are both an order of
magnitude more intense than the electrochemically roughened surface, with the dot

and anti-dot substrates both having similar intensities.
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The plasmon modes that have been described for gold nanovoid structures also occur
in Silver structures [14]. However the optical properties of the dot stiuctures are

simpler. A normal incidence reflection spectrum from the dot surface is shown in

Figure 13.
5
1.5
S o
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el
< 1 ‘0 -
0.5 T r — r I T T v T T
420 480 540 600 660
Wavelength /nm
Figure 13 Normal incidence reflection spectrum from a silver substrate consisting of a

600 nm sphere template covered in 150 nm silver.

The spectrum shown is one» of 10 collected.from different spots of the substrate, and
is indicative of the response across the entire sample. There is a broad absorption
feature which stretches across the visible region of light. This absorption is due to a
plasmon mode that is propagating the surface of the sphere, as per the MFON
substrate [15], and is why the substrate produces strong SER signals. However, the
SER signals obtained from the dot sample is not-as reproducible as that previously

seen for the well ordered void structures. Five different spectra observed from

different points of the substrate are shown in Figure 14.
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Figure 14 SER spectra of BT adsorbed onto a substrate comprising a 600 nm polystyrene

template covered with 150 nm silver. Each spectrum was acquired with a
single 10 s accumulation with a Renishaw Raman 2000 system, using 633 nm

excitation.

The spectra shown in Figure 14 show a variation in terms both peak heights, but also
of background seen in the spectra. However, from this comparison between the
three substrates it is seen that the dot and anti-dot substrates both show a larger
enhancement than the originally used roughened silver substrate [16]. The dot
structure shows a larger variation in signal from spot to spot than the antidote (or

void) structure.

Silver surfaces oxidize quickly which yields them SERS inactive. The silver metal
film over nanosphere type of surface are not as stable as the gold void structures as
eventually the nanosphere will degrade yielding the substrate SERS inactive. For
these reasons the gold void surface was found to be the most stable surface tested,

and will, therefore, be used in future.
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4 Spectral Background

As clearly seen in all the SER spectra presented within this thesis, a broad
background is present whenever a SERS spectrum for én adsorbate is obtained using
our sculpted SERS substrates. The background has been a problem throughout this
project. Such backgrounds were also observed for electrochemically roughened
gold surfaces, and therefore we do not believe it to be a particular property of the -
‘sculpted surfaces. In fact many authors in the past either, only collected SERS
spectra over a limited range and therefore did not recognize the contribution to the \
background, or they removed it from the data by fitting a smooth baseline correction

to the data.

Abel and Fischer attributed the background seen from silver colloids as a charge
transfer between the Fermi level of the metal and the excited energy levels of the
SERS active molecule [17]. However, numerous papers have been published which
address the photoluminescence (PL) of metals [18, 19] and it has been found that the
PL from metal surfaces contributes to SERS signals [20-22]. This section of the
thesis will examine the photoluminescence of gold, and how it relates to the SERS
background, observed at different excitation wavelengths, from the sculpted

surfaces.

4.1 Photoluminescence.

Photoluminescence is the emission of radiation which is induced by the optical
excitation of a sample using an external source of light (usually a laser). The PL of
gold, silver-and copper was first reported by Mooradian in 1969 [18], and the details
of excitation and recombination mechanism were presented. Since this initial paper,
theoretical work [23] has shown that that photoluminescence of noble metals can be
viewed as an excitation vof electrons from occupied 4 bands into states above the

Fermi level. At which point there are electron-phonon and hole-phonon scattering
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processes which lead to energy loss. and finally photoluminescent recombination of

the electron into the bulk metal [19]. Shown schematically in Figure 15.

CONDUCTION |
BAND
Loss of energy ]
———————————————————— -t----—-- Fermi Level
Energy
>d bands
] o
Figure 15 The excitation of an electron from the ¢ band into the conduction band within

gold followed by a loss of energy leading to photoluminescent recombination of
the electron into the bulk metal.

There have been thousands of papers published over the last 3 decades which study
the PL of various surfaces including roughened [24], gold nanoparticles [19, 25],
and other nanostructured surfaces [26, 27] including semi conductors, and it has
been found that there is a strong correlation between PL and SERS, as mentioned

previously.

4.2 SERS background changes from varying incident laser wavelength.

Early studies from the sculpted SERS substrates showed that a very large
background with very little SERS enhancement of BT was observed when 514 nm
excitation was utilized in conjunction with the sculpted gold substrates. Therefore
only two samples (350 nm and 600 nm) were tested using this excitation. These
two samples will be shown in this section showing how the backgrounds change
with the 4 different incident laser wavelengths. Due to the varying surface

morphologies of each substrate, one film thickness on each substrate was chosen {
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(7a d) for a comparison between the SERS background observed at different
excitation wavelengths. The raw spectrum from each wavelength for the 350 nm

sample is shown in Figure 16.
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Figure 16 SER spectra of 10 mM BT adsorbed onto a 350 nm % d sculpted void surface.
The spectra were acquired using four different excitation wavelengths, each
with a single 10 s accumulation using an extended scan. The spectra were
acquired using a Renishaw Raman 2000 system for 633 nm excitation, and a
Renishaw InVia for the other wavelengths. Each spectrum is uncorrected for
laser wavelength at this point. The black dotted line indicates how the
backgrounds were plotted.

From simply observing the raw spectra in Figure 16, it can be seen that the
backgrounds change dramatically with laser wavelength. For each spectrum the
background was extracted and replotted in 17 as a function of Raman photon energy

ineV.
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Figure 17 The background energies from 4 different excitation laser wavelengths ‘

(514 nm, 633 nm, 785 nm and 830 nm) upon a 350 nm % d sculpted SERS
substrate plotted as eV against Raman Counts.

The plot in Figure 17 shows that there is a broad peak in the background that reaches |
a maximum at approximately 1.8 eV. There is a slight discrepancy between the
overlapping energy at 785 nm and 830 nm. However they are both showing the

same trend of decreasing Raman counts with decreasing energy.

The broad peak in the background data can be compared to the plasmon resonance
of the sample, shown in Figure 18. The film thickness of interest is marked by a
white line. There is a clear correlation between the energy at which the background
reaches a maximum as shown in Figure 17 and the energy at which the absorbance

of the substrate is greatest.
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Figure 18 Angular resolved reflectance spectra as a function of film thickness (d) for a

350 nm void sample. The white line across the figure indicates the % d
thickness used to plot figure 17. Black is the lowest energy and yellow is the
highest energy.

The way that the data from the background has been presented for the 350 nm
sculpted surface was repeated for a 600 nm substrate with a film thickness of ~
0.85 d. The background distribution against energy is presented in Figure 19, with
the angular resolved reflection spectra, showing the plasmon modes presented in

Figure 20.
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Figure 19 The background energies from 4 different excitation laser wavelengths

(514 nm, 633 nm, 785 nm and 830 nm) upon a 600 nm % d sculpted SERS
substrate plotted as eV against Raman Counts.

A broad PL feature with a maximum at approximately 1.8 eV is also observed from
the 600 nm 0.85 d substrate; however, there is also an extra feature that arises at
1.45 eV which correlates to a plasmon mode seen in Figure 20. The film thickness

is marked with a white line.
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Figure 20 Angular resolved reflectance spectra as a function of film thickness (d) for a

600 nm void sample. The white line across the figure indicates the % d
thickness used to plot figure 19. Black is the lowest energy and yellow is the ‘
highest energy.

There is a very strong relationship between the plasmon modes and the features
within the SERS backgrounds seen from both the 350 nm (Figure 17) 600 nm
(Figure 19) substrates, and the shoulder seen in the background at 600 nm correlates
to a lower energy, less intense plasmon mode. From these two examples it is clear
that the broad continuous background shifts with incident laser excitation and
correlates with the plasmon modes, which in turn correlates to the PL. The surface
plasmons yield a strong electromagnetic field on the surface, which in turn leads to a

higher level of photoluminescence.

Understanding the background of the SERS spectra obtained within this project was
not the main objective when analyzing the data. However, from these initial results,

it can be seen the sculpted substrates show a background that can be explained in
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terms of PL. However, further work is required to fully understand the role of the
molecule in the emission, and how changing the potential of the surface or the
electron ‘richness’ of the molecule effects the size of the background. At this point
in the research the correlation looks promising and could lead to another way of

controlling the enhancements obtained from the substrates.

127




Chapter Five Substrate Properties

5 Conclusions

The results presénted within this chapter have shown the properties of the sculpted
substrate developed within this project. 1f has been shown that the surface
morphology is reproducible between void diameters, as are the spectra obtained
from them. A standard deviation of 10 % was found when 68 spectra were acquired
from 1 sample with the sample ﬁlmithicknes.s,' and a variation of 13% has been
found between surfaces [9], and has been attributed to imperfections within the
sample. The surfaces can also, unlike most other SERS substrates, be used hore
than once, simply by electrochemically stripping the molecule from the surface and

re-adsorbing another when the surface is clean.

The substrate was also compared to the very well known MFON substrate, via the
preparation of an inverse structure, by evaporating silver over the top of the spheres
in stead of through them. It was seen that the sculpted dot and anti-dot structures
performed well in terms of a hi gher enhancement than the traditionally roughened
surface. However, the shelf life of the Van Duyne MFON structure has been shown
to be <9 months, due to the degradation of the spheres from under the metal.
'However the sculpted void surface has a shelf life of more than 3 years (in gold),

although this will be less for silver due to oxidation at the surface.

The background seen in all SERS measurements was briefly discussed in terms of
photoluminescence from the substrate. When there is a plasmon mode on the
substrate it is seen that there is an overall increase in the background of the SERS
signal, across multiple Wavelengths. This corresponds well with the literature on
SPP’s and PL upon nanostructured surfaces. However, further work is required to

fully understand the dependence Llpon film thickness and any molecular interaction.
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Chapter Six:  Applications of sculpted SERS
substrates.

Throughout this thesis theory has been applied to predict the performance of the
sculpted SERS substrates, however, little work has been presented which shows
the potential of these substrates in applications such as chemical sensors. In the
last 10 years SERS has seen a growth in research and work carried out by Kneipp
and Kneipp has shdwn that the sensitivity of SERS can be improved to the point
that single molecules can easily be detected [1, 2]. Van Duyne has reported the
detection of sucrose in situ in a ratl[3], and SERS is being used for drug detection .

and DNA detection purposes at the University of Strathclyde [4-7].

| From the results presented in Chaptérs 4 & 5, it is clear that it is possible that the
sculpted substrate developed in this thesis may provide a means of overcoming
the limitations of SERS and may enable extension to a wider range of
applications, with in situ electrochemical experiments being the initial target for
épplication driven research. Work will be presented in this Chapter showing
how the sculpted substrates can be used as electrodes for in situ electrochemical
experiments, and the advantages over other electrochemical SERS substrates

available.

1 In Situ SERS substrates

SERS is a technique that is ideally suited to in sifu studies of electrode reactions
and the electrode/electrolyte interface, and was initially discovered in such a way
[8] . There are several reasons for this. The technique is highly surface selective
— only molecules close to the metal surface, within ~ 20 nm [9, 10], experience
the surface enhancement. Most electrolyte solutions do not interfere with the
Raman spectra obtained from the visible region of the spectrum used to make the
measurement. The technique allows molecular characterisation of the species or
intermediates at the electrode surface through the assignment of their unique

Raman spectra, with the ability to assign bands below 100 cm’'. Also, because of
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the low Raman cross-section of water the technique is ideally suited to
measurements of electrodes in aqueous solutions without significant interference

from the bulk solvent.

However, electrochemical SERS has suffered the same dfawback that has
hampered the development of this technique, irreproducible substrates. Thus
considerable effort has been put into the optimisation of the roughening

procedure for ORC electrodes by various groups, the magnitudes of the
enhancement varies significantly (by a factor of 10 or more) from place to place \
across the surface, the magnitude of the enhancement is not stable (it can change
with time and can be destroyed at some potentials) [11]. The roughened surfaces
also make quantitative studies very difficult. Reproducibility from electrode to
electrode or even at different points on the same electrode is poor, there is a large
uncertainty about the precise surface area of the electrode, and the location of the

molecules that give rise to the SERS sighal is uncertain .

There has been a lot of research into developinga SERS substrate that can be
used as an in situ electrode, as introduced in Chapter . Tian ef al. have optimised
electrochemical roughening techniques and combined these with the
improvements in Raman instrumentation (the use of a confocal microprobe
geometry, holographic notch filters and a CCD detector) to obtain SERS from
catalytically and electrochemically relevant metals such as Ni, Pt and Rh [12-14]
or used templated arrays of metal nano-wires [12, 15]. However, the roughening

approach yields irreproducible substrates, and spectra.

Weaver et al. [16] developed the technique of coating SERS active gold surfaces,
prepared by electrochemical rdugh_ening, with thin (2 to 5 monelayers fhick) '
continuous layer of Pt or other metals of interest. In this “borrowed SERS”
approach the signal for the overlying metal borrows the SERS enhancement from
the substrate; a procedure that works provided the metal overlayer is kept very
thin (2 to 5 monolayers thick). This approach can be used to obtain SERS .for
molecules at Pt, Pd and Rh electrodes, however, there is come controversy about

whether there are pinholes in the overlayer which give rise to the enhancement.
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Nanostructured SERS substrates (introduced in Chapter 1) have been used in
recent years to try and overcome the probiems seen with electrochemically
roughened electrodes. However, colloids are unsuitable for electrochemical
applications because they do not provide a continuous electrode surface,
whereas, photonic crystals have proven difficult or costly to fabricate. One
nanostructured substrate which has improved electrochemical SERS,; is the use of
the MFON structures described by Van Duyne [1 '1] and introduced in Chapter 1.
Van Duyne and colleagues have showh that these silver surfaces give a
significant in situ surface enhancement, and show good stability [11], whilst
improving the pote’ntial window for electrochemical SERS experiments. Clearly
there is scope for improved electrochemical SERS substrates that can be used to

study electrode reactions a variety of different metal surfaces.

The results in previous chaptérs from the sculpted substrate introduced in this
thesis have shown that there is control over the enhancement obtained from the
surface, by monitoring the plasmon modes, and that the enhancement can be
tuned to a specific wavelength or molecule. Also, that the reproducibility and
stability of the surface is second to none. Therefore, two initial experiments
were performed to show their potential as electrochemical SERS substrates. The
detection of pyridine and carbon monoxide will be presented in the following

sections of this chapter.

2 Detection of Pyridine in Solution.

In the first example pyridine will be used as a probe molecule. Pyridine has a
similar structure to benzene, however one carbon is replaced by nitrdgen, which
can bond to a metal, gold in this case, surface through the lone pair. The
spectmm of neat pyridine is presented in Figure 1, with the assignment of peaks

in Table 1.
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Figure 1 Raman spectrum of neat pyridine, obtained using a 633 nm excitation
wavelength, with a Renishaw Raman 2000 system. The spectrum was
acquired with a single 10 s extended scan, using ~2 mW power in non-
confocal mode.

|
Table 1 Peak assignments for the Raman spectrum of pyridine. |
Wavenumber /cm™ Assignment
652.5 v(C —N)
990.9 a;, v(C —H)
1030.2 a,,v(C-C-0)
1217 a;, v(C—H)
1581 a;,, (C-C-C)
3058.6 a;, v(C —H)

A solution of 0.05 M pyridine in 0.1 M KCI was prepared as an electrolyte, and
spectra were collected using a Renishaw Raman 2000 system, in an in situ
electrochemical cell, as described in Chapter 2. All spectra were collected with

an integration time of 60 s for 3 accumulations. The electrochemical SER
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spectra of pyridine at potentials 0.2 to -1.6 V vs. MMSE are presented in Figure |
Z
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Figure 2 Electrochemical SER spectra of pyridine recorded as a function of

\
|
|
potential. Each spectrum was collected using an extended scan with 3 x ‘
60 s accumulations. All potentials are shown vs. MMSE. The substrate |
was a 600 nm % d gold surface. |

\

|

The gold surface was stable under these electrochemical conditions and the SER
spectra are consistent with the published spectra for pyridine at silver [8, 17, 18]
and gold [19, 20] electrode surfaces. There is a shift in the peaks in relation to
the spectrum of neat pyridine. The two bands at 1012 and 1030 cm’ have been
assigned to symmetric ring breathing modes and occur at frequencies close to
those for pyridine in aqueous solution. The band at 1026 cm’' has been assigned
to pyridine chemisorbed at the metal surface through the nitrogen lone pair.
Between 0.2 and -0.6 V, as the potential is taken more negative the overall ‘
intensity of the band at 1010 cm™ decreases whilst that at 1037 cm™' remains |
approximately constant, neither band shifts significantly in position. However, |

between -0.6 and -0.8 V there is a significant change in the appearance of the
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spectra, the bands at 1010 and 1037 cm™ shift to lower wavenumber and

decrease in intensity while the band at 1026 cm™, attributed to chemisorbtion of |
the pyridine at the gold surface, disappears. These changes are consistent with a
change in the bonding of the pyridine to the gold surface, as shown in Figure 3,

in agreement with that reported for pyridine on silver [8. 17]. although for the

gold surface this occurs at a potential about 0.6 V negative of that on silver. The
signal from the pyridine molecule is lost when the potential was reduced to -

1.6 V. which is attributed to the desorption of the pyridine.

N Z SN /”\o/ N =
R Ty hp—
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B \
Figure 3 Diagram showing how pyridine changes it’s reorientation at the surface of
the gold electrode when the potential changes from +0.2 V vs. MMSE (A)
to -0.6 V vs MMSE (B).

2.1 Irreversible loss of signal.

A recurrent problem which has hampered the application of SERS to
electrochemistry over the last 30 years has been the irreversible loss in
enhancement on cycling to extreme potentials. Although there have been

some recent improvements in the stability of substrates [11] the situation is still

far from ideal.
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From Figure 2, it can be seen that when the potential reaches -1.6 V vs. MMSE

the SER signal from pyridine has significantly reduced. Figure 4 shows the \
spectra obtained at 0 V at the start of the experiment, and the equivalent |
spectrum when the potential is returned to 0 after being cycled to an extreme
cathodic current. Clearly the substrate suftered from a loss of signal, similar to |
that which hampers the success of other SERS substrates. However, upon
inspection with the optical microscope we found that there were bubbles trapped
on the electrode surface. When the electrode was tapped to shake off the bubbles
and the surface was rewet the original spectrum, of adsorbed pyridine was
recovered, as shown in Figure 5. The difference between these two spectra is

most likely to be a slight change in the position on the sample or focussing after

tapping the electrode.
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Figure 4 Comparison between the SER spectra of pyridine obtained at 0 V at the
start of the experiment (blue) and after cycling the electrode to -1.6 V
(red). Both spectra were obtained from the same point on the electrode |
with 3 x 60 s extended scans. ‘
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Figure 5 SER Spectra of pyridine at 0 V in the original experiment and after the

substrate had been rewet with electrolyte. Each spectrum was obtained
with 3 x 60 s extended scans.

The fact that the signal at the sculpted substrate is nearly recoverable without the
need to clean or re-prepare the surface is attributable to the mechanism of
enhancement. In the case of the sculpted substrate the enhancement comes from
the bulk of the structure as explained in Chapters 3 & 4, rather than from the
presence of special surface features. SERS substrates prepared by ORC
roughening rely on such special surface features, which are easily destroyed at
extreme potentials and do not re-form when the potential returns to a more

reasonable value.

The widened electrochemical window that the sculpted SERS substrate can reach
allows more extreme potential dependence to be carried out using SERS in the
future. The next example of how the sculpted SERS substrate can be used as in

situ electrodes is the detection of carbon monoxide.
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3 Detection of Carbon Monoxide using Platinum
nanostructures.

Palladium ahd platinum are important catalytic metals, and it would be highly
advantageous to be able to use surface enhanced Raman spectroscopy (SERS) to
study reactive species and intermediates on their surfaces. Up to this point in the
thesis only the coinage metals have been deposited through or over the
polystyrene templates, however it is also possible to deposit other metals such as
Pt, Pd, Co and Ni [21-24] and it has been reported that SERS can be obtained
using sculpted Pt and Pd surfaces, with typical enhancements of 1800 and 500,
respectively [25]. SERS of carbon monoxide, an important poison of catalyst

surfaces, is investigated and the potential dependence of the spectra reported.

3.1  CO absorption on Platinum.

Carbon ﬁonoxide is a known poison for fuel cell catalysts as it adsorbs to the
metal in an irreversible manner, blocking binding sites important in the
electrocatalytic reactions. The adsorption and stripping of carbon monoxide is
easily monitored using Cyclic Voltammetry (CV); Figure 6 shows the standard
CV of a rough polycrystalline Platinum surface, obtained in an electfolyte
solutibn of 1 M H,S04. A standard three electrode cell was used with Pt wire as

the counter electrode and a mercurous sulphate reference electrode.
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Figure 6 - Cyclic Voltammogram of 1 em’ Pt disc electrode in deaerated 1 M H,SO,.

The sweep rate was 100 mVs™,

The features of the CV can be split into three distinct regions: The hydrogen
region (a), where desorption of hydrogen occurs in the forward scan, and
adsorption occurs in the backward scan. The double layer region (b) arises due
to the segregation of charge which occurs at the interface between the working
electrode and the electrolyte. Regionrc is the oxide region, in the forward scan
oxide layers form on the platinum surface which are then stripped on the

backward scan.

When a monolayer of CO is adsorbed onto a Pt surface there is a very noticeable
change in the CV. The CV shown in Figure 7 shows the result after a lem?
diameter Pt disc electrode, held at -0.5 V vs. MMSE was submerged ina 1 M
H,S0;, solution which was purgéd in CO for 45 minutes, and then with N for 45
minutes so that a monolayer of CO was left on the surface. The CV in Figure 7

shows the CO that was adsorbed to the surface being irreversible stripped.
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Figure 7 Cyclic Voltammograms of a 1 cm” Pt disk electrode in 1 M H,SO, before

and after CO adsorption. The electrode was held at -0.5 V vs. MMS for 45 |
minutes prior to the CV being acquired at 100 mVs' : '

The monolayer of adsorbed CO blocks the surface for any other electrochemical
reactions as evidenced by the suppression of the hydrogen features in the forward

" scan of the CO covered electrode.

3.2 CO on Pt detection using vibrational spectroscopy

Carbon monoxide adsorbed on metal surfaces was-detected using infrared !
spectroscopy in the late 1950s by Eischens ef al [26, 27], publications followed |
looking at how the peak intensity and positions shift to higher wavenumbers with
increasing surface coverage (28, 29]. There were also observations of the CO
stretch shifting, by ~30 cm’ to higher wavenumber with changing potential, by
Bewick [30, 31], Kumimatsu [32-34], Pons [35] and Weaver [36]. The Shift in
wavenumber has been accredited to two things [37]: The change in bond

strength with electrode potential, and the effect of the electric field on the double
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léyer region on the molecule, which has been termed the electrochemical Stark

- effect.

The detection of the C=0O bond and the shift of band positions with changing
potential have commonly been reported in the infrared. However, monitoring the
adsorption of CO witfl SERS has the advantage that the Pt — C bond can be
monitored as well as the C=0 bond, which is the more bond important in termé
of catalyst performancé. However, it is only in relatively recent times that any Pt
SERS substrates have been prepared, in order to utilise SERS to monitor this

interaction.

3.2.1 Detection of CO on Pt using SERS

Weaver and co-workers developed a Pt SERS surface by using a deposition
method to prepare a platinum-éoated gold electrode [38], which exhibited well-
resolved SERS spectra of adsorbed carbon monoxide via the electromagnetic
long-range effect of the SERS-active substrate gold: This deposition procedure
was further developed, and they claimed a pinhole-free ultrathin film of platinum
coated onto gold, yielding optimal SERS.propenies with little or no -

chemical/spectral interferences from the underlying gold substrate [39].

Recent studies by Tian and co-workers have found that the enhancerﬁent factors -
of Raman scattering for other transition metals (Pt, Ru, Rh, Pd, Fe, Co, Ni, and
their alloys), varies from 10-fold to 103-fold depending on the nature of the
metal and the surface roughening proceduies [15, 40, 41]. Several typical organic
or inorganic adsorbates, including CO, adsorbed onto the highly roughened
platinum electrodes from aqueous solutions have been examined, and particularly
useful information reflecting the metal-adsorbate interaction can be well
resolved, enabling further probing of the nature of the molecule-pla’tinurﬁ surface
interaction occurring in the electrochemical system. Further work from Tian’s
group has seen the development of nanostructured Pt and Pd electrodes [42-46],
where nanocubes and other nanoparticles have been produced, giving rise to

more reproducible enhancements.
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Our group has shown that sculpted Pt and Pd SERS substrates can be developed

using the same technlque that is employed for gold. Typical enhancement

factors of 1800 and 500, respectively, have been obtained from BT on each
“surface [25], and a Pt surface will now be presented for the detection of CO in

Situ.

3.2.2 Detection of CO on a sculpted SERS substrate

A monolayer of CO was adsorbed onto a 600 nm ¥ d Pt sculpted SERS substrate
by bubbling CO through an electrochemical cell containing 1 M H2SO4, where |
the working electrode (the SERS substrate) was held at a potential of -0.15 V vs.
SCE for 45 minutes. The counter electrode was Pt gauze:and the reference
electrode was SCE. The CO was initially stripped from the surface to confirm
that the CO was adsorbed using this procedure. A CO stripping peak similar to
that seen in Figure 7 was observed, thereafter CO was readsorbed by bubbling
CO through the solution for an additional 45 minutes whilst holding the potential
at -0.15 V vs. SCE, and SER spectra were acquired at vérying potentials in the

saturated solution.

Spectra were collected using a cell similar to that described in Chapter 2, with -
the slight modification that a Teflon rod was attached to the SERS electrode and
screwed into the base of the cell. This allowed full control over the distance
between the quartz cover slip and the electrode. ‘Work by Ren ef al has shown
that the SERS signal drops exponentially with solution thickness [47] and they
found that the opfimal distance between the electrode and the window was

200 um. The electrode was moved to the correct distance using the focus control
of the microscope to measure the distance between the quartz window and the
surface of the electfode. ‘The potential was controlled using a pAutolab III

potentiostat.
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The spectra obtained from varying potentials for the Pt — C region are shown in

Figure 8, and the corresponding spectra from the C=0 region are shown in

Figure 9.
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Figure 8 Potential dependent SER spectra of the Pt — C bond, in the Carbon

Monoxide spectrum, adsorbed onto a nanostructured Pt 600 nm % d
electrode in 1 M H,SO, that was saturated with CO. The spectra were
acquired using a long working distance x50 objective on a Renishaw
Raman 2000 system with 633 nm excitation. Each spectrum was acquired
using a single 60 s extended scan.
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Figure 9 Potential dependent SER spectra of Carbon Monoxide adsorbed onto a

nanostructured Pt 600 nm % d electrode in 1 M H,SO, that was saturated
with CO. The spectra were acquired using a long working distance x50
objective on a Renishaw Raman 2000 system with 633 nm excitation. Each
spectrum was acquired using a single 60 s extended scan.

The peak positions of CO on Pt are consistent with those seen in the literature
[47, 48]. There were two key regions within the extended scan that were of
interest the bands at ~ 400 and 490 cm™ (Figure 8) which correspond to the Pt -
C bond. and ~ 2040 cm™ (Figure 9) which corresponds to the C=0 bond. The
presence of both peaks in the Pt — C region indicates that the CO is bound to the
Pt surface both terminally (to one Pt) and at bridging sites (2 Pt atoms) sites [38].

There is a shift in the peak positions from 485 and 397 cm™ at -0.1 V to 493 and
404 cm™ at 0.3 V vs. SCE, respectively. There is also a shift in the peak position
of the C=0 between these the potentials of -0.1 V and 0.2 V, from 2030.4 to |
2036.4 cm™ respectively, the signal from C=0 disappeared after this potential, as
observed in Figure 9. The positive shift in wavenumber with increasing

potential, for both bands, is consistent with literature and has been attributed to
both the weakening of the bond between the platinum and the carbon monoxide,

and more importantly to the electrochemical Stark effect [37, 49].
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From Figure’s 8 & 9 it can be seen that the C=0 band is lower in intensity than
that of the Pt — C band, which is in contrast to that observed in the IR spectra and
previously reported SERS spectra in the literature. The reason for this can be
explained by examining the reflectance spectra from the sample, shown in Figure

10.

;
| L 2 ---633nm
~ o
\// /—_ £ Incident laser wavelength
1 " |& — 649nm
e N v £ Raman band of Pt - C
N e oY
= N ® —— 726 nm
’ Qo
g 1 L S Raman band of C=O
1/
-\' . ot
% d Film Thickness
400 600 800 1000
Wavenumber/nm
Figure 10 Reflectance spectrum of a 600 nm Pt sculpted SERS substrate with

increasing film thickness. The red dotted line corresponds to the energy of
the incident laser, and the blue and green solid lines correspond to the out
going Raman bands of the Pt — C and C=0 bonds respectively. The grey
circle indicates the reflection spectrum observed at % d film thickness.

The reflection spectra shown in Figure 10are from a fully graded sample [25].

At % d film thickness, the thickness used to acquire the CO spectra, there is a
plasmon mode that encompasses the in-coming laser wavelength at 633 nm. It
also overlaps well with the out- going Raman band for the Pt — C bond (due to
tha shift in both bands a Raman shift of 450 cm™ was used) as indicated by the
blue line, whereas the band for C=0 (the green line) is not. This accounts for the

variations between the signals seen for CO.

The results from this initial study have shown that the plasmon resonance modes
from platinum sculpted surfaces can be applied to monitor the Pt — adsorbate \
bonds. Work has also been done on the development of palladium structures

which could also be used for catalytic applications [25].
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4  Conclusions.

The studies introduced in this chapter have shown that the sculpted |
SERS substrates can be used as electrodes for in situ studies. The electrodes do
not suffer from irreversible loss of signal at extreme potentials, due to the
controlled way that the surfaces are produced, and the SERS signal from pyridine

returned after the electrode was rewet.

This chapter has also introduced the development of Pt sculpted surfaces. The
SERS spectra obtained from a monolayer of CO was consistent with the
literature, and the shift in the peak positions were observed, which have been
attributed to the weakening of the Pt — C bond and the electrochemical Stark
effect. Differences in the intensities of Raman peaks were seen from C=0 and
the Pt — C bonds. This was dué to the methods of enhancement, which
corresponds well to that seen on gold substrates — the largest enhancement is
seen when the in-coming laser excitation and the out-going Raman band both

overlap well with a plasmon mode of the substrate.

Using the sculpted SERS substrates as electrodes for in situ expe_riments opens
up many avenues of research for the future. Sculpted surfaces can easily Be
_produced from metals such és Pt, Pd, Ni, Rh and others, even alloys, may follow
which allows the monitoring of catalytic reactions using SERS. Th_ersubstrates
are predicted to be as robust in other metals as they are in gold, which would

make them ideal electrodes for future studies.
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Chapter Seven: ‘Conclusions and Future Work

1 Conclusions.

The overall aim of this thesis was to understand the sculpted SERS substrates that
have been developed over the last three years, and to facilitate a deeper
understangling of how they increased Raman signals. Also, to demonstrate the |
uni(jue propérties of the substrates and how they could be used in the future. To
achieve this aim‘a series of samples were pfoduced with varying void diameter and
film thickness, and the SERS signals of benzene thiol obtained, with three different
excitation laser wavelengths. The optical properties have also been studied, in
parallel to this project, by colleagues in the School of Physics. This has led to a
thorough understanding of the plasmon modes occurring at the surfaces, and the

modes have been modelled on molecular orbitals.

The results shown in Chapter 4 showed that strong SERS signals were obtained with
enhancement factors of 10® being achieved with 633 nm excitation. However, the
signals varied dramatically with varying surface morphology and incident laser -~
wavelength, showing that one surface geometry was not the optimurh substrate
across multiple wavelengths. It was seen that there was a correlation between
positions of strong SERS signals and the plasmon modes, especially when the in -
coming laser excitation and out-going Raman signals both overlapped well with a
‘plasmon mode of the substrate. It was also seen that the plasmon mode that is based
upon a P orbital consistently gave rise to strong SERS signals, especially within the .
350 nm void surface, the 'P.. which is the ‘bonding’ type of plasmon mode gave rise
to the largest signals. This mode is centred at the rim of the substrate, and the
smaller rim of the 350 nm sample gives rise to a stronger electric field across the -

void, hence showing larger SERS signals.
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The substrate properties were discussed in Chapter 5, and it was shown that the
substrate is uniqué in térms of reproducibility and robustness. The reprbducibility is
10% on the same sample and 13% between samples)[l]. The variation arises from
slight imperfections on the substrate, as well as some variation when multiple or
single voids were sampled (Chapter 5). The substrates can also be used more than
once, simply by electrochemically stripping the molecule from the surface, and then
re-adsorbing a molecule on the clean surface. The substrates also perform for longer

than any other substrate with a shelf life of more than 3 years. .

Chapter 5 also discussed the origins of the background seen on every SERS
.spectrum. [t was widely been attributed to a photoluminescence from the metal
surface. When the shapes of the different backgrounds from 4 different laser
wavelengths were plotted versus eV, it was clear that the highest background
corresponded to the plasmon modes at that point of the surface. The
photoluminescence of gold surfaces have been shown to correlate with surface
plasmon polaritons, and photoluminescence emission spectroscopy is used to study
plasmons [2-4]. Therefore, the background can be attributed to a photoluminescent
emiséion from the gold. However, further work is requifed to monitor how the
background changes when different elgctron withdrawing/donating adsorbates are

used, and also how it varies with potential in an electrochemical environment.

Although this thesis has demonstrated an understanding of how the sculpted SERS
substrates work the applications of the substrates is an area that needs further work.
Chapter 6 demonstrated how the substrates make ideal electrodes for the study of
electrochemical reactions, as they can be used at more extreme potentials without
suffering from irreversible loss of signal. The unique way that the surfaces can be

tuned for a given molecular vibration could also lead to many avenues of further

work.
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2 Further Work

There are two main directions that this project could progress: Firstly to develop a
deeper understanding of how the substrates work i.e. whether.the voids must be

interconnected. Secondly, further applications of the substrates.

2.1 Deeper understanding of substrates. -

A preliminary experiment was done to try and isolate the cavities of the structure by
preparing a double templated substrate. This involved preparing a 900 nm template,
and electrodepositing g'old up to 0.25 d. The spheres were then dissolved and the
structured surface was used to assemble 600 nm spheres. The smaller spheres sat in
the dishes created by the larger spheres, and gold was then electrodeposited around
the smaller spheres, creating isolated voids. The voids were located using
Renishaw’s SEM-SCA and spectra of 10 mM BT was acquired using 785 nm

excitation. Theresult is shown in Figure 1.
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Figure 1 Spectra obtained from a single gold void, indicated in the SEM image. The
spectrum was acquired using 785 nm excitation at <1 mW power with 4 x 10 s
accumulations. The scan range was 3200 to 200 cm™', and the point at which
the laser was focused is indicated by the blue spot on the SEM image.

It was seen that very little SERS signal was acquired from a single void, which
implies that the substrate must have interconnected voids to yield a good SERS
signal; however, further work is required to optimise the preparation of such

substrates.

Another way to isolate plasmon modes was to prepare structures which essentially
blocked the plasmon modes within the void or on the surface of the void. This was
done by preparing a gold substrate as normal, and electrodepositing a 100 nm layer
of nickel over the top surface before removing the spheres. Then the opposite
structure was also prepared which had a gold top surface. However, there were
problems getting an even film over the top surface, but the technique could be

promising if this avenue of research was taken further.
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22 Further applications of the substrates

As shown in Chapter 6 the sculpted substrates make ideal electrodes, which enable
us to monitor electrochemical reactions with SERS, and an example of detecting the
Pt — C bond in CO on Pt SERS substrates was shown. However, there are numerous

* other areas of research that could utilise this technique in the future.

The area of electrocatalysis requires the metal — adsorbate bond to be measured as it
is fundamental to the performance of the metal as a catalyst. However, no in situ
spectroscopic techniqﬁe has been able to detect the bonds, due to several imiting
factirs: the interference of water in the IR spectra, the low energy bands at

<1000 cm' are inhérently difficult to detect simultaneously with the mid IR.
However, SERS overcomes this problem, and it is possible to detect the metal-
adsorbate bond using Pt sculpted SERS sﬁbstrates. Further work could extend to
the detection of oxidation of alcohols in acidic and alkaline solutions, as well as the
hydrogen and oxidation reactions at the metal surfaces. Also, the technique is not
limited to Pt, we have already shown that Pd surfaces can also be used for SERS [5],
and future development could yield Pt alloys, which have yet to be used as SERS

substrates.

The substrates are not simply limited to electrochemical cells, there is also potential
to utilise the plasmon modes that are localised in the centre of the void, which have
yet to be fully utilised thus far. An initial experiment was performed using a custom
made heating/gas cell, described in Chapter 2. The substrate was placed into the cell
which was sealed and then filled with nitrogen. Spectra were collected from the

substrate and from flat gold and the results are shown in Figure 2.
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Figure 2 SERS spectra of 4 atm N2, using a 600 nm % d gold sculpted substrate (red

line), in comparison to no pressure of gas (black line). Each spectrum was
obtained using 5 x 60 s static scans, using 633 nm excitation.

There was a clear enhancement of the Raman spectra of the gas from the
nanostructured substrate, in comparison to the flat gold. This enhancement was also

seen to change with pressure of nitrogen, as shown in Figure 3
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Figure 3 SERS spectra of a gaseous species upon a 600 nm % d substrate. Each
spectrum was acquired using 5 x 60 s static scans with 633 nm excitation.
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Upon examination of the band position of the peak, it was discovered that the band

was seen at ~ 2130 cm™', whereas the expected band for the nitrogen stretch is seen

at 2300 cm™'. Therefore it was concluded that the peak was not due to nitrogen, but

rather to some impurities that could be in the gas line. However, this result does
show that the plasmon mode that is centered in the dish (D modes, discussed in

Chapter 3 & 4) can also be utilized in further SERS studies.
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