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Abstract

Surface Enhanced Raman Scattering (SERS) has proved to be a powerful spectroscopic tool
since its discovery in 1973. Advances in nanofabrication techniques increasingly allow for
the manufacture of complex nanostructusadaces. However, an obvious constraint to
developing suitable substratgographycan be the complex and often expensive techniques
required to manufacture them.

The aim of this work is to evaluate the performance of SERS substrates, and so better
understand the key parameters affecting their efficiency. Then, to investigate development of
novel substrates produced via state of the art nanofabrication techniques. Finally, using a
suitably characterised substrate, to develop a robust method of SERSshigdor cancer
biomarkers at ultrdow concentrations.

I n this study, Raman analysis was perfor med
produced substrates functionalised with a Raman rep@riéapthalenethiol (2NT). The

substrate types investited were fabricated via different techniques. These techniques
include:Reactive lon Etching (RIE); Inkjet printed Nanoparticles (NP); Dynamic Oblique
Deposition, Laser processing and Nanoimprint lithography (NIL). The characterisation was
carried out taorrelate fabricatiomethods and the surface geometry they produce to SERS
performance. The Raman response of the substrates was interpreted using SEM analysis and
Finite Difference Time Domain (FDTD) modelling. The FDTD software simulates an
electromagnic wave incident on nanostructures and outputs the local electric field maxima

and spatial distribution.

We discovered a number of factors that affect the SERS response of a substrate, including the
size and shape of surface features, and material camoposiowever, the parameter that
ultimately dictates the magnitude of the Raman signal enhancement is that of interstructure
spacing. Substrates that achieve-&0bnm gaps between structures casisenginteraction

of adjacent electric fields and thgenerate Coupled Plasmon Resonance (CPR). When CPR
occurs the SERS enhancement factsherplyincreased.

Following the substrate characterisation, a high efficiency SERS substrate was chosen to
investigate SERS biosensing of proteins. An indirect metiholétect protein was

investigated, relying on a SERfased nanostress immunoassay. The analytes tested were the
cancer biomarkers p53 and Epidermal Growth Factor Receptor (EGFR).

It was found that variation in antigen concentration influenced changies Raman linker
spectra. This was observed in both a FWHM broadening and peak centre frequency shift for
selected Raman peaks of inter@ste lowest concentration measured in this work compares
well with previously reported detection limits based on stness sensors. Not all of the
linker/protein systems tested exhibited consistenta@asurabl@eak changes. However,

the differences in characteristic behaviour of linker/protein models can be exploited for
multiplexed biosensing leading to better dsseprognosis. With continued development, this
nanostress sensing model could eventually be used in point of care clinical diagnostics.
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1 Introduction

1.1 General introduction; Surface Enhanced Raman Scattering (SERS)

Spectroscopy is theectionof opticsconcernedvith spectrum analysisndinvestigateshe
interaction between light and matter. The types of interaction indudere not limited to
the following:absorption, emission arle scattering of lightThe spectroscopic technique
utilisedin this projet examinedight scattering, and specifically inelaslight scattering
known asRamanspectroscopy.

The usefulness of Raman scattering arises from the mechanism that produces the inelastic
scatteringThe interaction of an Electromagnetic wave incicerd surface produces a
PlasmorResonance effecThe free electron gas densitypisrturbed by the incident field,

resulting in an oscillating dipole, with the collective oscillations known as Surface Plasmon
Resonance (SPRJhe SPRat the dielectric iterface (the dielectric usually being air)

generates a secondary local electric fighdchthen acts as a scattering soutoghe Raman
Scattering process, a change in frequency occurs between the incident and scattered photons.
The resulting frequencghift of the scattered photon is dependent upompé#rgcular
vibrationalenergief the functional groumvolved[2]. Thus, each nlecule has its own

unique spectral characteristics which makes Raman scattering a powerful spectroscopic tool.

Ramanscatteringvas first experimentally observed 6yV Ramarand KV Krishnan in

1928 3]. However the weakness of the Raman scattered dignted its usefulnesantil the
discoveryin 1973of an enhancement effect now known as Surface Enhanced Raman

Scattering (SERY}¥]. When light interacts with Metallic Nano Pareck ( MNP&6s) or a
metallic surface containing nanostructytege Local SPR (LSPRstrongly amplifies the

secondary local electric field, and as a consequence the Raman scatteredsigiaade

enhancement factors involved in SERS has enabled the Raman scattering technique to realize
much of itspotential. In facthe sensitivity oSERShas enabled its use single molecule

detection5].

1.2 Motivation & O bjectives

The SERS effect is strongly dependentloe geometry of stacenanofeaturgsand the
fabrication techniques required to achieve them. Therefmdyenefits that SERS can bring

to a wide variety of applications udtimatelydependent upon the suitability and performance
of the subsates usedn the years fdbwing the discovery of SERS there have been many
advances in nanofabrication that have enabled the production of high efficiency SERS
substrates witlsophisticated nanostructures. However, the difficulties of sustaining complex
manufacturing processesarow volume market remains a significant challenge.

This project begins then by examining the performandmtif commerciallyavailableand
novel 0 $ERS dulmstmagegnéattempt is also made to modifga@hernovel substrate
by optimising surface nanofeatures using electric field modelling software. Then to re
evaluate the optimised substrates for performance as before.

Ouraim, by characterisingERS substrates in this wadekto relate the efficiency of a
substratés relative performance to the individual substrate topograpyynderstandinghe
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geometry dependent SERS response of a suhstiaell be ableto determine what are the
key fabrication parameters affecting SERS activity

SERS is used in mgmesearch areas, it is multidisciplinary and is a marriage of
Nanotechnology, Lasers and optical detection methods. The multidisciplinary nature of SERS
is exemplified in SERS biosensing which is the application of this prdjdadgh efficiency
substrag is selected based on the initial characterisation work. It is then used to develop an
application in SERS biosensingquiringa high level of detection sensitivity.

The SERS biosensing approach adopted in this work involves the measurement of protein
concentrationThere is ambvious questiothat arises at this point and thatfisw h y

pr ot eSpetificdlly the proteins we evaluated were p53 and Epidermal Growth Factor
Receptor (EGFR)Both of these are known as cancer biomarkers aud bheerstandard
benchmarks icancer research for many years. The biomarker p53 regulates cell cycle and
acts as a tumour suppressor gene; hence overexpression in tleabauyicatehe onset of
disease.

Most of us knowpeople who have been diagnosed withcearand are aware that early
detection is the key to patient survivallditionally, early detection is dependent upon
sensitivebiosensing of cancer biomarkers at ultve concentrations. Owim is to develop
a robust and sensitive technique thoe sersitive detection ofcancer biomarkersowards a
futurepoint of care clinical diagnostic method.

1.3 ThesisOutline
As a helpful guidethestructurallayoutfor this PhD projecis presenteds follows.
Chapter 1

An introduction toSSERS andthe project motivation andbjectivesareintroduced in this
chapter

Chapter 2

A description ofSERS theoryand a review illustrating where this work lies within flredd
of SERSresearcland SERS biosensing presented in chapter 2.

Chapter 3

Chapter Jorovides a&comprehensiveverviewof the materialsequipment and substrates
used during thisasearch. The methodology fubstrate characterisation is explained, as is
the approach used to functionalise substrates for SERS biosddsiads of subsate types
andthefabrication techniquesgsed to produce thearealsoincluded

Chapter 4

Chapter 4 is the first results chaptnd this chapter assess$les performance gdlatform
based SERS substraféhe characterisation work is carried out udRaghan, SEM and Finite
Difference Time Domain (FDTD) analysiShe SERS response of each substrateisype
evaluated byneasuringsignal intensity angdpot to spotonsistency for specific Raman
peaks of interestJsing the signal from a reference samplestandard benchmark tie
SERS Enhacement Factor (SERS EF) is calculated.
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Chapter 4dentifies which substrate typeghibit the best SERS response. The results
facilitate correlation othe key factors responsible for SERS efficiency to individual substrate
geometry.

Chapter 5

Chapter 5 describes an attempt to fabricateveel SERS sensor using a state of the art
nanofabrication techniquenown asSubstrate Conformal Imprint Lithograp(SCIL). The
performance of the substrates was then evaluated with the same characterisation methodology
that was used in chapter 4. Following Raman and SEM analysis, detailed FDTD simulations
were carried out to optimise the substrates.

A second substrattype produced by Nanoimprint lithography was characterised, optimised
with FDTD analysis and then retested &R SperformanceChaptes 4 & 5 identifyand
confirmthe key parametersfluencingthe efficiency of SERS performance.

Chapter 6

An investigtion into SERS bioanalysis is carried out in chapter 6. Specifically, a robust
technique for an indirect measurement of protein concentration is desdiileeRaman
spectra of a linker molecule functionalised with an antibody/protein combination was
exanined at different protein concentrations. The resulting changes to spectral peaks of
interest was related to nanomechanical stress at the linker/antibody binding site.

Chapter 7

Chapter 7 presents conclusions and principal findings from the three obsydtsrs. It was
ascetained that the parameter moffeating the signal enhancement gained from a SERS
substrate is that of interstructure spacing. This is due to thdétbRfasmonesonance
(CPR) effecthat can ariserom nanostructures/particlesdtose proximity i.e. < 10/15 nm.

Regardinghe SERS biosensing of proteins, our results demonstrated a quantitative measure
of protein concentration, with a lower thresholdasurement of 0.25nM achieved This
compared well with otheranomechanicakiess sensdechniques.
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2 Background Theory & Literature review

This chapter presents the background theoq literature review that is relevant to Surface
Enhanced Raman Scattering (SERS). The theory begingdisicussion on the optical
processes involved in the interaction of light with materials. The flow of the discussion then
follows from Scattering to Raman Scatteramgdthroughto SERS, ad investigates the
mechanisms that generate BIiERSeffect

In order to illustrate where this project lies within the literajtine review examines SERS
substrate types and fabricati@amdSERS applications and techniquéhis isfollowed by a
look at novel SERS platformecent trends and future challenges

2.1 Optical Processes

Reflection, propagation and transmission arentlaé generalclassificatiors of optical
processesvolved inthe interactiorof light with matter Further sukcategories that describe
propagatiorthrough a materiare efraction;absorgion & emission and €attering.

PROPAGATION Refraction PROPAGATION
. through the through the
Incident e material
light
e
AbSinthll Transmitted
. . light
Emission
—_— S
Reflected Reflected
light light
£ Scattering £

Figure 2.1 Schematic; Optical processes
Transmission is dependent on the Reflectivity wbézhoccur at the front or back interface, and
the processes occurring during propagetithrough the medium.

Refraction is a interfacialphenomenomvherethe bending of lighbccurs at aiterface due
to a change in propagation velocibsorption and emission are processes where energy
from incident photons is either absorbed or redeldy a material due tthe excitation of
atoms.

The dud nature of light can be described as followigiht is often thought to behawas a
wave as it propagates through free spandas a particle as it undergabe processes of
scattering, absormn, andemission The sattering process can be described as the
redirection of light as it encounters an obstacle in its Jdtis. change in direction of the
light can occur with owithout a change in frequency, @sher inelastic or elastic scattering
respectively.
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Figure 2.2 Schematic;

Scattering processes

Elastic Scattering involves a change in direction; Inelastic Scattering a change in direction &

frequency

As light interacts with polarisablaolecules in its patitheelectronc configuration of the
molecules can beperturbed by the time varying electric field of the incident wave. This
causes @eriodic displacement of charges within the moleanégener#es an induced

oscillating dipoleDuring the elastic scatterirgyocessa photon is absorbed and

instantaneously remitted at the same frequency.

Rayleigh scattering involves the inelastic scattering of light from molecules that are much

smalkr than he incident wavelength suallythe particle sizeKl/10( a\When the particle
size is similar tar greater thathe incident wavelength, elastic scatteringeiferred toas
Mie scattering, named after Gustav Mie.

Rayleigh scattering strongly depends on wavelemngth, the scattered intensibeing

pr opor ti*dHoweVerMiescatiefing is only weakly dependent on wavelenatio

actually

becomes

i ndependent

of it

once

Two types of inelastic scatterimgechanismsire Brillouin and RamarBrillouin scattering is
an effect resulting from the interaction of photons with acoustic phonons in a solid medium.
A phonon is a quanta of molecular vibrational energy. In a solid;dltective vibrational
energy exid as propagating matteraves. A acoustic phonon is an-phase movement of
lattice atomsWhereas an optical phonon is essentially an out of phase oscillation of

neighbouring atoms.
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Figure 2.3 Timeline; Scattering processes

2.2 Raman Scattering

As mentioned above, the interactionadight wave with matterinduces an oscillating dipole
in the electron gas clou@he dipole moment is proportional to the incidgeld, andis
commonlydefinedby the following.

0

O

Equation 2.1

Where P is the dipole moment; E the external fi@tdl he constant of proportionalityl bis
known aghe molecular polarizability.

Theexternal electric field can be written as:

0O OAT100

Equation 2.2

Whereky is the amplitude and o is the incidenangularfrequency.

CombiningEquation2.1 andEquation2.2 we can represent the time dependent induced
dipole moment as:

The

mol ecul ar polarizability is a mabyeri al
densi

whicht he el ectr on
essentially the state of the molecule in the absence ekteenalfield. We can use the
classical approadwo understand the process, with the example of a diatomic aieldhe
molecules can be considered as two weights connected by a spring.

0 | OAT1006
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Spring constant

Atomic mass
m

Figure 2.4 Schematic: Simple Harmonic Oscillator

Displacement from equilibrium; ¥ x> for weights A & B respectively; combined atomic mass ¢

both atoms (or 6éreduced massé6é) = m; spripn
By usi ng Hheeduaidnof motmfer thesimple harmonioscillatorin the above
schematican be written as:

dﬁ ‘W T Equation 2.4

The total displacement is wherex = x; + X2

The appr oxi mat iworks wellfor sidal digplec@meentand fae maximum
di s pl ac e meinthis dase; agproxmaatel0% oftheatomic bond length6]. For
thisrepresentato n, t he s kbr icrog rtedhgpataméalisind strength.

Now, we solvethis second order differential equati@nd replace the displaceménkwith
Q. Thesolution for the time dependent displacentart now be writtemas:

QL 0 AT10 o Equation 2.5

With dQ = the displacemérirom the equilibrium position; §the maximum displacement
and. vib = the oscillationfrequencyof the SHO systerin this case the frequency a
particular vibrational mode

Next, we develop the molecular polarizability as a function of displacement, by using a
Taylor series expansion.sAhe maximum displacementdsnalbwe can approximate the
Taylor series tats first two termsand writeit as:

1
| —a

R VI Q0 E Equation 2.6

—a

Whereh o= the polarizability at equilibriumi.e. no applied external field

Substituting the value for dQ froEquation2.5 into Equation2.6 we can nowexpress the
polarizability as:
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| : 0 AT10 0 Equation 2.7

Finally, we substituté h e v ahléfoom Edquation2.7Gnto the equation for the time
dependent dipole momem (Equaton 2.3 above)to give the following

5 | 0AI1006 ;—'u 0AI100AII0 6  Equation2s
We can now apply the following trig idetytito Equation2.8 to separate the right hand side
of the equatiomnto three helpful terms.
AT o ATO o

Al OAT & g

0 | OAi1006

|

00
0 G
AT ©

Equation 2.9

—a

AT O o
o)

It is usefulto examine the frequency dependence of each of the three terms on the right hand
side of Equation2.9. The first thing tanote is that the induced dipaleoments occuat three
separate frequenciesy, (- o1 + vib) and ¢ o + + vib).

The frequency of the first term is .ap, which is te incident frequency, thalse scattering
eventdescribeds elastic or Rayleigh scattering.

Both of the next two terms in the equation represent scattering events that undergo a change
in frequency, i.e. inelastic scattering. The fothese describes scattering at a lower

frequency and the second at a higher frequency. Taesknown astokes and antbtokes
scattering respectively.

Moving on from the classical model, we can use quantum mechanics to understand Raman
scatteringThe quantum mechanical model essentially inefgpRaman scattering as a three
step/stage transitiolectrons in molecules occupy specific states in materials, and these
statesarecomprisé of quantized vibrational energies. An incident photon excites a molecule
and is absorbeghising the system tavirtual or intermediatestate Immediately, a photon is
scattered and the molecule O0relaxesd to a

The schematic below illustrates the difference between the Stokes afiticdes scattering.
Essentially, the Stokes transiticglates to emission while the a®iokes to absorption.
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Raman Scattering

Energy

Stokes anti-Stokes
m - . E=hv
«— Virtual states

E = Photon energy
h = Planics constant
v = frequency

s hv, = incident photon energy
«— 15t excited state hv, = scattered photon energy
b «— Ground state hv;, = molecular vibrational energy

hvg;, I

Figure 2.5 Schematic; Stokes & antiStokes Raman scattering

The Stokes scattering is rstifted with respect to incident frequency and is at a l@mergy.
While the antiStokes is blushifted and at a higher energy with respect to the incident photon
energy

The antiStokes intensity is much weaker than the Stokes. This is due to the lower population

density of the antBStokes thermally excited viral state, which is described by the
Boltzmann factor.

Returning toEquation2.9, and considering the two Raman scattering terms, it is clear that the
following condtion must be satisfied if Raman scattering is to occur:

|
— T
U

—a, —a

A physical interpretation of this conditipis that there must be a change in the molecular
polarizability resulting from the atomic displacemeértie nonzero value ofiih/ U Q6 i s
generally known as the Raman selectioe fot small molecules.

2.3 Surface Enhanced Raman Scattering

Principally, when light interacts with matter it is scattered elastically by Rayleigh scattering
Subsequently the 6small 6 fraction of | ight
is a weak scattering everrt. 1928, C.V Raman and K.V Krishnan published their

experimental findings of inelastic scattering. They repdttatithis scatténg event was

typifiedbyiii t s feebl eness in comp[@rison with ordi

Thescattering cross sections a useful parameter to quantify the intensity of the scattered
radiation.Generally,conventionaRaman scattering cross sections are much smaller than
elastic cres sections (e.g. Rayleigl@onsequentlythe Raman signal intensity is also much
weaker. David Hahn reports the following values for diatdsitcogen(N2) at 488 nm
excitation:

Scattering cross sectio(sm?/sr) " Rayleigh= 8.9 €78 " Raman= 5.5 €}
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The resulting scatteradtensities for N revealed that the Rayleigh signal was more than a
1000 times greater than the Raman scattered Jign#h the case of a solithe difference
can be much greatexjth ~ onlyone in1®® => 10'° photonsbeingscattered inelastically.
Additionally, Raman scattering cross sections canp& 14 orders of magnitude lower than
the effective cross sectiorts fluorescence.

The discovery by Martin Flegthmam in 1973 of the surface enhancement to a Raman signal
has proved to be a 6game changerd6. The Surfa
hasbeenreportedn manypublicationssincethen.

40000
35000
30000
25000
20000
15000
10000
5000
0

Number of SERS Publications

19751980 1985 1990 1995 2000 2005 2010 2015
Year

Figure 2.6 Number of SERS publications
Citation data from Google Scholar (accessed on Augu$2096); search term"Surface
Enhanced Ramano

The initial discovery involvethe observation of a strong Raman response &ononolayer

of pyridine adsorbed onto agr electrode. The electrode hiaglen electrochemically
roughened4]. Fleischmann et al. rationalistitatthe enhancememtosefrom the increase

in thesuface area of the electrode. Artreased surface aremuldlead to an increase in the
number of adsorbents and hettteRaman signal. However, two separate research groups
independently concluded that the signal increase was too large to be explained by an increase
in surface area alon€hey concluded that there must have been an aotrabseof the

Raman cross sectid@ading to the enhanced sigfa).

It is generally accepted that there are two separate mechahaneembine tgereratethe
SERS phenomendhe first of these is electromagnetic while the other is a chemical
enhancement procegsis the electromagnetic mechanism that accounthé&majorityof

the enhancemesefffect[8]. It is geneally thought that thee mechanisms provideerage
enhancement factors of ~ 100 & 10,000 for the chemical and electromagnetic respectively

[2].

2.3.1 Chemical Enhancement Mechanism

When analyte moleculese absorbed onto a metal surface the molecules can interact

chemically with the metal; i.e. chemisorption. This has the effect of increasing the scattering

cross section and consequently Reman intensityi-romEquation2.1, it is an increase in

the magnitude athe molecular polarizabilitg¢ 6 t hat occurs with SERS ¢
enhancement.
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As yet there is still much deliberation as to the mechanisms behind SERS®ahemi
enhancement. Valley et al. describe three separate prof@jssestributing to this
mechanismThese are: changes to molecular polarizability {remonant), molecular
excitation and chargeansfer resonanced.he firstof these processes arises from the
formation of a new chemical system betweenntieeal and the molecule, whitdads to
changes in polarizability

Whichever mechanism is responsible for chemical enhancement to the Raman signal, the
molecule must be directly adsorbed onto the metallic surfadmitionally, the chemical
mechanism is unique to the binding site and dependent on the specific chematglahthie
analyte[2].

2.3.2 Electromagnetic Enhancement Mechanis

An important parametehat governs the optical (and electrical) response of a neethg
dielectric constant o6U6. It is a property th
metabs electronic structurét depicts the degree of polaaizon that can result from an

incident electric field propagating through the mateaalit displacesharged particles from

their equilibrium positionF o r  mejaalds ,t h@& r el at e.ddo arreef rcaocnpil veex
numbes.

} B Q- ¢ QQ Equation 2.10

N o t eand3@re the real and imaginary parts of the dielectric constant respectiwiije
n = refractive index and k = the extinction coefficient.

The real part of the dielectrfanction, U represent®y how much a material becomes
polarizedas dipoles are induced by the incident EM waire imaginary par} is related to
the absgotion properties of the metal, i.e. vibrational energy lost as heat to the material.
Thus if & = 0 then the material is transparghe + relates to whethehe dipoles oscillate in
or out of phase witthe incident field.

Silver and gld are two of the most useful metals for plasmonic applicat@wsr most of

the visible spectrum, the real paf ther dielectricconstants is large and negatitregure2.7
below. The large value of} yields a stronger induced dipole moment, resulting in an increase
to intensity related effectsuch as SER3rom the definition of the time dependent dipole

mo me n t EquatioR2d), af increase in the electric field naturally results in an increase to
6PO.
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Figure 2.7 Wavelength dependence of dielectric constants of Silver & Gold

(a)The real partofthedielectrid:ii° ncreases in magnitude wit

both metals (bjhe imaginary partt4f or Gol d i s greater than 1

nm (which results in increased abstiom); seeGeneral referencepage207[10]
The electromagnetic enhancement mechanism of SHER&s from collective oscillations of
electrons on the surface of noble metal nanoparticles or nanofedtuisestfect is called
Local Surfae Plasmon Resonance (LSPRIgtallic nanoparticles or nanostructuresn
sustain oscillating Plasmons resulting from interaction with an incident time varying field.
Surface Plasmons possess both transverse and longitudinal electric field components, while
bulk Plasmons have only longitudinal. Thignsverseharacteristic of surface Plasmons
allows them to interact with lighhhat isincident at the metal surface.

A standardnodel used to describe the LSPR effect of SE&®at of a single metallic
nanospherdluminated by incident lightA key parameteior this models that the particle

sizemust bemuch smallethanthe incident wavelengtiWhen this is the casthe electric

field is effectively static from the reference point of the nanoparfitlis allows the use of

the electrostatic approximation of Maxwel l 6s

Two cases of a nhanosphere illuminated by an electromagnetic wave are illustrated in the
following schematic. The left image is of a sphere with a dimensionality of theadrither
incident wavelengt h, o . Thed o.i ght i mage i s a
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Figure 2.8 Nanosphere irradiated by incident light
Propagation alongy,-p ol ari zed | i ght oof sp exrgrhiet twiawietl \
surrounding eenvironment =
An expressions derived for the quasitatic electric field casgight imageabove as
follows. The perturbation of electron gas by the incident field gives rise to an induced dipole.
This displacement of negative charge against the restoring force of the positive nuclei forms a
stationary plasmonic oscillation.

The individual field vectors (Carties coordinates) are polarization dependent and for z
polarized light: k=Ey=0withEi 0. Thus, the general form fc

O OATQm1 o Equation 2.11
For the | ong wavel elngthdm tla px@mdahe fielchaxpressian, i . e .
simplifies to:
O 0 AI1100 Equation 2.12

Anot her c onlsa& 3 tha iheeatermalffieldecan be assumed to be approximately
constant in time. Thus for static charges, N
magnetostatics describe separate effects, and the magnetostatic equationgrzaedhe

Furthersimplif cat i on can be made by replacing Maxwe
equation for the scalar potential;cfuity , given as:

nnoom Equation 2.13

The harmonic solutions for the Laplace equation are devieconverting from Cartesian to
spherical coordinates, and subsequent separation of radial and angular variables. Solving the
radial equation yields two solutions which can be combined to form one general solution. The
solution contains two coefficientshich are determined via geometry driven boundary
conditions.

These boundary conditions ae follows
O ©

i.e. the field inside the sphere must be different to the field outside.
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The incident field is unaffected byi%%Hie sphe

The coefficients can be determined using these boundary condittarsthe analytical
solution for the electric field surrounding the particle,: Ean be given by the following
equation.

O ahuhd OdHU — w0 — — wo wo H  Equation2.14
Where a = s p& 8arethedigedtiicfursctionsidr the metal and surrounding

environment respectively; r = radial distance from sphere. Light is at normal incidence with
Eo magnitude of the incident electric field; x, ¥, €artesian coordiates.

[A full derivation of Equation2.14 is laid out by Willets and Van Duyne in the
supplementary material of their 20@ublication[11] at: http://www.annualreviews.ofg

From the small sphere, long wavelength solution above, we can see that the field around the
nanosphere decays rapidiyth distance from the surface. The local electric field that arises
from the Plasmon resonance is a near field effect, with the decay followeasaal/r®
dependence. Ess endulV adkdenetalywithin 24 nnYfor® the durbace, E
Within the field of SERS, these highly localised regions of intense electric field are known as
6Hot spotso.

The first bracketed termonthe RH S f t en defined as 6g6) will ¢
enhancement and the resoceuconditions of the nanospbeNote that theime dependent
i nduced di pol®éQ moment, OPO6 i s
Osphere N - -
Q P Equation 2.15

Thereal partofthel i el ect r i ¢ ¢ o m8hasamsttongavhvelenptredeparedénael 6 U
Consequentlythe magnitude of thenhancement will also hveavelength dependerithe

maximum enhancemefor a nanospheneill occur when mif)negative andh Y  3; tor

a /.1 This condition is met for silver and gold for the visible spectfuij. The particle

S | z eand thadeek@ctricfunctionof t he s ur r ou nowilralgo centribuie too n me n t
the enhancement.

In summary, the foremost contribution to SERS enhancewi#ite electromagnetic
enhancemenarisingfrom the metal nanoparticles/nanostructures. Some additional
enhancement will result from an adsorbed molecule in the SERS near field region.

When 060g6 is calculated for chevedd?Zl.ocyl i nder , t

Ocylinder " - -
Q —— Equation 2.16
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As per the nanosphere calculation, the field is assumed to be a static field; the approximation
holds well for di meoea+ IB20ain.iAddgionally hésource ss t han
wave is at normal incidence to the side of the nanocylinder as shown in the schematic below.

=
=
g5 = Et £
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=" =
: B / N
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Field & . /
propagation Em " /

Figure 2.9 Schematic; Nanocylinder irradiated by incident light
Thefield is assumed constant in the direction of polarization, which is on the plane of thie pag
left image.

Fora nanocylinder, resonance and peak enhancemagaiis achieved wheli, is negative

and:thY olBy comparing the tEquatiom k58 EqaionR®ns for 06
we can see thahe difference in enhancement between the two examples is principally

geometry drivenGeometry induced resonanisea significant property of Local Surface

Plasmon Resonance.

2.3.3 Local Field Intensity & SERS Enhancement Factos

TheLocal Field IntensityLFI) is proportional to the square of the electric field amplitude at
a specified point of interedt.is useful to considezthanges to theFI that resulfrom an
obstacle or inhomogeneity in the path of an electromagnetic.Whus, he Local Field
Intensty Enhancement Factor (LFIEEaN be defined as the LFI normalised with resfeect
that ofthe incidenfield.

g ih
, &) Bh& - ion 2.
) o ih Equation 2.17

With Boc & Eo themagnitude of théocal and incident fields respectivelye LFIEF is
dependent on botthe frequency., and thedistance from the surface

WhenLFIEF > 1 enhancement will ocguas pethe case ofhanoparticles and nanostructures
interacting with light If the LFIEF < 1 quenchingvill ensuewhichis generallythe casedr

a planar metallic surfac€or a planar interface between a bulk metal and_RIEF

guenching occurs due tbe local field oscillatingput of phase with the incident field.

The SERS electromagnetic enhancement mechanism causes an increase to the Raman signal
because of an amplification of bdtie Raman and incident electric fielff3]. Thus, it is both
the emission and excitation enhancements that contribatefice enhancddaman
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scatteringAs such, we can define the SERS enhancement factor (E#9 dlowing
product

3NIBE , &) 1N& , && Equation 2.18

Where. | & . sare the lase(excitation)and scatteregemission)requencies respectively

It is important to note that the emission is directly linked to the excitatiostromger SERS
signals are observed with increased laser intersithhe majority of cases, there is orly
marginal difference between & - s. Thus, acommonly used approximation for the SERS
EF is:

i S P O ih s
Y'O'YOYOO "O'00OhO O h s Equation 2.19

Wlth + é. + Sé- + |_
This is generally referred to as theFEERS EF approximation.
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2.4 SERS Substrates

2.4.1 Substrate Material; Surface layers

Metallic surfaces that facilitate the Plasmooscillation of free electrons are essential in
generating the SERS effect. The most widely used metals fouttaes of SERS substrates
are slver and @ld and to a lesser extermmper[2], with silver and goldyenerating the
greatest signal emmcementThe SERS enhancement from silver will be larger than from
gold. This is due to the dielectric function of siltleathas the effect of minimising plasmon
resonance damping in the U¥3]. Other metals that can also prodtice SERSeffed
include: &uminium[14], indium[15], platinum and alladium[16].

2.4.2 Substrate Classifications

Fol l owi ng disdoeiy sf BSERS A% Bitial SERScharacterisation involved
studies of pyridine on Ag electrodgl/]. This progressed to mosephisticated surface
analysissuch as the work by Haynes and Van Duyne correlating speatedo nanopatrticle
structureg[18]. Real worldapplicationdollowed with SERS sensingeingused forexample
in the detectiorof glucosg 19 and anthrax2(].

There are essentially two differeriassificationsof SERS substrateshich in the most

general sensean be considered as random or engineered subsBaesfically,they can be
classifiedag i t her Met al | i ¢ Malenentdd asrcolloidalldispersiqamM NP 6 s )
platformbased unitsPlatformbased substrates agprise ofnoble metakurfacenanofeatures
actingasthe SER& ct i ve [28]r egi on 0

[ SERS SUBSTRATES ]]

- \ 7

ok
e
Colloidal
Dispersion Bottom up fabrication
(Characteristic
size: 1 — 100 nm) (e.g. Immobilisation of MINP's or chemical self-
assembly on a solid platform)

Figure 2.10 Schematic SERS substrate classifications
MN P &reqjuently used due facile preparatiortechniquesPlatformb ased t ypi c a
fabrication; bot hbotomu p@® oprn ecsessaeas avail of
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2.4.3 Metallic Nanoparticle SERS substrates

MNP colloidd dispersionsre arguably the most commonly usHRS substratetue to

facile fabrication and high SERS enhancenj2él. SERS enhancement factors of the order
of 10" have been reported from colloidal Au nanoparticles which had aggregated into
clusters. However, when nanoparticle clustering does not occur the SERS enhafaeorent
is sigrificantly less(e.g. ~ 18) [23]. The clustering of nanoparticles can yield large
enhancements, Yan et f24] reportedan increase in the nefeld coupling of adjacent
particlesdueto increase in cluster siz€heir report concludes that two factors lead to an
increase in the SERS response. Firstly, that clustering leadsdoced gapetween
nanoparticles with concomitant Coupled Plasmon Resonance. Additionally, there is a
measurablelectromagnetic interaction between clusters that increases the Raman signal of
individual clusters.

Spherical nanoparticle colloigég or Au) were amogst the first and are still the most

widely usedcolloidal SERS substratg25]. In 1974 Kreibig reported on the size dependence
of the dielectric constant of spherical Ag nanopartif2&. While a more recent example of
spherical nanoparticles and SERS is reported by Lanewtlatheir usein SERS biosensing
researchn 2015[27].

A comparison of the SERS response of different MNP shapes is presented by Cifi28gt al.
Their work examinethe SERS enhancementsAg spherical andruncated prisniike
MN P fbethfunctionalised with Rhodamir@G in Potassium Bromide. The prisiike
nanoparticles exhibited up to 20 timestter enhancement factor than the sphekidslP 6 s .

MN P arseasilyprepared by chemical synthef29]. Generally, the synthesis involves a
solvent containing the Ag or Au seed patrticles being mixed with acids such as Chloroauric
and Ascorbiclt is believed that the organized nanofeatures that form, originate from the
seeds ciystal structure§30]. The development of seedgtbwth Au Nanorods in 2001 paved
the way for more complex nanoparticle shajge@mples of the many differenanoparticle
shapesnclude:Nanostars, NanocubemdNanotriangle [25]. Other nore complex shapes
havealsobeen fabricated such as branched métaloflowerq31], polyharal nanocrystals
[32land capped dd3gdri tic Au NPOs

A disadvantage of colloidal MNB&ubstratess the random nature of MNP aggregatibat

can lead to poor reproducibilitin addition to random aggregation, another cause of poor
reproducibility is the degrading of MNPOSs
[13. MNP 6 s ar emoreasuiter todrdcé analysis or solution phase SERS evaluation
[2] (although the purity of the substrate malsiobe corsidered when used for trace

analysi$.

The poor reproducibility of Colloidal dispersions can be reduced by the immobilization of
MNPO6s on a s aétmmdn appuolch to achi¢ve this istvid Bottoonu p 6
process of chemical sedissemblyGenerally, this ismplementedyy thechemical

attachment of a bifunctional molecule to the substrate surféeemolecule is bound to the
surface with one functiohgroup while the other bonds the MNPin a selfassembly
process. Freeman et al. used glass slides functionalised with amine or thiol gidaps,
werethen incubateth a colloidal dispersioro generatdVINP selfassembly22].
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Immobilising MNPon a surface or solid substrate base throughassémbly can be

classified as

fundamental techniquesedi n Nan o
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In summary, MNFSERS substrates can be fabricated with relatively simple techniques and
offer good SERS enhancements, howethary often exhibit poor reproducibility.

2.5 Platform-based Substrates

Regarding SERS substrates of any type, there arenbarwof performance relatéssueghat
need tdoe considered, the mapointsare described as follows:

The obvious requirement for any SERS substrate is tHagbfsensitivity arising from a
strong signal enhancement. There should alsogo®dreproducibility of the SERS signal
from spot to spot and substrate to substrtally, a substrate should also possess a
6reasonabl ed Adustrafe that defjradessimnzediately afteryfabrication is of
limited usefulnessA signal varidion of X20% measuredveeklyover a month post
fabrication wassuggested by NatdB3] at the Faraday Discussion Meetingmperial
College, LondonA valueof >20% was also suggestbyg himfor the deviation othe SERS

signal from spot to spot and substrate tcstuatbe.

The SERS enhancement factor is a fundamepi@ifier for any SERS application.
However for quantitative sensing a consistent and reproducible substed$® iequired

Platform-based SERS sutoatespotentially offer far greater substraten i f or mi t g

t han

and are the substrates used in our stAdyances in Nanofabrication techniques have
enabled the development of diverse and sophisticated SERST#upsiques such &asano
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Imprint Lithography NIL) can yield highly uniform surfadeatures, and thus low signal
variation.

2.5.1 Materials & Fabrication

Silicon is the most commonlysed material for theubstratelatform, often used as/afers

[34] orin other forms suclasSilica particles [35]. Varioustypesof processed Silicon are

also used for SERS substrates such as Black S[i8%i37] and Porous SilicofB38, 39].

Bl ack Silicon was or i gi n aieffegtof Readtivedon Etchiagd a s
(RIE) of Silicon.While Porous Silicon was also inadvertently discovedenting an attempt

to polish Silcon via electrochemal etching in 1956 at Bell Laboratories

The name of Black Silicors derivedfrom the optical progrties of thenanofeatureformed

by RIE. Arrays of neediike nancstructuresare produced thaitduce the Reflectivity to ~

5% over a broad wavenumber rarid6]. Talian et al[41]. report on black silicowith a 400

nm Au surface filmyielding a SERS enhancement factordf0’, the analyte used was
Rhodamine 6G. The enhancement factor was calculated from a reference signal gained from
a planar gold coated silicon wafer.

Porous Silicon consists of an array of nanoholes avitirgesurface to viume ratiq which

can beup to three orders of magnitude greater than a polished Silicon surface. The
dimensions of the nanoholes candptimized by varyindgabrication parameteich as

etchant composition and tim&he surface geometry tife porous silicon contains a high

density of nucleation sites for the growth of silver nanocrystals during immersion plating
[38]. The resulting closely packed Ag nanocrystals yield a strong SERS enhancement. Chan
et al. report an enhancement of < ftdm Rhodamine 6G functionalised Ag porous silicon
substrate$39].

There are manfabrication techniquethathave beemised to produce platformased SERS
substratessomekey methodsre illustrated in the following schematic.

Langmuir-Blodgett
IMMOBILISED D) INRA Anodic
MNP’s TEMPLATE Aluminium
== Nanoantennas ASSISTED .
oxide
Nanoimprint Soft UV
Lithography Nanoimprint Reactive lon
(NIL) Lithography Etching (RIE)
LITHOGRAPHY (UVH]
NIL) MASKLESS
s LITHOGRAPHY PRocussed Ton
Lithography Block Beam (FIB)
(NSL) Copolymer

LASER Femtosecond
FABRICATED Nanosecond
- -

Figure 2.12 Schematic; Platform-based SERS substrate tygs/fabrication techniques
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252 Il mmobili sed MNPO6s substrates

A O0top downdé appr oac h platlormis nsetdadfabticatess i ng MNP O s

Immobilised Nanorod Assemblies (INRA) substrdted. The INRA substrates are produced
by depositing a noble metal film onto an array of nanosphiee®pillars form in the gaps
between spheres during the deposition.

One of the Obouteth tupdi mmobhnl|l geemMideds on
LangmuirBlodgett (LB) methodThe LB process was developedIbying Langmuir and
KatherineBl od get t iAnLBtfilmasudlpcdripdses of amphiphilic molecules;

i.e. a combination of hydrophilic and hydrophobic components. The metholges the
formationof a film of organic monolayersnto awater/surface interface which can then be
deposited onto solid surfacg42].

In order b usethe LB methodor immobilising nanoparticle®nto a platform, a nanoparticle

film is first prepared by conjugation thi hydrophobic molecules. Next, the nanoparticles are
mixed in a solutiorthat isimmiscible in waterand then dispersed in the water. After the

solvent evaporates, a layer of randomly distributed nanoparticles forms at the water interface.
The remaindeof the LB process involves a compressive transfer of the film onto a solid
surface. During this compression, the ipparticle spacing reducegth formation ofan

ordered closely packed filf#3]. Tao et al[44] report a SERS enhancement factor af0°

and 10 for LB prepared substrates fra?w-Dinitrotolueneand Rhodamine 6G respectively.

2.5.3 Anodic Aluminium Oxide (AAO) substrates

@Bo t t o mynthegiHcan also be used to produce SERS Nanoantennas. Seed mediated
growth of nanoparticlegollowed by varios stabilisation and purification stages can produce
aggregation of strongly SER&tive nanoparticles on a solid platfoft8]. Kleinman et al.

[45] reported an enhancement factor-af? using SERS Nanoantennas functionalised with
BPE.

Electrochemical oxidation of Aluminium foil can be used to produce an Anodic Aluminium
Oxide layer comprising of nanopores. The layer of nanopores is then used as a template for
the deposition of metallic nanowires or rods using electropldtlsimg thistype of template
assisted fabrication, Du et §46] reported enhancement factors of € ffom 4-

Mercaptopyridine. Additionally, they found that the strength of the SERS signal could be
0tunedd by alt ethenarpwireshe aspect ratio of
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Figure 2.13 Schematic; approximate timeline- SERS substrate fabrication

Approximate timeline for main SERS substrate types

2.5.4 Laser processed substrates

Traditionallylaser processinigas been used to produsitymicron surface featuseof a

similar dimension to the incident laser wavelength. However, the development of short
pulsed lasers has led to laser processing being used to fabricate nanos{didtares SERS
substratesOne of the earliest attempisinglasesto fabricate SERS substrates was carried

out by Bjerneld et a[48] in 2003.Laserprocessing can be used for depositietiching or

ablation patterning. blvever,Bjerneldsgroupused lasers to induce the growth and

deposition ohoble metahanoparticlesVisible laser irradiatiorfe-= 514 & 647 nm)vas

directed onto amqueous solutionf Ag ions containin@ reducing agemhich resulted in a
photoinduced growth of Ag nanopatrticlétswas found that the nanoparticle size could be
controlled by adjustments to the laser power. Also, ordinary cover glass could be used rather

than pecialsed photoactive surfaces for the platform.

Another laser processing technique to fabricate SERS substrates was carriedgara}
et al.[49] usingPulsed Laser DepositiqPLD). Gold thin filmswe r e
by&@rDowethtad XK c i me r

gol d

measurements. The lower threshold values obtained weré®-&1®M*° Molar for

Rhodamine 6G & Apomorphine respectively; Apomorphine is a pharmacedricpuised to

treat Parkinso 6 s

A two-step process involving a shortlped femto second (fs) laser followedthgrmal
evaporation was performed by Diebold ef&0]. The surface of a silicon wafer was
nanostructured using an 800 nm centre wavelength fs ldsiag frequency doubling of the

di

sease.

pulse train, lhe centre wavelength wasducedo 400 nm. A silver thin film wathen
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The SER$erformance of the substrates was assessed by concentration threshold Raman
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thermally evaporated onto tihhanostructured surface. Therfacethen coveed with silver
nanoparticles witliameters ranging from 50100 nm.Using the Raman reporter Benzene
thiol, SERS enhancement factors of < M@re calculated; the @allation was performed
using ailquid sampe asa reference measurement.

Yet another variation to laser fabricated substrates was carried out by Hamdansigtgph
threestep procedurgsl]. The surface of a silicon wafer was nanostructured with a fs laser;
this was followed by metallithin film deposition An additionalthird stepof nanosecond
(ns)laser annealingras performedThe centre wavelgth of the fs laser was 800 nm, and
generated periodic 0 tthegold ayervas & 50nm thickkeedasva f er s
put down onlte nanostructured silicon surface via a sputter collberns laser was used to
fabricate nanoparticles by partially melting the gold fikdjustment of the laser fluence was
required to avoid ablaticand create meltingf the gold film.SERS enhancemtnof ~ 10

were gained from Rhodamine @ calculations usingneasurements from reference
sample.The trenches produced by fs nanostructuring, generate an increase in surface area
which leads to an increase in the number of nanoparticles depositeth&osm annealing.

2.5.5 Lithography fabricated substrates

Lithographytechniquessrea 6t op down & a p wheremanoarchiteoturdia br i c a't
constructed ont Onifarnhperiodickamalyslonanostructeresicanlbe

produced usingdanoimprint Lithography (NIL)During NIL, aridgedmask or mold is first

patterned usin&lectron beam patterninf he mask i s then used to On
the patternonto a resist coated surface. To generate a SEffOnsethe patterned subsiies

are further processed widtching andnetallic film depositionIncreased output can be

achieved using Nllin comparison to Electron beam lithograpbgcause witiNIL the

electron beam writing is only used to produce the mask.

AlvarezPuebla et al[52] have used NILd fabricate silver SERS substrates. A Polystyrene
imprint resist was used to produce an array of nanostructaraddition to ssubstrate with a
planar surface, structured surfaces incluakeatopilars of varying dimensions aral
nanogratingAll surfacesvere coated with a SER&tive silver film byPhysical vapour
deposition (PVD) The relative SERS responsetweerdifferent substrates was assessed by
calculating the relativeenhancement factor. This was gained fitbearatio of Raman

intensiy to number ofinalytemolecules within the laser spot with respect to the comparison
substrateThe Raman reporter used wasl@pthalene thiolTheir work correlated the

relative SERS enhancements to surface topograjteyadvantages of NIL techniqueg:ar
large scale reproducible nanofeatures with optigaéibility.

A variation to NIL that circumvents damage to surface structures arising from the use of
ridged imprint masks i® usesoft UV-NIL. Soft UV-NIL utilisesa soft/flexible polymer

maskfor theimprint proces$53]. The general process flow is as follows. A flexible polymer
stamp with the desired nanofeatures is produced using electron beam writing. A silicon wafer
is spin coated with a suitable resist, and imprinted with the flexible stEmepesist is cured

by exposure to UV light and the stamp is removed. RtBdaused to complete the pattern
transfer into the silicon waf¢b4].
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Lithography techniquesaditionallyusea 6 mask 6 to transfar a patt
alternativedithography technique is Nanospheitadgraphy (NSL) which usean array of

nanospheres as a form of template assisted lithograpPi. colloidal deposition maskan

be fashioned by using either spin coating, drop coating or thermoelectrically cooled angle
coating[55]. The nanospheres would typicatgmprise okither polystyrene or silica.

A general process flow for NShegins with the seldssembly of a monolayef nanospheres

onto a platform such as a glass cover slip. Next a metallic film is deposited onto the colloidal
mask.Different approaches can be followed for the next stage of the process which yield
different structure typelR9]; three methods are mostly used. The first tdgsical Vapour
Deposition (PVD) to form a film over the nanosphere templateetbesstrates are known as
Film over Nanosphere (FON) substrates. The second technique processes the FON substrate
further by removing the nanosphere template, resultingaingular or tetrahedral shaped
nanoparticles. The nanospheres can be remasied a suitable solvemt an ultrasonic bath.

The final method is to use electrochemicgasation and also remove the nanosphetes
resulting structures tend to be hexadanatal Nanoislanddn each case the nanostructure
array produced is uniform and periodic.

Sweetenham and Notingher performed NSL using a polystyramaspheréemplate[56].

After deposition, the polystyrene nanospheres were removed to form an array of silver
truncated tetrahedral nanostructures. They reported a SERS enhancement factéfrofn 10
NSL substrates functionalised with Rhodamine 6G.

'Y YY
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Figure 2.14 Schematic; Nanosphere lithography
Single layer nanosphere mask left image; Periodic particle array remains after removal of
nanospheresght image; height of features dictated by etching parameters

Another variation of lithography methodologies is Block Copolymer Lithography, which is a
marriage of O6bottom up 6[57 mhepratdsinpolvesatworo® nan o f
more Block Copolymers thatecovalently bound at one ek the Polymer chains are

different chemicallythey are immisciblgand easily selassemble into complex

nanostructuresihe dimensionality is restricted only thee size of the polymer chainshd

chains are linked togethandphaseseparation restricts the size of the features te26 Bm

[58. The 6bot tassemblypféhe pogrhefiss t hen combi ned with
deposition of a metallic film to create a SER&ive coating.
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Zhang et alfabricated gold octahedral shaped nanofeatures on a silicon wafer using the
Block Copolymer methofb9]. Measurements from their substrates functionalised with 2
Napthalene thiol were compared to gatdrate nanosphere substrates. The gold octahedral
substrates yielded a three times greater Raman signaliiptiras gold-citrate units.

2.5.6 FIB & RIE substrate fabrication

Focussed lon Beam (FIB) and Reactive lon EtcliRig) are two popular methods used in
Maskless lithography.

Lin et al. used FIB to fabricate gold nanostructured substrates of varying geop@€lries

Using electron beam evaporation, a 500 nm gold film was deposited onto a silicon wafer.
Processing of the gold film &iFIB produced arrays of nanostructures with different
topographiesgenerated by adjustment of FIB paramet8taucture shapes included:

hexagon, pentagon, shield and Kite features. Intetsucture spacing of ~ 22 nm was
achievedA similar process @s carried out by Sivashanmugan et alviagalso combined

with an extra step of nanoparticle deposii6f]. A gold film exposed to FIB produced a

uniform array of gold nanorods. Deposition of silver nanoparticles was then performed to
furtherenhance the SERS response, which demonstrated a significant increase over the gold
nanorods.

Maskless Reactive lon Etching (RIE) has been used to produce high efficiency SERS
substrate§l]. RIE of a silicon wafer is used to produce a large area array of silicon

nanopillars of uniform heighH62]. Metallic depositiond then used to create a SERSive
surface. The high aspect ratio nanopillars h
creating efficient O6hot spotd63. that generate

2.5.7 Paper as substrate platforms

The topography gbaper contains micro and nanofibetsieth has led to investigatiritp
suitability for useas a solid platform fgplasmonic nanostructures.mumber of dferent
fabrication techniques and different types of paper have beendiset) et alexamined six
different paper types4], and used Physical vapourmbsition (PVD) of silver to produce
SERS substrate$esting with Rhodamine 6G demonstrated thalSERS test strips could
detect ultrdow concentrations of ¥ Molar. Other reported techniques for fatating
SERS paper substrates includpray applicationhrushing; laser treatmeatd inkjet
printing.

The paper substratéabricated byspray application were first prepared with a wax printer

[65]. The printed design yielded separate hydrophilic and hydrophobic (waxed) regions. A
solution of glycerol/Ag colloids was spragonto the hydrophilic regiomsing a hand spray
applicator A SERS enhancement oft9’ (based on a reference signatiabled detection of
Rhodamine 6G atomcentration®f 10° Molar. The spray technique produces an even
dispersal of nanoparticles across the paper fibres. Applying the MNP solution with a dipping
techniquecan also resulh uniform distribution of particledut has the disadvantage of

lengthy process time; up to two daimrect dropping is also a facile method for application

of the MNP solution, however it produces irregulanoparticledeposition.
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Another facile apprach to fabricate paper SERS substrates is to use brushing to achieve
nanoparticle coverge; this method was reported by Zhang eftéd] in 2014 Application

with gentle brushing, followed by drying and a repeat application of brushing from the
opposite direction produced a uniform nanoparticle depositiorenhancement factor ef

10’ for Rhodamine 6G was calculated and a relative standard deviation of. Th&%
enhancement factor was calculated by comparison with a reference signal from a paper
Ssubstrate without MNPOS.

Yu et al.[67] report on a technique to fabricate SERS substfaigsa paper platformsing
depositionof a metal film,andsubsequeriaser processing-he first step of their process
involves anoble metal filmbeingdeposited onto filter paper. The fibril topography of the
paper encourages formation of a metal layat ihdiscontinuous in nature. Silver and gold
are strong absorbersinthedd¢y, and a Kr F Exci mer (& = 248
thermal conductivity in the metal film. Additionally, the low thermal conductieftthe
paper leads to highly efficiesbnversion of the laser powerleat within the metal filmYu
et aldiscovered that a single laser pulgiéh a power density of 125 Jchetould generate the
formation ofhighly concentrated nanopatrticle arralysestigationof this technique with
other platforms such as silicon and glass revealed that paper produced the best SERS
substrateFabrication with e silicon and glass platforms required several laser pulses
leading to ablation and a decreased yield of nanopartlesncentration detection limit of
1018 Molar was achieved when testitige paper substrate with the Raman repor&TR,
which is within the regime of single molecule detection.

In orderto fabricate SERS test strips, Wu and Whitiésed an inkjet pnter to apply
O6nanoparticle ink6é t o Thetkstsripsovereusedlinr o mat ogr ap
conjunction with a portable Raman spectromé&ietrace detection of analytdlepeated

printing, achieves a SER&ctive region on the test strifigat contais ahigh density of
nan@articles. The stri pstocdeteatargesamalytes She govoasb 6 s o
nature of the paper encourages lateral flow to focus the liquid and analytes tihneards

SERSactive regionln addition to characterisatiof the test stripsvith Rhodamine 6Gat5

UM concentrationjhey also tested for residues of heroin, cocaine and the pesticide

malathion.

2.5.8 Obligue Angled Vapour Deposition (OAD)

Deposition processed various kindsaregenerallyused taform surfacemetallic layerdor

SERS substrates. However these technigaasalso be used to directly fabricate SERS
activenanostructures, for example via Oblique Angled Vapour Deposition (Q22D)A
substrate pr ep arderidgaphysical @pobr depgssitian process. dso

enables the deposition to be directed onto the substrate satrfc®blique angle. An array

of Nanorod structures formhen thedepositionglancing angle- 7P to the surface normal

[68]. As metalic nucleation sitesformt hey create a 6shadowing eff
preferential formation of nanorods in the deposition dired&h
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2.5.9 Design& Optimization

Computational modelling that examines Electric field behaviour around nanostruistares
convenient tool for optimizing SERS substrates. Simulation techniggestin substrate
designinclude: Finite Differencdime Domain (FDTD)70]; Finite Element Mthod(FEM)

[71] and Rigorous Coupled Wave Analysis (RCWAY]. A disadvantage of FEM and
discrete dipole approximation (DDA) methods is that theygaresrallyrestricted to 2D
models[70]. This is due to the requirement that each simulation object must be included in
thecomputation frame.

The FDTD methodhat isused in this projeds a numerical/computational method for

solving the time dependentMagw | 6 s equations. |t is used to
behaviour of electromagnetic radiation as it interacts with physicaltstes of nanoscale

dimensions; i.esmallg than the incident wavelengthDTD analysis has been widely

reported in many resezh publications on SER[S3-78]. The efforts olsome otheresearch

groups using FDTD analysis to simulate plasmonic fields of nanostructures are described as
follows.

Grimault et al. used 3D FDTD to invagdite the Plasmonic behaviour of Aylindrical and

el | i ps o[iry @hky wire @bkio simulate infinite arrays of particles via the use of

periodic boundary condition®C); periodicB C dverefrequently used in this projecthe
mainsimulation outputs they presented were the position of the LSPRapdake SERS

EF. Their FDTD resultsvere in good agreement with experimental data. Furthermore, the

FDTD computations could predict with confidence the geometrical dependence of the LSPR
peak positonThi s coul d then all ow f or yiédldmaxmumgdé of
SERS gain.

Xu et al. fabricated Au coated arrays of pyraifikd polymer submicrostructuresthese

structures were produced as both positive and inverse pyramids. Froomthiementary

FDTD simulationgerformed, they were able to investigate the difference in SHRS

achievedrom both structure array typgs9]. The periodic nature of their substrates allowed
fortheuseop e r i o dinx, anB ¥ ans perfectly match layer (PML) layer ig.
mentioned above, Grimault et al. had used th
differing geometries. Xu et adlso found that FDTD can be used to optinsizacture

geometries to achieve maximum SERS EF.

FDTD analysis can based to determine the optical response of nanostructures or pdoyicles
calculation of extinction, absorption and scattering spectratransimittance and reflection.
However, as noted by Grimault et al, extinction spectra cannot accurately predictnoptimu
SERS neafield enhancement. Ihé 2016 review by Zeng, Liu and W#ieyreport that the

3D FDTD method is especially of value whedculating EM field maxima, suial

distribution, and SERS HF§]. They stateltatFDTD analysis enables a better
understanding of the underlying mechanisms that generate the SERSTéfscthetrue
benefit of FDTDis realized by relatinthis understandingf the underlying physict

substrate design and optimization.

As mentioned above, other computational methods have been used to investigate SERS
performanceThe FEM method was uséy Wu et al[63] to analyse thé&g Silmeco
substrateshat werereported orin chapters 4 & §page94 & 171respectively. They used

3D FEMto calculate scattering spectra, EM field maxima and digioibéor a single Ag
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pillar structure Based on their computational modelling, they were abigptinize

fabrication parameters second publication by Wu et al. algwestigated 3D FEM analysis
[71], however this time additional simulat®mwere performed for dimer structures. The FEM
analysis was performed usittge commercially availablEOMSOL Multiphysics software.

The RCWA méhod has also been used to simulsiRS behaviour about nanofeatur@s.

et al. modelled Plasmon dispersionroferted pyramid nanostructurg&?]. Simulations

were performed to investigate the EM field within the indented regions on the substrate.
Simulation outputs were obtained over a wavelength range af 4600 nm, and for varying
incidentfe |l d pol ari z ad o tna atila@h eayrsgdridsscoer er ed t hat
could be increased by optimizing the aspect ratio of the inverted pyramid structures.

The use of FDTD or other corresponding simulation techniques to analyse SERS substrates
enables a clearer understanding of the underlying mechanisms invaleedjunction with

these insights, the geometric dependent nature of SERS can then be related to design,
fabrication and optimization of substrates.

2.5.9.1 Finite Difference Time Domain (FDID)

Electric and magnetic (E & H) fieldseaessentially continuouslowever,they can be made
discrete bysamplingat differenttime intervalsanddifferent spatial locationg he simulation
regionis made discretspatiallyby the use of a-B® mesh of unit cells first proposed by
K.Yee in 196480]. Each vector component of the E &flélds is located at different
positionwithin the cell,which aresensibly cheen for convenient calculations of the Maxwell
curl equations.

Yee cell ) Nanosphere x

3D Simulation region

Figure 2.15 Schematic; Yee cell
(a) 3D simulation region of interest constructed from adjacent Yee cells; encompassing a na
object (b) A singl€artesiany ee c el | showing O6staggeredd
H fields
The resolution of the FDTD calculatiorsdimited tothe size of the Yee mesh cells used.
Thisresolutioneffects he simulation run timevhichis strongly dependent on mesh grading.
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The time domain methdor calculatingthediscretisece and H fieldsinvolves alternate
calculations at staggered time stefdhere ach calcultion is offset by one half step.

Q0007 ®o0@ 7 Equation 2.20
Thus the general flow of the tirstepping calculations is:

®O0B®BOOOO®OE
While thefield calculations are carried out using:

. - YO
€ @ —v'0 Equation 2.21

B
® ® —™® 0 Equation 2.22

Note, the fields arealculated for each individual Yee celhd so we considé? and

‘®  asincorporating® i and® j .

The Efield at a given time step is equal to thdiéld at the previous step plus a term
proportional to the curl of the-fleld. Similarly, the Hfield (a half time step later) is equal to
the previous Hield minus a term proportional to the curl of thdi&ld.

Althoughthe E and H field timetepping calculations aeg dfferent time intervalsthey are
calculatedor the samespatial regionThe field calculations ar®r each unit cell within the
simulation regionThese finite difference or centred difference calculations do not require
solving simultaneous equations. Thigids the necessity of large computational
requiremats, and achieves'@order accuracy (for both spatial and temporal intenf&8()

Thealternatecalculations areortinued until a steady state or continuous wave electric field
is achieved in each lattice cell throughout the simulation voldime FDTD output required

by most users will be as a function of frequency. A Fourier transform is used to output the
continuousvave(CW) electric field as a function of frequency.

(e} Q 00Qo Equation 2.23

Tsim = the simulation time

A variety of excitation sources can be used in the time domain simylatipmplane wave,
dipole, Gaussian et@he time stepping iterations are calculated from an initial time when all
fields are assumed to be zero, Thegardless of the type of source used, the time signal will
be a pulse, s(t'’he impulse response of tegstem can be calculated by normaligimg CW
field with respecto thesourceinput pulse.
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. P N A
€] 1 . Q B®o0Qo Equation 2.24

Eimpuis{- ) = the system impulse response

Thereare two advantages obtaining the impulse response. Firstly, the field output will be
independent of the source used. Secondly, fors(a 1 t hEgpusM a It thee fCoOW

response of the system. In the case 0} s(1, then g would be a delta furteon. Theé r e a |

worl doé equi val ent ,istoussdnulshatpulsaTheduselotaa f unct i o
suitablyshort pulsepproximates to a delta functiamtypicalsimulation run time ~ 1500 fs.

A benefit of using a short pulse is that a broadjeanf frequency outputs can be obtained

from one simulation.

2.6 SERS Applications& Techniques

The highsensitivity and molecular specificipf SERS sensing haveen the technique being

used inmany and varied applicatioriBhese include use the food imustry[82]; drug

detection83] and forensic sciend84]. SERS hasilsobeen used in the detection of

environmental polltants[85]. As water yields a oOneutral 6 SE
polarizability), SERS analysis has proved especially bhersfto detect waterborne

contaminant$86.

The rise of globlterrorism has generated the needifigproved detection of chemical threats
with simpler methods and at lower threshoBIERS has been used to meet such thrgats b
the use oportable Raman spectrometg83].

Due to the nosdestructive nature of SERS analysis it has been utilized in bo{l8#rand
Archaeology[89]. Yet anothempplicationhas been in antounterfeiting detectiarAn
example of this ishe use of security labels containing Ag ostnuctures that exhibit a
polarization dependent SERS sig[@0].

2.6.1 SERS & Biosensing

The unique characterisiof SERS makes it ideal famportant applicatios such as
Biosensing91]. There arenumerous agantages that SERS8ings to this field of research.
These advantages include: low sample volume requirerf@tsability to disthguish

spectra from similar moleculglew detection threshold®3] and rapid label free
identification[94]. It hasalsobeen reported that changes to Raman spectral intensity will
occur asadisease developmer|@5]. As such, SERS cddialso be used to monitor the
progress of disease during treatméuditional advantages that SERS brings to bioanalysis
are as follows.

The presence of addihal and unwanted analytes in a sanyakime can easily be
distinguished in SERS spectra, ancegert minimal interferece to the desired target signal
[96]. Additionally, a strong SERS enhancement will reduce/suppress fluore$8éneéd
which would otherwise decrease sensitivity.
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A promising application of SERS li@s the field of DNA sensin§®4] SERRS has been used
in the detection of DNA sequencif@8]. molecular biosensing is applicationthatis useful
in both disease detecti¢89] and forensic$10(.

Chemical mapping or imaging involves the combination of a visual image with a spectral
readout. In addition to mid and near infrared imaging, Raman spectroscopy has also been
used forbioimaging SERS habeea successfuh both in vitro and in vivanvestigation.

In vitro SERS imaging has beenrtensively reportepll01-105. In 2006Schlucker et al.
utilized SERS in vitro bioimaging for the detectidnpoostate specific agent (PSA) from
patient tissue samples.

SERS in viw imaging was first reported by Stuattal.[106] who successfully measured the
glucose concentration of rodent interstitial fliWdith suitable further development, this
technique may prove useful in diabetase

Someimportant biosensing agpéations ofSERS include: diagnosing diabe{é87];
detection of renal failurgl08; respiratory diseagd.09 and cancer diagnosti¢85]. These
applications are described in more detail as follows.

A difficulty in usingRaman spectroscogyr diabetesletection arises from the inherently
weak Ranan signal generated by glucg44(. Sharma et al. report on a sensitive SERS
technique forhie detection of gicose in vivd111]. Using a seassembled monolayer
(SAM) on a silver film over nanosphere (AgFON) susitgtthey demonstrated limits of
detection lower than currently accepted standards.

Problems of poor kidney health can be connected to a number of various diseases which
makes the diagnosis of renal heath issues of strong imparEmeeustomary approadain

acute renal failureARF) detection is to measure serum creatinine as a bioindicator of kidney
malfunction; the sensing of serum creatinine is a blood based technique. However, increased
levels of creatinine are often a late indication of the presdnddrey diseaseAs such,

current difficulties in the diagrsis of ARFlie especially in the area of early detection. SERS
offers highly sensitive, multiplexed bioanalysisd also aapid detection time (< 10
seconds)Thus,making the technique espdtyssuited tothe monitoring otreatinine levels

which denotethe rate of metabolic breakdown and disposal of creatine phosphate.

SERS bioanalysis has been investigated for sampling of urine to measure creatinine levels,
often with the use of Au colloid412 113. Also, Kho et al. have used a SERS miarific
platform to analyse uring®2]. While Wang et al. addressed the issue of substrate
reproducibility by usinglatformbased SERS substra{d99.

The bacterium mycoplasma pneumoniae (MR keysource of human respiratory iliness,
and according to Waites et al. may be the cause of up to 4pfreomoniaelated

respiratory complaintgl14]. Hennigan et al.109 utilized a SERS platforibased Ag
nanorod array to successfully differentiate between three strains of MP with a sensitivity
comparable to existing methods. An additionaltocmirwas carried out where 10 previously
identifiedclinical samples were correctblassified using the SERS platform.

Cancer is largely recognized as fitanary fatal disease worldwidé10d. While early

detection is of primary concern for any disease treatment it is especially significant in cancer
care. For all cancers, patient survival is stigrggpendant on treatment being administered

at early stage of the disease.
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As has previously been mentioned, SERS bioanalytical techniques in general possess a
number of significant advantagesthe use oexisting methods. An example of this is
provided by the work reported on by Domenici et al. in tistirdieson SERS based
nanobiosensingf p53[115. Techniques commonly adfor p53 sensingre mostly
fluorescencdabelled immunosorbent assays. However, these methods reguénal
preparation steps amehgthy incubation timelut deliver only partially quantitative outputs.

The work undertaken by Domenici et al. invaltBe use of Au nanoparticles functionalized
with various Raman reporter molecules, followed by conjugation with&8binding event
between the Raman reporteAFP and p53 resulted in a Raman band at ~ 1328 amd

this was found to v in intensiy with changing p3 concentration. Measurements at a lower
threshold of 5 x 18 M concentratiorof p53 were reported.

SERS has also been used to detect cancers in blood plasma. Fe[@bgtraport on the
norrinvasive detection of nasopharyngeal cancer (a rare form of head/neck cancer) from a
facile blood testSamples were obtained from patients with nasopharyngeal cater

healthy volunteers. Their method involved Raman spectra bbtagned from a mixture of

A g NP dkodalastha witla 1:1 ratioPrincipal component analysis (PCA) when

used to determine spectral differences between the two sample grougshigithdegree of
sensitivity (~90%). However, some unavoidable overlap of data sets was also present in the
spectral data.

A technique that largely circumvents an unwanted overlap of spectral data sets is reported by
Lin et al. whohavealso investigat® SERS analysis of blood plasmiialg. Their novel

approach involved combining SERS analysihwvaitmembrane electrophoresis plasma
purification stepThe component ratio and configuration of blood plasma will alter due to the
presence and progression of dise&ggctroscopic analysis of these changes is challenging

due to the complicated mixturethin the tested sample.

The purification step undertaken by Lin et al. served to separate the blood plasma from serum
proteins. The separated serum proteins were then analysed using SERS biosensing which
avoided spectral interference that would othenaisge from th@resence of thplasma. The

SERS sensing was carried out wusinglhg NPO6s a
al. reported a 100% sensitivity between healthy and patient sample groups in the detection of
gastric cancer.

Multiplexed sesing of cancer biomarkers is a key advantage that SERS brings to clinical

research. Junetdllllfdescri be SERS based multipldx i mmu
in polystyrene microbeads were functionalizeth different Raman reporters, which were

then coated in silecfor the detection of p53.

Other SERS techniques and novel sensing platforms used for cancer research include the
following.

Chonetal.repor on magnetic beads combined usadt h ant
in SERS immunoassay$18 to detectaranoembryonic antige(CA). The molecular

marker CA is presen lung, parreas, breast and ovary canddrsd. Improvements to

SERS immunoassaysincludehe use of ho]Jl20dow met al lic NPO&s

Microfluidic SERS chips havestd been used in cancer resedd@1]; for further details on
SERS microfluidics see secti@nm.2
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SERS has also been employed for cancer imaging. Imaging of the regions between cells for

the detection of cancer biomarkers has been reported by Le¢l&Zhl While tissue

imaging has been being by Jokersteff3ando | | oi dal Au NP&ds have b
successfully imagaumoursin vivo in small animalg§124].

2.6.1.1 Intrinsic biosensing

Intrinsic or direct spectral measuremehtomplex biomolecules is challenging even with
the use of SER®3\n intrinsic approaclthatcircumvents thidimitation, is to directly measure
spectra from biomoleculesdthenuse multivariate statistical analystsanalyse the data

It is problematical to apply statistical methods to analyse multivariateatatgeneally there

is a high correlation betwedie large number of variables presgifty. A method that
avoidsthese issues Brincipal Component Analysis (PCACA deconstructs the data into
uncorrelated variablegnabling the identification argliantification of trends/components
within complex data setStatistical analysis generally investigates deviation about a mean.
However,PCA is generally applied directly to raw daaadis especiallysuited toexamining
variation above a spectroscopiaseline

Virkler et al. made use ¢1CA of multiple samplego attempt differentiation of the spectral
componentof dry saliva[126]. From the statistical analysis they concluded that the complex
spectra consisted of three individual spectral components along with a fluorescence
backgroundThe successful use of multivariate statistical analysis to distinguish spectral
components of othiebiofluids has also been reporfdd®7].

2.6.1.2 Extrinsic biosensing

An example of extrinsic SERS biosensiageported byi etal. [128 where an

immunoassay containing two separatibody/antigen combinations wased.Thar first

step was to functionalizeanAuoat ed substrate with two separ
then to incubate with a mixture of the two corresponding antigens. This procedure is also

followed separately to prepare an immunoassay consisting of two different Raman reporter
labelled Au cdbids. This immunoassay is then pipetted onto the functionalized substrate and

the relative concentrations of the assay components were then determined from the resulting
Raman Spectra.

ExtrinsicSERS biosensinganalsoinvolve the use oM N P &Céen etal report on
generating MNP aggregation via a -bedg¢dion be
conjugate and its correspondingtigen[129.

Anotherextrinsicapproachthat usesM N P @ seported by Wang and Winh [130. Their
approach uses what are knowmaslecular beacons dolecular Sentinels (MS). The MS
Nanoprobe comprises ofNA hairpin + Raman tag + Ag MNigombination. The DNA is
Thiol-conjugated which encourages the DNA to covalently bond with the Ag MNP. The
Raman tag is attadhed it d et -Ddlviles thoeertdiadr, 6 3 6
attached to the MNP surface.
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Figure 2.16 Molecular Sentinel DNA hairpin Nanoprobe
Raman t ag aehdoghaitpia Mandprobe Bridging it into the SERS Plasmonic regiol
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In the left image, the DNA probe is immobilised onto the Ag MNP surface while also
bringing the Raman tag into the SER&ive region. The addition of a target DNA causes the
probe to be reconfigured due to hybridization, removing the Raman tag from the Plasmonic
region right image The resulting Raman outputted intensities were found to exhibit inverse
DNA concentration édpendence for the target DNA.

2.6.2 SERS & Microfluidics

The combination of SERS, Microfluidicsabdi o sensing i s commmnl y r ef
achi pd bi osensmanngy. aAdnvoanngtsatgcetsh godf bdilLddshd rosierdg a
anal ysi s s \ysanplewlomeaenudremenfisal].

Microfluidics involves the manipulation of small volumes of fluid§? to 10*8litres) ina
micro or nanochannel, and generally regarded as an enabling techno[dgy]. Over the
past number of yearis partnership wittSERS has resulted ithe production o6ERS
based optofluidic platform# generally accepted definition farSERSbased optofluidic
pl atf or m, i{osacthh gté , aiprisEngadth mitrofluidic componeanhda
Raman Spectrometgt33.

A common truism that is applicable to all forms of nanotechnqglegyuoted by Chakraborty
[134] as follows "As a system reduces in size, its surfacetaeea v ol ume r ati o i nc
Thus, & a system scales down to nanometre dimensions, the surface effects dominate over
volumetric ones, and fluid properties can differ from those of a bulk material. In
microchannelsieduced flow resistance/lower pumping effort, &ardinar flowareoften
observedThus, microfluidics can lead to the manipulation and transportation of fluidic
samples in a rapid and controllable way. These characteristics lend themselvasato
charaterizationmethodswhich can provide both short analysisie and sensitive
measuremertapability Techniques such as absorbafit®s and fluorescence spectroscopy
[136 were initially usé in conjunction with microfluidicdHowever, SERS has advantage
over fluorescence techniquem thatit offerslabelfree detection capabilitigd33.
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Most microfluidic systems are characterized by a low Reynolds nyariso exhibit
laminar flow with concomitant diffusion limited mixirf{d.37]. As such, nxing isa
significantchallenge facinghe development ahicrofluidic SERSbased platforrm Many
techniques exist to increase microfluidixing; one of the most commonly used is that of
chaotic advectiofl3§. Increased nxing efficiencyin microchannel flow cells caoe
beneficial to SER®ased microfluidics analysas itcanreducespotto-spot signal
variations, which are often associated with static SERS measntg1i39. Both metallic
nanoparticle colloids and platforbasedSERS substrasare usedn microfluidics[133.

2.6.3 Resonance Raman Scattering (RRS)

If the incident excitation wavelength used in Raman scattering is matched to an electronic
transition, anncrease in the Raman intensity is observed. This resonance condition is known
as Resonance Raman Scattering (RRBJit was first observed in 194&he closer the
frequency matching between incident and electronic transitions the larger the signal
enharcemen{14Q.

A disadvantage of RRS is thi#ie excitations normallyin the UV-visible rangeand
fluorescence bac lagssweAnmdvantagemi RRE drisestte analpsis
of organic molecules. The RRS peaks of inteaes more readily distinguishalilean the
complex spectra generated from conventional Rasaampling of organisampleg141,
147.

Resonance Raman Spectroscopy can be perfonitieé standard Raman spectrometer in
conjunctian with atunable laser for resonance matching.

2.6.4 Surface Enhanced Resonance Raman Scattering (SERRS)

Surface Enhanced Resonance Raman Scattering (SERRS) combines the enhancement from
RRS with SERSusinga SERS substrati addition to amplifying the SERS signal, SERRS

also provides additional molecular specifidityt1, 143. The main advantage of SERRS

over RRS is that the fluorescence backgroundppressed by the SERS signal.

2.6.5 Coherent Anti-Stokes Raman Spectroscopy (CARS)

CoherentantSt ok es Raman Spectroscopy ,th€pnipand ut i | i
Stokes beams shown in the schematic below. The energypartipebeam isetto a value

less than the difference between the Ground &reckdited stateThe interaction with a third
Oprobed | aser results i n t hThe QARSI Sgnahariseos n of a
from the fequency difference between thengp and Stokes beams. Tdeve coherence,

this difference is 6tunedd to match a partic
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Figure 2.17 Schematic; Coherent AntiStokes Raman ScatterindCARS)

Energy level schematic illustrating the CARS effecP(app Aser excitation excites molecule to
virtual state (b)Pump acting as third probe beamstimulate vibrational sulstate and create
6electronicdé conditions for CARS

The pump laser excites molecules to populate a virtual state (mérkeal state 1 left
image above Thisvirtual state has less energy than tReedcited state, andytadjusting the
frequency of the Stokes laser, virtual state 1 is depopulatesiddbible stimulation results in
a densely populated sudhate of Ground. The pump beagting as a third probepw
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stimulates the subtate to populate a new virtual state (marietlal state 2 right image
abovg. The molecules relax fromikual staé 2 back to Ground generatitige CARS signal
The CARS signahasa higher energy than the pump, and isahtStokes detected signal.

The Raman signal produced by CARS is greater than that produced via spontaneous Raman
scattering. Although sensitive and enhanced signal strength are two of the main advantages of
CARS, thehigh-powerrequirement leads tihe disadvantagef sample or mat&al damage.

Other disadvantages arising from the use of CARS are high background interference and
fluorescence.

Some of the uniqueharacteristics of CARS lead to its usepplications such agasphase
Spectroscopyl44]. A particularly beneficial characteristic G/ARS isits sensitivityat
cerain tem@ratures. Automotive fuel injection processes typically operate over the
temperature range of 30W0 K. AsCARS is highly sensitive at these temperaturbgst
been successfully used for low temperature sensing of spray fuel injectibe automotive
industry[145.

CARS have been uséd detect organic molecules such as Lipldgids are organic
moleculescontained irfats, and contain large numbers eHMbonds, which are easily
detected usin@ARS.Renia et al. report on the use of CARS for the detection of Lipids in
liquid dropletg[14§.

2.6.6 Stimulated Raman Scattering (SR

Stimulatel Raman Scattering (SR®)gas first observed in 19247], andis similar to
CARS, and uses bopump and Stokes lase¥®hen the frequency difference between the
two lasers matches a molecular vibration then stimulated excitation occurs.
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Figure 2.18 Schematic; Stimulated Raman Scattering (SRS)
Schematic illustrating SRS, frequency differential between pump and Stokes matahgduith
resulting stimulated amplification of Raman signal.

When the frequency difference between the beams matchethere is loss ofntensityat
the pump wavelengthnd a gain at the Stokes wavelength. This stimulated molecular
excitation serves to amplify the Raman sig&®Sdelivers low background interferenaad
greater chemical specificity, and is extensively used ifirhaging[148-15(0.

2.6.7 Tip Enhanced Raman Spectroscopy (TERS)

The combination of SER®ith othertypes of sensingasimproved many existing

characterisation techniques suclgas chromatograpHy51]. Tip-Enhanced Raman
SpectroscopyTERS)has combine@ERS withscanning probe techniquesenablespectral
characterisation of surface analyf@52. The TERSmethod involves the use of an AFM

where the tip has been constructéth a noble metal nanostructured surféaesually silver

or gold) Incident laser excitation generates plasmon resonance at the tip apex. One advantage
of TERSis that the technique iént r e st r i ¢ metalic drSERS shbstrateancis o f
commonly used witla planar surfacgl53.

The spatial resolution of optical microscopy is diffraction limited dapendent on the
incident wavelengthand isdescribed by the Rayleigh criteri&ith the devépment of
Scanning near field itroscopes (SNOM) spatial resolutiaras reducedb limits dependent
on the size of an apertutdowever, he TERS technique is effectively an aperiass

optical probeand can achieve a spatiakolutionin the range 20nm[154, 155.
Neverthelessin order for TERS to be used fangle molecule detection, a resolution of <1
nm is required. Zhang et al. have demonstrated nanometre resolution capdhilftfzRS

by availing of the finetuning potential of scanning tunnelling microsc¢@$€. Their
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method involved matching the plasmon res@eanf the probe to nbecular vibrational
transitions

2.7 Novel SERS platforms
2.7.1 Liquid marble SERS platforms

INn2016ab 1 i qui d mar bl e 6,compnsiad of aB edcAcidecoomated waith m
silver nanoparticles wareported by Zhang et §157]. Oleic is an ot#like fatty acid and is
immiscible in waterWhen two immiscible liquids undergo sonication, micro/rean@res

are generated at the liquid/liquid interfat@ée methodemployed by Zhang et ahvolved
adding oleic acid and silver nanoparticles to distilled water. After sonicaticrpspheres of
oleic acid wee produced at the water acid interface whiarencoated with theilverNP 6 s .

Oleic acid + Ag NP’s Oleic acid/Ag NP’s
/ suspension

i /
SONICATION : i % g

hY
N

DH,0

Figure 2.19 Schematic; Liquid marble SERS platform
Ol eic acid & Ag NPO6s added to DI wat emicrof |
sized oleic acid sphereggregated at water interface

The liquid marbles were used by the group as a SERS platform for thiolate sensing. In
addition, they reported another possible application. The liquid marbles were also able to
absorb solar energy, amisuggested thegouldbe used as solar/thermal absorbers.

2.7.2 SERS Nanoshells

Met allic shell nanoparticles havieS&R&en produ
hotspots. Yang et al. report on SERS Nanoshells with a diameter of ~ 100 nm comprising of a
dendritic network of braches[158]. Their approach used waterborne Polyurethane (PU) to

synt hhesise gold nanoparticles. The PUOGs act
water/ met al i nterface, dur i ng basgeoridc adf irnegdeurc
3-5 nm wide with gaps of just3nm.The PUO6s act taen@zouempgleat ¢ hte
grow around them. These tygef sheltlike nanopatrticles can be used as drug delivery

agents and also for spectral imaging of intracellular activities.
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The MNP structurend SERS performance of Nanoshella n b e dylteeshoiceofe d 6
polymer and tuning of fabrication parameters. Song et al. produced SERS Nanoshells with
internal nanogaps of ~ 1.5 nm using block copolyii®s§]. The Nanoshellsontained a

Raman tag within thimterior shell gaps, and can be used for tdasitive SERS sensing of
cancer biomarkers.

Yim et al. are another group who have used MNP NanoshelgERISbiosensing16(0. A
silver Nanoshell is functionalised witBraphene oxidevhich isan ultrasensitive Raman
reporter This high sensitivity enabled the Nanoshells tabel for SERS biosensing of
cancer cellsThe Nanoshells were conjugated with a-at@m thickness film oGraphene
oxide which possesses strong Raman peaks of intAdtionally, the Nanoshell probes
were used with the Surface Enhanced Resonance Raman Scattering teahinaiue,
producedstrong enhancemenind alsaexhibitedsimple Raman spectra.

2.7.3 Nanoshells as SERS Nanotags

Bedics et al. demonstrated that NanosHaltstionalised with chalcogenopyrylium dyesn
exhibit superior performance ovesnventionahanoparticles and Ramagporterd161],
especially in the NIR.

Generally, SERS activity tends to be weaker in the NIR region, as Raman scattering is

dependent on thé™power of the excitation frequency. Howeviirese Nanotags exhibited

strong SERS activity at 1280 nrraitation. TheNanotags consistl of Hollow gold

nanoshells (HGN) and strongly bound chalcogenopyrylium diles. SERS response in the

NIR arises from the@nique chemistry of the chalcogenopyrylium dylse dyes strongly

bind to the gold surface ofthe ® s wi t h mun ali pdreodpusn,ctdtr appit
molecules within the Nedreld SERS regionThus, the SERS enhancement is dependent on

the surface Plasmons rather than just the incident frequency, which would be weaker in the

NIR.

The strong SERS autty at 1280 nm excitation exhibited by these Nanotag&lvantageous
for biosensing. Longer excitation wavelengdtisw for greater penetration of bgamples
such as tissue.

2.7.4 Magnetic Nanoparticles as SERS Platforms

Novel SERS substrates have beeneloped by combining SERS platforms with metic

materials. Jun et alabricated magnetiSERS Nanoprobes with silvikP &Gwrounded by

silica coatecshell[164.The shel | i's then ehcbadttked wi th si
functionalised with Raman reportefsnother silica Iger is overlaid and conjugated with a

specific antibodyThe silica layersleliverchemical andnaterial stability to the Nanoprobes.
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Figure 2.20 Schematic; SERS Magnetic Nanoprobe fabrication

The magnetic Nanoprobgeneratea large SERS enhancement, but also exhibit magnetic
properties. The probes have been usethi®biosensing of breastancer and floating
leukaemia cellsThe targeted cells can be readily separated frorftarget ones by using an
external magnetic fieldAdditionally, the applied magnetic field leads to NP aggregation
which further enhances the SERS signal.

The use of magnetic materials in SERS platbhasalsobenused t o contr ol 0 h
Guo et al. achieved thisy influencing tle interparticle spacingf paramagnetic

nanoparticleby theapplication of an external magnetic figit3. Their first step was to

fabricate FEO4sNP 6 s whi ch wegoEINP & e n Dthendhengcalt or
processing,the go P 6 s i seedgrowthttododm an outer golshell on the F€4

N P 6Vghen added to a Hexane/water mixture the magheBcd s f or med a monol a
Hexane/water interfac&he monolayer was functionalised witle Raman active
Mercaptobenzoic acid (MBEY he monol ayer comprised of part.
interparticle spacing and generated a weak SERS signal.

When arexternal magnetic field was applied parallel to the monolayer, the interparticle gap

was reduced with subsequent increase in SERS response. As the material is paramagnetic, the
SERS response of the particles was reversible whemaleetidield was remoed. This

technique used by Guo et al. offers an alternative to achiesthured gap dimensions via

direct fabrication.

2.8 SERS;Novel techniques, trends & future outlook

In the years following the discovery of SERS, considerable progress has been made in
developing robust and sensitive substraResearch groupsill continue to fabricate and
optimisethesesubstrates. Howevein the future key advances in the field of SERS may lie
in SERSaugmented techniquesich as Ultrdast Raman spectroscopy aBBERS sensing
applicationse.g. TERS[13]. Additionally, the development of new metamaterialsuiee in
SERS substrates mayovide innovative substrates with enhanced levels of performance.
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2.8.1 Ultra-fast Raman Spectroscopy

Femtosecond Stimulated Raman Spectroscopy (FBR®)ultrafast spectroscopic
technique which enables the measurement of spectra as a function of time. Molecular
vibrations @cur on ultrashort time scalesatomic motions can range from 10 femtosecond
(fs) to 1 picosecond (p$)164]. Providingtime resolved data auch a time scalean give a
valuable insight into the underlying mechanisansgl dynamics ofhemical and biological
reactions This is epecially valuable for applications involving plasmon induced reagtions
e.g. B dissociation or solar steam production.

The mechanism of FSRS initialises with an ulthert fs puls€A) to photeactivae a desired
chemical reaction, resulting in the maolges being in an excited stafdter a controlled

delay, a narrow bandwidth picosecond Raman pidseand a broadband femtosecqurdbe

pulse(C) are usedo illuminatethe sampleWhen the frequency difference between the

second and third beams matsteemolecular vibratigrstimulated Raman scattering occurs.

Typical parameter values for the probe and pump beam@&agrmé0 fs;(B) ~ 3 ps;(C) ~ 20

fs, with wavel engt hs a-960nn{1Bg. The breadb@nd parameters ( C)
of Raman pulséC) enable measurement ovewide spectral range ©f1500 cm'.

Combining FSRS with SER&s Surface Enhanced Femtosecond StimuRgsdan
Scattering (SE-SRS) hagroved challengingThis is primarilydue tosample damage
arising fromthe high peak intensity of the fs laser pul$¢swever, olloidal Nanoantennas
SERS substratdgveproved to be robust enough to be used with FERS In 2011,
Frontiera et al. reported on the first successfidmpt at SEESRSusing gold Nanoantennas
substrate§164.

Ultra-fast SERS techniquessich as FSRS and SESRShave the potential to revolutionise

the field of Ramarspectroscopyl66. A stimulated Raman process uses multiple pulses and
produces a coherent signahich in turn yieldsa greater photon collection efficiencis

such, ultrafast stimulated Raman techniques can bring greater sensitivity to SERS
characterisation. Keller et al. suggest that stimulated Raman techniques lthayegager
enhancements than thé dependence observed frapontaneous SERS. However, this

order of enhancement is still only a theoretical consideration and has yailiedreed
experimentallyf167].

2.8.2 Recent SERS sensing techniques

A useful techique that limits laser damage sdmples is that of Remote SERS sensing. The
method involves the propagation®dirface Plasmon Polaritoakng a metal film towards a
SERSactive region rather than direct laser excitation of the sajhpi.

A disadvantage witifip Enhanced Raman Spectroscopy (TEBS) arisdrom the ambient
atmosphere ithe environment of the tip and samplemethod that avoids this difficulty is
Ultra-High-Vacuum TERJUHV-TERS) Unwanted scattering can occur from small
molecules in the air an@inaslothe spectra of the target analyidis could be especially
problemaical in the case of an unknown target species, e.g. Plasmon driven chemical
reactiongd169.
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Pozzi et al. reported on theausf UHV-TERSIn conjunction with pico second excitation and
noted thairreversible signal degradation can be avoidet().

2.8.3 Plasmonic Metamaterials

A metamaterial is generally defined as an engineered materiainaitbfea u rlessthan

the excitation wavelength of the particular application in question. The incident wave

interacts with the engineered morpholags if it is a continuous surfa@d hus,the material
response i s heavily dependent on the nanofea
requirements.

The development d¥letamaterials suitable for use with nanoscale photonics has great
potential in the field of SER3\n important example ofueh a material is Graphene oxide,
which is emerging as an important material for SERS research due to its unique properties
These properties include: strong chemical enhancement; fluorescence quenching; and
material properties such as high molecular gitsmm and water dispersibilifyl 71]. These
important properties of Graphene oxide arise from its unique chemical str&taphene

oxide comprises of many oxygen functional groups that enable it to strongly bind to both
metal and analyte molecules.

It is well established in the field of &5 that the mechanisms producing enhancement are
electromagnetic and chemical, with the electromagnetic process being mostly responsible for
the effect. While the electromagnetic enhancement has been thoroughly investigated, there is
still much deliberatio on the mechanism that produces chemical enhancement. Furthermore,
investigation into the mechanism producing chemical enhancement has been hindered by the
difficulty to separate the two enhancement mechanisms. This is where Graphene oxide is of
special nterest to SER&searctasitd o esndt gener ate an ebutect r omse
doesexhibita strong chemical enhancemenhe chemical enhancement is thought to result

from the highly planar nature of the material surface, which is atomically fiet.pfoperty

allows for a diminished separation between the material and analyte molecules which leads to
a more efficient charge transfer.

As a SERS substrate materi@raphene oxides used irbothchemical and biosensing
applicationsFan et al. repordn subnanomolar detection of aromatic molecules using a
silver/Graphene oxide composite nanomatersa#d for single particle SERS sensjfh@]].

The key challenge facing the future of Plasmonic Metamaterialsaigidresistive losses

that dampen Plasmonic excitatiahoptical frequencigld727. Various strategies have been
suggestedo combat thissuch as doping or alloying that allow for band structure engineering
[173. Another promising techque involves the use of organic molecules such as DNA for
the seednediated growth of nanostructures on planar surfgdcé$. DNA-mediated
assemblallows for tunable arrays of nanostructures with controlled interstructure spacing

[179.
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3 Materials & Methods

This chaptegivesdetailsof the experimental methodsid materialsised in this project. The
methods include the use of Raman spectrometers and Finite Difference Time Domain
(FDTD) computationamodelling A description is presented of the platfelbbased SERS
substrates used including details of their material composaidditionally, for the SERS
biosensing application details are provided for the cancer protein biomarkers used. This
includes a descriptioof the functionalisation technique used to prepare the substrates for

bioanalysis.

3.1 Materials

3.1.1 Characterisation & Fabrication of Platform -based SERS substrates

The coinage metals Ag and Au are the most commonly used in SERS appliaatidhgese
are thematerialspresent on the outer surface layers of substrates evalnates work.

Characterisation is carried out on a numbesarhmercially availablglatformbased SERS
substratesA list of thesubstrates obtained for this work is givemable3.1.

Table 3.1 Details for commercial platform-based SERS substrates

. Metallic Subsurface dielectric
Supplier Substrate features .
surfacelayer | material

Silmeco Itd., . : R -
Denmark oLeani ngo|Ag Silicon
Silmeco ltd., 6Leani ng6|Au Silicon
Denmark
Ir?tegrat_ed Optics, | Amorphous surface Ag Soda lime glass
Lithuania features
Ir}tegrat_ed Optics, | Amorphoussurface AL Soda lime glass
Lithuania features
Horiba Nanorod array Au SiOz
Diagnostic anSERS Aggregat e|Au Chromatography paper
Inc., U.S.
Il n addition, two novel 0in housed substrates

techniques. Novel substrateduced using Substrate Conformal Imprint Lithography
(SCIL) were fabricated at the Tyndall National Institute, Cork under National Access
Programme (NAP) funding. Bnetallic Nanogap substrates were fabricated in Singapore, at
the Agency for Science, Tlegology and Research (A* STAR) facility.
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Table 3.2 Details for in-house fabricated platformbased SERS substrates

Substrate ®urce
& type

Substrate features

Metallic surface
layer

Subsurface
dielectric material

UV-NIL

Tyndall, SCIL . .
imprinted wafer Nanopillar array Au SIO,
A*STAR; deep Nanogap array Au/Ag bimetallic SiO,

layer

There are a number of Raman active molecules used in SERS research inBlbdoamine
6G [176, 4-Aminothiophenol (4-ATP) [177], Crystal Violet [5], 6-Mercaptopurine
Monohydrate (6MP]}178, and 2Napthalenethdl (2-NT) [179. The characterisation of the
substrates was carried out usingNapthalenethiolThe 2NT andSpectral Grade Ethanol were
obtained fronSigma Aldrichand used as received.

Renishaw Wire 3.4 software was used to perform background subtraction on all Raman
spectra, and Igor Pro 5.0B uded all plots.

Finite Difference Time Domain (FDTDgnalysis was carried out with software purchased
from Lumerical solutions ltgdVancouver, Canada.

3.1.2 SERSBiosensingof proteins

For SERS analysis of proteins, synthetic biomarketh thheir antibodies were used, which
enabled accurate control over concentration and purity levels.

The following were purchased froBecton Dickinson

Wildtype recombinant human p53 protein in aqueous buffered solution (556439,)53kDa
Purified mousani human p53 antibody (554294, 0.5 mgynilhe concentration of the stock
solution was B90uM.

The following were purchasdcbm Abcam

Active human EGFR protein fragment (ab 155726, 95 kDa) andE2@&R antibodyab
2430, 0.2 mg/ml); stock solution was10.53uM concentration.

The biomaterials obtained from both Becton Dickinson and Abcam were used according to
themanuf act ur eandvathogt uithdrelficatior steps being performed.

The following materials were obtained fradigma Aldrit and used as received:
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4- Aminothiophenol (4ATP), Phosphate Bufferedaine (PBS) N-Hydroxysuccinimide
(NHS), (N-(3-DimethylaminopropybN Nthylcarbodiimide hydrochloride5DC), 6-
Mercaptopurine Monohydrate (6 MR3JycineandSpectral Grad&thanol

High efficiencySERS substrates were obtained frinaDanish companpilmeca
Substrates weneeceivedpackagedn batches of 5 anith a nitrogen atmogyere to prevent
early oxidationA collaboration with Silmeco was undertaken and adisolosure
agreenent set up between NUIG and Silmeco. This involleatacterizatiomlata from
platformbased substrates (pabt@3-117) being shared with the company in exchange for
large numbers of free samples.
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3.2 Methods

3.2.1 Evaluation of Platform-basedSERS substrates

The first stage of the project was to characterise a numisenahercially available
platformbased SERS substrates. These had been fabricateffieogrditechniques and

containvaried surface morphologieA.brief description of the manufacturing techniques is
given inAppendix8.1

3.2.1.1 Raman Analysis

Evaluation of the commercial amdn-commercial SERS substrates was performed by
examining the Raman spectra of substrates functionalized vtpthalenethiol (2N T).

The SERS sbstrates were prepared for Raman analysis using the following protocol:

A stock solution of NT was prepared. A molarityof L x¥M was gai ned with
2-NT diluted in 100 mL of Spectr&radeEthanol. A 100 mL volumetric flask was used

measuing to the bottom of the meniscus yielding (#0.08)mL, and avorking solution of

10 uM 2-NT wasthendiluted from stock.

Substrates were then gently rinsed with the 100% pure Spéct@éEthanol using a plastic
weighing boat and allowed to air dry

After cleaning, the substrates were then placed in a 25 mm glass beaker and covered with the
10 uM solution of 2NT. The top of the beaker was sealed with parafilm to prevent
evaporation.

The substrates were allowed to incubate in HNeI'Zor 2 hourq 180, 181] allowing the 2
NT to covalently form a monolayer on the substrate surface.

After incubation the substrates were taken out and gently rinsed in Ethanol to remove any
unbound/excess molecules and air dried.

The functionalised substrates were placed on glass slides prepared with double sided tape and
removed to the Raman lab for spectral measuréesnen

All incubation steps of the protocol were performed at room temperature.

Removed for Raman analysis
Covalently bound :
L f2-NT
2.NT (10 pM) » TOROTAYE TN
| 3

| o~ | |

P
e

Substrate

Figure 3.1 Schematic; substrate functionalisation
All substrates functionalised to same protadgescribed above

Raman measurements were performed using a Renishaw InVia Raman microscope at 785
nm laser excitation and 600 lines/mm grafimith a system resolution af0.25 cmt. A 50x
objective lens (NA 0.75) delivered the laser beam and collected the b#ekextgt.
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Instrument alignment and calibration procedures (including use of an internal silicon
reference sample at 520 ¢jrwere carried oupefore each set of experimenthieTlaser
power used was 0.006 mW with a spot diameter of 1.3

Figure 3.2 Renishaw InVia Raman Microscope
Raman Spectrometer & clean room location

Three substrates of each type were tested. For each indigithsitatespectral acquisitions
were recorded at 10 random locasaacross the SERS active region at a minimum separation
of 10uM.

Spectra were recorded over the rangei60800 cm® with a 10 second integration time, 4
acquisitions and Cosmic Ray Removal.

File Edit View Messurement Livevideo Analysis | Processing | Procedures Tools Window He = FE 77 T e T TR I e, TR [
A Data arithmetic
B=Sdil +e=> AT
@ ﬁ % %: ’ @ Subtract baseline
e Differentiate
e orte [ view — e — o=
=-£9 Au_l 10sec_4AccCRR_0.0001% PosLwxd * 1066
(@ Summary information Sl 2500 —J | 1378
uuuuuu t<\A THESIS\2 Re E—— ]
EEEEEEEE it =
n measurement generats Zap 2000 —]
5 u ]
24 Measurement configuration b
~ & detectorL: Renishaw CCD Camera - 578401 1500 —|
.o laser: 785 nm edge (mode: Linefocus) E |
ating: 600 Ifmm g ]
osure time: 10 5 1000 —|

tions, cosmic ray removal on E
@ lsser power: 0.0001% ]
nge: 600 to 1800 Raman shift/cm-1 300 —
fo it opening 65um, centre 2112um -
i@ video field of view 7160 5511

{9 objectivexS0

L. Continuous scan
Measurement status: Normal
4 File modified by
£ History summary
-4 Collected data

0 -

T T T T T T T T T T T
700 800 900 1000 1100 1200 1300 1400 1500 1600 1700

Spectrum Viewer |

Raman shift / em-1

Figure 3.3 Wire software GUI
Baseline subtraction & Cosmic ray removal performed using Wire 3.4 software

Cosmic Ray removal was applied during the Raman acquisitions. The baseline subtraction
was carried out using the Wiseftware and thepectral data sets were thremoved to
graphingsoftware for further processing.
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3.2.1.2 Finite Difference Time Domain(FDTD) Analysis

In this project thd=DTD tool is usedor analysis anaptimization of SERS substrates
Essentially the software models elecfield behaviour around nanofeaturtiss accurate
for featureghat have dimensions less than the incident waveleAgtlescription of FDTD

theory is provided above; padé.
The simulations are set up in the CAD environment of the GUI. There are four basic
simulation object types, these afére simulation region; structures; sources and monitors.

\Y Lumerical FOTD Sol yo 10nm.fsp [C:/Users/Nige/Documents/A_PROJECT_RESULTS_&_WRITE_UP/FDTD-Experimental/Jan13,_Pillars/Au_SquareLattice] [l

Fie Edit View Setting Simulstion Help

| A 5 = u v — a0
@ .. 4 @, LR S o I - Y . 8 [ rsmerpmmraray 3|
Materials Structures  Aftrbutes  Components  Groups  Simulation  Analysis  Import  Sources  Monitors Resources Check  Run
Objects Tree 8 X XY view 8 X Perspective view & X Saipt File Editor 8 X
R FDTD Layout 2 Li nfi EI
A & 4
AEENY t e =
L ) untitied JsF* X
L Name Type m 15 ght 2010 Lumeri ne .

ryvy A4 S pillar StructureGroup
ML B s piler00)  StructureGroup
i1 Au_pillar StructureGroup

g 4 Mgl StuctureGroup

% Au_pillar StructureGroup

A% Au_pillar StructureGroup

Lk 44 Au_pillar StructureGroup  |=
A4 Aupillar  StructureGroup

A% Au_pillar StructureGroup XZ view

il Au_pillar StructureGroup
i . Structurelroup

vy Aup
FOTD FDTD
Q‘\ = monitor Monit:
E'i Result View
Name Dimensions/Value

Figure 3.4 FDTD GUI
The CAD environmergtentre)reveals XY, XZ, YZ and Perspective views of simulation. A scri|

option(right) allows for alteration of simulation objects to specific requirements
A typical work flowfor simulation set ufs as follows:

1. Createstructures

Set simulationegion & boundary conditions
Add suitablesource

Add monitors

Check memory requirements Run simulation
6. Analyse results & export data sets

Objects can be selected from the basic structures or from the object librarycotiiaims
many complestructure and analysis objects, illustrated belowigure3.5. Any object
outside the simulation region will not be included in the simulaf@&hecting the correct
boundary conditions is crucial to avoid spurious results such aphyaical reflectionsA
useful boundary condition is the Perfectly Matched Layer (PML) which absorbs incident
fields. The PML allowdor simulation of fields propaging away from th simulatiorregion,
without reflectionsoccurringat the simulation boundary.

abrwn
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Figure 3.5 FDTD Object library

(a) Structre objects (b) Analysis groups. From these default objects/groups the dsisitdation

entities can be optimized

The source defines how the incident field is introduced into the simulation, sources include
Plane, Gaussian and Dipolghe correct choicéor combination of source and boundary
conditions is also important; for example, a Gaussian source should not be used with periodic

boundary conditiongVionitors recordjuantitative data from the simulatifor field, time,

refractive index etc.
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Figure 3.6 Selection ofFDTD sources & monitors available

(a) List of monitorsincluding FDTD GUIlimage of Gaussian source; pink arrow propagation
direction, blue arrow polarization (b) List afvailablemonitas. Refractive index monitor can be
used prior tarunninga simulation to check correct choice of material etc.

Finally, it is important to check memory requirements in the available drop down menu. The
simulation time is significantly affected by mesihe(dx), asthe simulation time scales as
(afdx)* for 3D simulationsA course mesh is usually selected at first, then gradually
decreaseih size for subsequent simulations. When the outpartwergethere is no

necessity to reduce the mesh furtfide  ¢x)ddependence arises from the following
considerations.

The speed of light in a finite mesh cell is different to that of real space, and is dependent on
the mesh dimensions. The simulation time is dependent on the propagation time through each
meshcell. For a 30simulation,the time is dependent on dx, dy and dz to give approximately

a ( 3rklatian) However, there is an additional dependence on dt which means that the
simulation time hdédmlatanppr oxi mately a (a/ dx)

In addition to the simlation time dependence on mesh size, there is also an issue regarding
numerical errors associated with finite mesh sites problem is addressedingconformal
mesh technology (CMT), which is included in the Lumerical software package used on this
project.Essentiallythe CMT adjusts the mesh size to the refractive index of the material,
with a smaller mesh size being usedHmher refractive indicesThis ensures that numerical
errors arising from finite mesh celisekept below a certain thresholdlue.

An additional option provided by the software is to use mesh override regions to manually
select smaller mesh size for a region of interest such as material interfaces.

The pulsed source used in the simulations begin at an initial time wherafieldssumed to

be zero. The algorithms require the energy in the FDTD region to reach zero by the end of the
simulation runTime monitors plot fields as a function of time, and are generally used to

check that the system energy has sufficiently decagadsample FDTD generated plots

below, Figure3.7.
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Figure 3.7 FDTD time monitor images; Electric field vs time;showingcorrect and incorrect
simulations

(a) Correct simulation parameter§he energy in the system has sufficiently decayed by the er
the simulation, and thgystem has reached CW stéigImage shows diverging simulation arisin
fromincorrect simulation parameters. ¢orrect boundary conditions were used to achieve this
illustrated result. In this case, the simulation records-pbgsical reflections.

In order to avoidspuriousoutputs arising from energy remaining in the simulation as
illustrated inFigure3.7( b) two or three O6pointdé ti me

71

mo n i



Initial simulation work isperformedto compare FDTD simulations with expected theoretical
results.These are carried out to better understand how the FDTD analysis relates to the
mechanism that generates SERS, and to gain proficiency in the use of FDTD sdftware.
plane wave sourds used for thessimulations; the simulation objectsed were planar
metallic surface and a metallic nanosphere of varying radii.

XZ wiew B X

Figure 3.8 FDTD Plane wave sourcgxz view
Propagation Normal to X, y and downward, polarization along x

The SERS response of nanoscale featare simulated for the following:

1. Local Field Intensity Enhancement Factor (LFIEF) & Reflectance at a metallic planar
surface

2. Size dependant SERS response of a hanosphere surface

3. Polarization dependence & O6Lightning rod

4. Coupled Plasmon Resonarn(€PR)arising from variation of interstructure spacing

Note: Theexpected theretical outputs are sourced fromSur f ace Enhanced Ran
Spectroscpy 06 edited: SEHastian Schlucker

1. LFIEF & Reflectance at a planar metallic surface

ThelLocal Field Intensity Enhancement Factor (LFIES-gssentiallyhe Local Field

Intensity normalized with respect to the incident intensity.aFast Ag or Au surface over

most of the visible range, the LFIEF should be < 1 with a correspondingly high reflectance;
for Ag ~ 100% and for Au ~ 50% below 600 nm

The simuation region contained a flat metalliectangular object with theurface irradiated
by a plane wave source at normal incidefide simulations are carried out over a
wavelength range of 260000 nm and the outputs are showiigure3.9 below.
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Figure 3.9 LFIEF& Reflectance at a planar Ag & Au surface

(a) LFIEF response illustratinthed q u e n ¢ h i n gt the retat shriace [bfFThe reflectance
as a function of wavelength is shown for both Ag & Au. High reflectance is observed for Ag (
most of the visible range and from ~ 600 nm for the Au surface.

The outputs generated illustrate the expected betmavio(a) the response from the planar
surface is a quenching of the LFI for both silver and gold. Additionally, both metals exhibit
concomitant high reflectance (b). The quenching to LFI and hence SERS response, for a
planar metallic surface demonsesithe importance of the importance of surface features in
the fabrication of SER&ctive substrates. The shape, and especially the-tiarensionality

of the surface features is of particular importance. This is examined in the next series of
simulations.
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2. Sizedependant SERS response of a hanosphere surface

Next we will examine the SERS response of a-plamar metallic surface by introducing an
object with nanadimensionality into the path of the incident electromagnetic wave.
Simulations were carrieout for a silver nanosphere with varying radii of B0 nm, using a
plane wave source at normal incidence.

LFI quenching occurs at a planar metallic surface, the response now expected is that of field
enhancement. It is also expected that both the matgndtithe local electric field, and the
position of the resonance peak, will vary with the size of the nano object.

In Figure3.10difference in LFIEF response, op#anar and nanosphere surface is illustrated.

Note that 6équenchingd ocEgue39(a tHowevbere pl anar s
replacing the planar surface with a MNP, now results in an enhancement to the LFI. In

tandem with the change in strength of the field maxima, there is also a frequencytbleift of
resonance peak positioRigure3.10 (a) & (b) respectively.
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Figure 3.10 LFIEF response for planar and spherical simulated objects & resonance peak
shift

(a) LFIEF comparison of a planar and 60 nm radius nanosphere; both Ag. Quenching occur:
planar surface while LFI enhancement is observed for the nanosphere (b) As the radius of s
varied,a redshift is noticed with increasing radiuSimulations using plane wave source at
normal incidence.

In order to illustrate theariation ofElectric field maxima and spatial distribution with sphere
radius, 2D plots for Elgric field are presentetextin Figure3.11.
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Figure 3.11 FDTD generated Electric field distribution for spherical metallic nanoparticles at
varying radii

2D images showing Electric field maxima and spatial distribution about nanospheres of vary
radii (a) through to (d) 30, 60, 90, 120 nm radius respectively. Plane wave source at normal
i ncidence and p.&dalebarjEkeetric fieldfvV/mgl ong &6 x o6

In Figure3.11, boththe Electric field maxima and spatial distribution change with variation

of the nanosphere radidgowever, in each case the local field maxima occur on the edges of
the sphere that aparallel to the incident polarisatigni . e .  al'heeffiegt ondhe @Jal.
electric field of varying the incident polarisation is examined in the next simulation.

3.Pol ari zation dependence & O6Lighting rod eff

In order to examine how the spatial distribution of electric field is affected by incident

polarisation, the following simulation is carried out. A silver nanosphere of 60 nm radius is

Oi Il luminatedd by a mntidenteThewatputs wre examineceforat nor n
incident polarization along both the 0x06 and
same.

An additional simulation is carried out to e
intensify the local electric field inwhatisknowns t he o601 i ghtening rod e
il lustrate the 6lightening rod effectd, the

with a nanesquare.
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Figure 3.12FDTD; Electric field variat ion with incident polarization & spatial distribution of
field about &ésharpd object features

I ncident pol ar i ghawnindah& () respacgvely(g) dcident golarézation alo
6x6 for a nanosquare, 60 aversoursdatnermal inddante. Scd
bar Electric field (V/m) (d) Schematic; s
as utilised in TERS

FromFigure3.12 (a) & (b)it can be seen that the field maxima occur partdi¢he incident

polarization, while the strength of the field remains the same. For a SERS substrate with
antistrophicdopography, suitable alignment of the sensor, and with due consideration to the
polarization should bebservedimage (c) illustrates the lightning rod effect. The spatial

distribution of the field is strongly localized around the apex of the squars freatllel to

the incident polarization. The oO0lightening r
such as TERS; shown in the schematic of (d).

4. Coupled Plasmon Resonance (CPR)

Having alreadyonsidered the SPR of a single object (sphere), weowkwat two
neighbouring objects and the effect on the electric field as they are brought closer together.

Just as for the above simulatipasplane wave source is used at normal incidence.
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Figure313Coupl ed Pl asmon resonance for two 0/
Images (@) to (e) Electric field between nanospheres. Distance between spheres: initially at
nm, decreasing through 60, 20, 10 and 2 nm (a) to (e) respectagiys 60nm (f) Local Field
Intensity Enhancement Factor (LFIEF) vs 8phe s epar at i o tine profiemagkedd
on (e) for visual purposgsALL simulatonsP| ane wave source, Pol
normal to X, y (downward). Scale bar Electrieldi (V/m).

In Figure3.13 above when the spheres are far apart (twice their radingjg is essentially

no interaction between the individual local electric fields, shown i fajs, from the

standpoint of SERSc#vity, they can be considered as two separate objdotsever, as the
structures are brought closer together, their fields begin to interact, with concomitant increase
in the strength of the field maxima; especially noticeable in (c) & (d); gaps ofd2D0anm
respectively. As the gap is further decreasieel strength of théeld maxima strongly
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increases, with the event ulaHRS od Hmatt i somo tosfd aa
localized regions of intense electric field.

To illustrate thenear field characteristics af SERS hot sppthe LFIEF is plotted against

di stance from 6hot s poaQ (§. Hotspots areechasattarisedg byt he vy
the presencef@ large LFIEF at their centf@2] Normally this is also accompanied by a

strong localisation of CPR. Both of these characteristics are seen in the image. The LFIEF is
seen to rapidly fall off with distance from the hot spot centre; reaching FWHM value at ~ 6

nm from centre along 6yo.

Secondly, theplatformbasedsubstrates were modelled and comparisons made to the

experimental Raman outputor individual simulations, a range of parameter dependent

FDTD outputs is also generated to gainprpar o Xx i mat e O uTheiadvitluali nt y 6 v
simulation O0set up6 is described as foll ows.

Silmecosubstrates

The simulation set up for Silmeco Capped Silicon Nanopillar subsisaseéswn belown

Figure3.14, the same geontwy is used for simulating both Ag &u Nanopillars.The SERS
enhancement mainly ari ses fandtheCouple@&Pladrhoe ani ngo
Resonance between thefts suchthe simulation was set up for a dimer rather thaimgle

pillar. The dimensions of the metallic pillar cap and general substrate geometry were gained

from a publication by Wu et d171]. The separation between pillar caps was setto 1 & 4 nm.

The 1 nm gap accounts for the leaning effect of the nanopillars, and the 4 nm tdsginséa

of the unertainty ofthe simulations.

Table 3.3 Silmecosubstrate dimensions

Structure Structure
Material spacing Material spacing
(nm) (nm)
Ag 1 Au 1
4 4
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_ ‘Ag’ capped Silicon Nanopillars
Polarization along ‘x’ (blue arrow)
Propagation downward along ‘z’ (pink arrow)

Figure 3.14 FDTD set up; Ag Nanopillars
The shaded rectangle between the two pillar caps is a mesh override region (left image). Pl¢
wave source, propagation normal to x, y (downward) Polarization along X.

A mesh override region is used for the area betweenao pillar caps where the field
maxima and field hancement occur. This allows for a reduction in simulation memory
requirements and brings the benefit of accuracy to the ROI.

In the perspective vieWightimage)t her e i s a 0 s h mdektguédraat.Tleisa i n t
is due to the use of symmetric boundary conditions. These conditions can be applied when

the structure and fields are both symmetric and periodic, i.e. when the electromagnetic fields

have a plane of symmetry through the middle ofsiheulation regionThe main advantage is

that the simulation run time is reduced by a factor of 4, thus allowing for a finer mesh to be
usedHereaP ML | ayer i s used along the 6z6 axis.

Integrated Optics substrates

These substrates were simulated usingé r oughened surfaced6 object
order to simulate an amorphous surfaldee simulation geometnysedfor Au and Ag

surfaces was the same in both ca$és. substrate soda lime glass base was introduced first

into the simulatiomegionas a roughened surface objéeldhen adjustments to the object

roughness were made to achieve the desired topography. The object was then copied and
movedupwards n 6z06 to create a surface | angthe whi c
materialchanged to AuThe interface betwedhesoda lime glass platform and metallic

surfacdayer is defined by selectirgpitable mesh order priority for both objects. Selecting

the correct priority setting O6i hednterfatcect s 6 t he
This can be seetlearly in the x, z vievof Figure3.15 (a) below.
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(@)

Figure 3.15FDTD set up; Au Laser fabricated substrates

(a) x, z view, Au surface coating thickness = 200 nm (b) Perspective view showing amorpho

features. Plane wave source, propagation normal to x, y and downward, polarization along »
PML boundary conditions were used on all boundaries. Although the struextees!
through the®ML boundaries only the structures within the bounded region are simulated.
Extending the objects through the boundaries in this way ensures that npaitgréaties at
the boundary are clearly defined. FDTD calculates the fields propagating through the PML
layer. Howeverif a structurenas an interface within tHeML layer it will generate non
physical reflections.

Horiba substrates

The Au Nanorods werdso simulated as a dimer, and simulations carried out for structure
separationselating to the long and short aya®sentedn the following table.

Table 3.4 Horiba nanorod substrate dimensions

Height 550
Diameter 80
All measurements Minimum Maximum
(nm) separation separation
Axis 17 long axis 60 80
Axis 271 short axis 10 20

The Au Nanorods were simulated as illustrated irfithee below.
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Figure 3.16 FDTD set up; Horiba substrate

X, Z view (aphows standard graded mesh region (b) graded mesh disabled for visual purpos
mesh override region visible between nanorods. Plane wave source; propagation normal to
and davnward, polarization along x.

The standard FDTD mesh applies a finer mesh near to the edge of dtpeatser,.a mesh
override region allows for manual settingfioler mesh over desired regions; illustrated in (b)
above.The two short yellow lines visle middle left and top right are point time monitors.

Diagnostic anSERSsubstrates

For this simulation, two Au nanopatrticles on a paper substrate were introduced into an FDTD

region.

Table 3.5 DiagnosticanSERS substratadimensions

Sphere diameter

Structure spacing-

(nm) al on ¢m) x
50 10
50 30

The platform base was chromatography paper and refractive index data was gained from the
publication by Fabritius et gl182. A mean refractive index based on the literature was
selected and uploaded to the FDTD matetféh base.
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Figure 3.17 FDTD set up; Inkjet substrate
(a) x, z view; mesh override across region between Au nanopatrticles (b) perspective view. F
wave source; propagation normal to x, y and downward. Polarization along x.

The FDTD generated SERS Enhancement Factor is calculated as an approximation based
field maxima measured during the simulation.
spdial distribution and magnitudaf the local electric field across 50 frequency points. One
monitor records values acrygs s 66, amé . whAi IMA Ttl
script then selects the maximum electric field value, and applies' thehBEncement

approximation.

Following these simulations, the model is then further developed in Results chapter 2 to both
optimize and analyse the Nanolithogrg@ubstrates, padetl & 159

3.2.2 Design & Optimization SERS substrates
3.2.2.1 Fabrication techniques SCIL substrates

The substrates from tAg/ndall National Institute weredelivered undeNationalAccess
Programme (NAP) fundingising Substrate Conformal Imprint Lithography (SCIL)

Thefabricationprocesss described afollows:

1. e-beam patterning onto Silicon waterproduce Master mold
2. Fabrication of Flexible Mask & stamp

3. SCIL imprinting

4. Etching

5. Deposition of noble metal film to achieve SERS response

The Opat t eraftheirgpridpeocessennotves thrdmsicsteps which are
detailed inFigure3.18 and explained briefly as follows:

Firstly, a Master mold is madey ebeam patterning of a wafer that is spin coated with
HydrogenSilsesquioxane (HSQ) resi$iSQ is anegative resistllowingthe ebeam
patterned regions to remain post developiritge Master is realized with structures ~ 50 nm
in height.
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Next, a flexble mask is made from the Master using a bilayer of H@DMS and PDMS

whichyieldst opogr aphy

t hat

i's o

indentedd from

Finally, the SCIL procesgeneratesn imprinted wafer witla morphology comparable to
the design on the Maste&ubsequengtchingproducesanosructures of the desired height ~

450 nm.

Flexible mask

Glass shide

Rubber cowl

Glass slide

PDMS

Structures (indented from Master)
height ~ 50 nm; diameter ~ 260 nm

H-PDMS

e

Figure 3.18 Schematics and images for SCIL process
Silicon Master with attached: biopolymer layer-BDMS/PDMS)rocess depth ~ 1.6 miglass
carrier slide; Mask Replicator Machine (MRT upper left schematic. MRT toolupper right
image. Glass carrier & flexible mask inserted into SCIL machine for imprinting of silicon ivafe
left middle imageAminol resist coated silicon wafer loaded tollS®A6 mask aligner, ready for

conformal imprint left lower image

The flexible mask process dimensions are showsigare3.19.
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Rubber cowl placed around glass slide & flexible mask

\ .

7

52 mm
®/ |

Rubber cowl

240 mm
188 mm
F Glass slide
1.6.,",.I PDMS /
JH-PDMS E B EEEEE

Figure 3.19 Flexible mask process dimensions
The diameter of the flexible mask is the same as the silicon wafen{m wafer diameter

Substrate Conformal Imprint Lithography can produce nanostructures with better feature

resolutionand qualityin comparison t@ther nanolithography methodmproved qualityis
achievedusingt he fl exi bl e st amp odrfd
Figure3.20. Capi | | ar the stamp intotime liquid redist anddso minimiaes
inclusion that woulatherwise caussurfacedamage and podeatureresolution.

Pneumatic channels on Stamp holder
used to sequentially push down mask

Mask Stamp holder

\rlllllllllllll
Resist / E
coating

SCIL imprinted

’ wafer

Sequential separation

Sequential Imprint [> U.V curing Q

Figure 3.20 Schematic of £IL imprinting

Vacuum holds Mask in place, series of pneumatic channels in stamp holder activate & deac

g enpu @ mttii anlg drecs|

sequentially to

produce

6rol | on/ rol |l of f

The imprinted wafer is then removed. Any residual orgaariesemoved by £xleaningthe

waf er i s then

etched
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ASIO2l ayer is Osputteredd onto the nanostruct u

to deposition of metal layeA nanolayer of Titaniung~ 5 nm)is deposited onto the SO
surface, also by sputtering; in orderprovide adhesion for the noble metal layer.

The sputtering technique is a type of physical vapour deposition (A¥@)n gas is injected

into a vacuunthamber which is ionized by a radio frequency (RF) source. A target is placed
on a cathode and the substrate/sample to be sputtered is placed above théta@dbrd
Sputterer used at Tyad contains a Magnetron source, where magnets are locatettl i
cathode. Electrons from the Argon plasma are captured in the magnetic field which increases
the rate of collision with Argon atoms. Resulting positive ions are accelerated towards the
target and chargeeutral material is ejected. This material flaxdeposited onto the sample,
coating it in a thin filmof the target material

A thin metallic filmis thenapplied via netalorganiovzapour phaseptaxy (MOVPE).

MOVPE is a type of chemical vapour deposition method. Thin film growth is via a chemical
reaction rather than PVD. MOVPE utilises megeganic sources (MOS) which are injected

into a gas chamber reactor (not vacuum). A carrier gas transports the MOS across a heated
substrate/sample, where a surface chemical reaction ensues, resulting tevaal &min film
growth.

3.2.2.2 Fabrication techniques; Nanogapsubstrates

Nanogapsubstrates were designed and fabricated aAt&TAR facility in Singapore.
Thesesubstratesompriseof a nanohole arragn a Silicon wafer with a bimetallic surface
coating The bimetal filmconsists of silver layeiof 35 nm thickness and a gold outermost
layer10 nmthick. Gold provides a more stable outer lagrean Ag while a bimetal Ag/Au
layer yields a grédar SERS response than Au o83 184

Fabrication of the Nanogap substratesa Silicon wafeessentially involvea four step
processvhich isdetailed in the publications by Dinish et[dl8( & Fang et al[185. A
brief overview of the process is described as follows.

1. Firstly, deep UV (DUV) Photolithography is used to create a mask patterned with an
arrayof circles. The Lithography was performesinga DUV excimer laser (248 nm
and a positive resist, i.e. the written structures are removed during development.
a. Positiveresist; commonlypoly-methyl methacrylatéPMMA)
b. Developercommonly: acetone; sometes chlorinated solvents such as
methylene chloride) r e moves written areabs i .e.

2. Etchingof the Silicon is achieved with RIE to a depth of ~ 150 nm.
3. Dryoxidationof SiQit o Obul k outd structures
4. physical vapour @positionvia ebeam evporationis used tdorm a bimetallic layer;

Ag followed by Au outer layer.

The use of a positive resist yields an awhyglosely packed nanoholes witie regions
between the holes remag as raised structuraiustrated in the following schematic
Figure3.21.
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> Nanoholes
-

Raised areas —
bimetallic
composition

Nanogap ~ 70 nm
Au - 10 nm

+
4 ~45nm — Ag—35nm

t ~ 150 nm

+ |

Pt

185 —200 nm

Au

 Ag

= Silicon

Figure 3.21 Schematic; ranogap substrates

Upper image X, y view showing raised bimetallic areasveen nanohole arragost developing
Lower image X, z side profile; bimetallic layer ~ 45 nm which consist8®& 10 nm layers of Ag
& Au respectively

3.2.2.3 Raman Analysis SCIL & Nanogap substrates

The procedure used for substrate fundalmation andRaman analysis dhe platformbased
units above was also used for the SCIL Blathogapsubstrates.

3.2.2.4 FDTD analysis SCIL fabricated substrates

The dimensionsised for simulating th8CIL substrates are shownkigure3.22 below. The
simulation consisted of two pillars with per
with a plane wave sour@d PMLalong he &6z 6 boundary. Note the
subgrate base extend through the boundaries inixhys is to prevent nephysical

reflections between the edge of the substrate and the simulation boundary.
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365 nm
B sio
235 am

Figure 3.22 SCIL Nanopillar; dimensions & material composition
Schematic showing Silicon imprinted Nanopillar with Si0ffer layer and Au surface layer

As shown above, the simulation objects consisted of an inner Silicon pillar overlaid with SiO
with an Au outer layet, he pi | | ar tasghevn ia theGUdimage beldve d 6
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Figure 3.23FDTD set up; SCIL substrates

(a) x, zview (b) perspective view. Plane wave source, propagation normal to x, y (downward
pol ar i z at .iStuctureardrap ang sulistxate base continue through FDTD simulation
boundariedn x, y

3.2.2.5 FDTD analysis;Nanogap substrates

The dimensions used for simulation of the NILdgap substrates aseownin Figure3.21
above (i.e. height 185200 nm; diameteir 140 nm; nanogap ~ 70 nm)

The schematic shows a cresexction view of the features. Tkey viewbelowshows thathe
Or ai s e d dessentiallyresemble @resunded cross shaped feature.

Nanogap ~70nm | | — Structure height
N > = — 185-200 nm
<:> Diameter ~ 140 nm

Figure 3.24 FDTD set up; NIL Nanogap substrates

SEM image; x, y view shows cross shaped raised structures and FDTD simulationteffion
image. Scheatic crosssection displays x, z FDTD regidrright image. Zoom schematicenter
image)s hows view x, y for simulation objects
adjacent cross edges, polarization (marked) along x. Plane wave source, giopagrmal to X,
y and downward

The hot spot regions occur at the edges of the <sluase structures as shown in the zoom

imageabove(lower left) The simulation set ujg to simulate two pillaras shown in the
lower left image, with incident polagzt i on al ong &éx06.
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3.2.3 Application T Biosensing

The sensitive measurement of protein concentration in this work utilises an indirect approach.
The effect on the Raman linker spectra caused by changé8amd EGFR concentration
are examined.

3.2.3.1 Substrate functionalisation
The procedure for functionalisation of the substratdkistratedbelow inFigure3.25.

Ag SERS nanopillars on silicon substrate

* Antigen
T

Antibody
Functionalized @ ® - COOH bond
substrate
o - NH,

Raman linker

-

1 1 1 1

Decreasing protein concentration
3

N

o
1
T

Antibody/antigen I Raman analysis

binding [>

08 -
0.6 -
0.4 -

0.2+ ~

Normalized counts 1080 cm! peak

T T T T
1070 1080 1090 1100

Wavenumbers (cm™)

Figure 3.25 Schematic for substratefunctionalization
Functionalization of Ag Nanopillar substrate, with covalently bound Raman linker and antibo
With increasing antigen concentration, observed shift in CS peak to higher wavenumbers wi
corresponding decrease in FWHMywer right image.

As an initialcleaning step the Silmeco substrates were gently rinsed with the 100% pure
SpectralGradeEthanol.

For this and subsequent cleaning steps a clean plastic weighing boat was used. As liquid was
carefully poured out of the boat, surface tension held theratdsto the boat surface,

allowing safe removal of waste between rinses. Substrates were allowed to dry briefly in air
after cleaning.

The cleaned substrates were then placed in a 25 mm glass beaker and incubated for a period
of one hour in either-ATP or 6-MP. The top of the beaker was covered with parafilm to
prevent evaporation during the incubation. Both linkers were prepared with Ethanol to 10

mM concentrations.

90



During incubationthe linker molecules covalently bonded to the substrate to form a
morolayer. After one hoysubstrates were removed and gently rinsed five times with
Ethano] to remove any unbound/excess linker molecules.

One substrateonjugatedwith thelinker moleculeonly, was set aside at this paint

EDC and NHS solutions (171 mM & 427.5 mM respectively) were prepared separately in
0.01M PBS. Next 20 ul of anp53 was mixed with 0.5 ml (171 nM) EDC & 0.5 mM (427.5
mM) NHS and placed under vortex for 5 minutes.

The linker bonded substrates were thiated in a 25 mnglass beaker and incubated for two
hours in the EDC/NHS/anrp53 mixture.

After thetwo-hourincubationthe bioconjugated substrates were gently rinsed with PBS
(0.01 M) in order to remove any unbound antibody solution.

A 10 mM Glycinesdution was prpared separately in 0.01 M PBBhien 1 ml of the Glycine
was added to 9 ml EDC/NHS (50:50 by volume mixture).

The purpose of the EDC was to activate the carboxyl terminal on the surface of the antibody
structure while the NHS greatly improgethe coupling efficiency of the reactidhshould

be noted that the use of EDC/NHS to functionalize be#T® & 6-MP for bindingwith

antibodies is supported the literature. The same protocol was used by Kho et al. to
functionalize4-ATP & 6-MP Raman linker molecules witltheH1 & p53 biomarkers
respectively{ 186

In order to blockstop)the reactionthe substrates were left in a glass beaker in the Glycine
activated EDC/NHS mture overnight.

The next morning the substratesrevéhen gently rinsed with PBSne antibody bound
substratdi.e. substrate + Antibodyyas set asie from the rest this point.

A number of desired protein concentrations were prepared by ditutedn; 20 ul of each

protein concentration was placed on top of the substrate with a pipette and left to incubate for
1 hour. After lhour,the substrates were gently rinsed in PBS buffer to remove any excess
unbound protein.

The functionalised substest were placed on glass slides prepared with double sided tape and
removed to the Raman lab for spectral measurements.

All incubation steps of the protocol were performed at room temperature.
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3.2.3.2 Raman measurements

Raman measurements were performed using a WiTec Confocal Raman Spectrometer @ 785
nm excitation wavelengthusing 600 & 1200 lines/mm gratings.

WiTec confocal Raman microscope

Fibre optic cable provides confocality

Figure 3.26 WiTec Confocal RamanSpectrometer
WiTec Confocal Ramadii cr oscope & O6XTRAO® 5 Oi(rowiding narfo® 5
spectral linewidth (typically < 10 MHz)

Spectra were collected using an Andor Ixus cooled charge coupled d&ab€)(with a

100x objective lengo deliver the laser beam and collduw backscatteredight. Rayleigh
scattering was blocked with the appropriate notch filter. The laser spot diavasted pum

with alaserpower of 0.05 mW. The Instrument calibration was verified using the maximum
signal from a silicon standard at 520'ém

Measurements were performed usirigbgpointarea scan over a 10 x [ufh region of

interest usig a 1 second acquisition time. \&pect that, podunctionalisation, the

substrate surface, will comprise both free linker and prdieimd linker moleculeS.he

average spectra from the area scan, will yield an average response of these free linker and
proteinbound linker molecules.
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Figure 3.27 WiTec Project 4.0 software; screen shot of GUI
Spectral data fronthe Project manager window processed via the drop action menu dipiset)
Project manageused to select single or group spectra prior to exporting data sets.

Spectral data was processed using the WiTec Project 4.0 software. The process flow for the
25-point area scan wass follows. Firsto apply Background subtraction then Cosmic ray
removal followed by total average of the 25 spectra dat&geher processing was

performed in Excel and Igor Pro 5.0B software, Normalisatiorio peak of inteest and
Gaussiarcurvefitting.
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4 Results 1- Evaluation of Platform-basedSERS substrates

Characterization of thelatformbasedSERS substrategas carried out by measng the

Raman signal intensity frothe substratesfter functionalization witta 10uM solution of2-
Napthalenethiol (NT). SEM and FDTD analysis was then carried out to correlate substrate
surface features with SERS performance.

4.1 SEM characterization

SEM imaging of the commercial substrates was carried out at the CRANN Advanced
Microscopy Lab (AML), Dublin. The SEM system was fitted with the following detectors:

A high efficiencyln-Lens detector is utilised for detecting Secondary Electrons (SE) directly

in the beam path for surface imaging. Bite2detector is used to detect b @ E6 s and Back
Scattered Electrons (BSE). This allows for greater penetration depth and gives a more distinct
topography of the sample. The other detector is the Energy Selective BackscE®&8ed (
detector, and i s used pamaterialicompogitionimagd.et ect BS
Heavier atoms appear brighter on this contrast image.

Images for the followinglatformbasedsubstrates are shown beldBitmeco(Ag),
Integrated Optic§Ag), HoribaandanSERS

94



Silmeco Ag Nanopillarsubstrates

« o .lﬂv
e
m l.h
&
c
5]
=
)
-
@
e
8 <
& S P
bE ) L e
g L AR e w
F e ST e Y "y
o Srfest
© <
-
B B 72 ¢ -
sl 0 D
=%+ B
(4%
. 9, ln-
BelPd — £
SPeY cr. b m
2o .Qo«..frcu.ﬂ. o o
ol i x i
R ¢
w
(4
"
2 ...
= .
®
R -
N E
«
W 4._~ -l\n‘\ S ~
~ - L
W. m r I\‘Anfo ™ 46-
@ ST

58 4 Feb 2016

24

14
95

Time

si_tilt_0_26.tif

SE2
File Name

5.00kV ZoneMag= 10.54 KX

WD = 52mm
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200 nm 500kvV ZoneMag= 21.59KX SE2 Time :14:22:57 4 Feb 2016
WD = 5.2mm File Name = si_tilt_0_22.tif

300 nm 300kV 2ZoneMag= 29.71KX SE2 Time :12:54:31 19 Jan 2016 ‘

WD = 4.2 mm File Name = sil_tilt60.tif

Figure 4.1 S E M & Silmeco Ag Nanopillar substrates

(a) I nLens surface view of nanopillars; N
Magni fication 10.54 KX;1 em scale bar; (c
SE2: Magnification 29.71 KX; 300 nm scale bar. Acceleration vadta@e to (¢) 5 KV & (d) 3 KV
The nanopillars are fabricated to have a hig

towards adjacent pillars, creating nanogaps of < 4 nm. When a liquid analyte is deposited
onto the substrate surface, this leareffgct becomes more pronounced. However, some
leaning of nanopillars is visible in (d) from a pristine substrate.
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Integrated Optics; laser fabricated substrates

1pm 300kv ZoneMag= 4.31KX SE2 Time :11:20:31 18 Jan 2016 Q |
WD= 862 i = 0
mm File Name = laser_30.tif .
-

1pm 300kv ZoneMag= 1747KX InLens Time :10:59:44 19 Jan 2016 g
ool

D= 45mm File Name = laser19.tif
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1 pm 300KV ZoneMag= 848KX  SE2 Time :11:24:01 19 Jan 2016 g
WD = 62mm File Name = laser_32.tif

200 nm 300kv ZoneMag= 33.11KX SE2 Time :11:25:04 18 Jan 2016 g
WD = 62mm File Name = laser_33.tif

Figure 4.2 S E M é Iategrated Optics Ag laser fabricated substrates

(a) SEZ2; Magni fication 4.31 KX; 1 em scal
17.47 KX; 1 em scale barn (@c mSBEZalddadirair f i
amorphous features; Magnification 33.KX; 200 nm scale bar. Acceleration voltages (ALL) 3

The substrates shown kigure4.2 clearly show the amorphous nature of the laser fabricated
substrates, produced via short pulsed lasers at ablation threshold. The higher mag image in
(d) shows the random nature of the susféeatures.
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Horiba Au Nanorod substrates
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= 39mm File Name = glass_03.tif
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=t
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200 nm 300kvV ZoneMag= 54.53KX SE2 Time :11:33:41 19 Jan 2016 g
WD = 5.4 mm File Name = glass_35.tif oo

WD = 5.4 mm File Name = glass_36.tif

200 nm 300kV ZoneMag= 54.53KX ESB Time :11:37:11 19 Jan 2018 g
O

Figure 4.3 S E Msé Horiba Au nanorod substrates

(a) I nLens; Magnification 17.72 KX; 1 e&m
scale bar (c) SE2; Magnification 54.53 KX; 200 nm scale bar (d) ESB; Magnification 54.53 K
200 nm scale bar. Acceleration voltages (a) & (b) 2 kV (c) & (d).3 kV

In Figured3( a) and (b)), the anisotropic nature of
depositioncanbecleartlyeen. The SE2 i mage in (c) shows t
clearer sense of the topaghy. While the backscattered electron image in (d) at the same

mag, shows the Au outer layer present on upper layer of the nanibmdéigavier Au atoms

appears brighter.
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Diagnostic anSERS inkjet printed substrates

pm 300k/ ZoneMag= 3.02KX SE2 Time :12:47:50 19 Jan 2016 ﬁ
I i WD= 7.1 mm File Name = paper_esb_58.tif v

2 pm 3.00kv ZoneMag= 3.02KX ESB Time :12:47:26 19 Jan 2016
i WD= 7.1 mm File Name = paper_esb_57.tif
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200 nm 300kv ZoneMag= 30.34KX SE2 Time :12:46:05 19 Jan 2016 %
i WD = 7.1 mm File Name = paper_esb_54.tif B2

200 nm 3.00kv ZoneMag= 30.34KX ESB Time :12:47:04 19 Jan 2016 &
WD= 71 mm File Name = paper_esb_56.tif

e

Figure 4.4 S E M Biagnostic anSERSAuU MNP inkjet printed substrates

(@ SE2Au MNPO6s embedded in cellul ose paper;

Magni fication 3.02 KX; 2 em s c &X;00hnagcale(bar)

(d) ESB zoom; Magnification 30.34 KX; 200 nm scale bar. Acceleration voltages (ALL) 3 kV

The SEBMdued4dsfthow the inkjet substrates with ¢t
chromatographic papef,.he c¢cl ustering of Au MNPG6s is cl ea
repeated printing to increase MNP deysihd reduce particle spacing. In the ESB images of

(b) & (d) the heavier Au atoms appear brighter than the background of the paper substrate.
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4.2 Raman analysis

The 2NT Raman Spectra has dominant peak0868& 1380 cmit. The 1066 peak results

from the symmetric €4 bending vibrationwhile the 13® peakcm corresponds to a
stretching of the hydrocarbon ringhe relative response of these two peaks, for each
substrate type was examined. The Raman microscope parameters were maintained at the
samevalues for each substrate type and each experiment.

Three substrates of each type were tested. Spectral acquisitions were recorded at 10 random
locations across each substrate at a minimum separati@ubfto avoid oversampling.

Maximum CCD countsand elative standard deviation for theak of interest werebtained

and displayed ifTable4.1 below.

Table 4.1 Mean Raman intensity & Relative deviation;all substrates
Relativestandarddeviation(RSD)is given forthemean signal deviation across three substrates
tested for each substrate tyg®SD calculated as p&quation 8.1

CCD counts Rel_ati_ve CCD counts Rel.atllve
Substrate L eak deviation | 1380 cnrtpeak | deviation
1066 cm* pea (%) %)
SilmecoAg 32252.9 17.2 24653.8 17.1
SilmecoAu 2767.69 16.6 2574.48 16.7
Integrated 2775.49 16.4 204257 17.8
OpticsAg
Integrated 1651.92 19.0 1327.78 16
OpticsAu
Horiba 737.27 20.4 782.851 19.6
scientific Au
Diagnostic 3785.0 49.4 4051.85 50.6
anSERSAu ' ' ' '

The RSD values for Raman signal intensityable4.1 are the mean valsacross three
substrates tested; i.e. the mean o§@éctra across all substrates (10/substria@yder to

gi ve a O0sensed othesubdirates thatra-substrée demiatitnestgivea e n
below inTable4.2.
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Table 4.2 Intra -substrate deviation of spot to spot Ramanignal intensity

Deviation of Raman signal from substrate to substrate, calculated from the difference of individual

substrate RSD values to mean RSD of all three substraits  Integrated Optics Ail only two

substrategested)
1066 cmt
Intra -
RSD all substrate
Substrate 1 2 3 substrates | Jeviation

(%) %)
Silmeco Ag 7.88 1489 28.@2 17.2 7.8
Silmeco Au 20.46 18.1 11.23 16.6 3.6
Integrated 18.09 18.72 12.39 16.4 2.7
Optics Ag
Integrated *
Optics AU 18.79 19.22 19.0 6.3
Horiba 19.23 24.68 17.37 20.4 2.0
scientific Au
Diagnostic
anSERS Au 47.1 48.17 52.89 49.4 2.3

1380 cmt

Silmeco Ag 10.95 12.41 27.98 17.1 7.2
Silmeco Au 17.66 20.82 11.72 16.7 3.3
Integrated 19.71 18.15 15.53 17.8 15
Optics Ag
Integrated *
Optics Au 15.05 16.88 16 0.9
Horiba 18.05 24.73 16.16 19.6 3.4
scientific Au
Diagnostic
anSERS AL 47 .44 48.19 56.19 50.6 3.7
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Figure 4.5 Raman characterisation; substrates functionalised with Napthalenethiol

(@) 2NT single spectra; 1066 & 1380 ¢meaks labelled (b)-NT spectralnset ALL substrates
with Ag Silmeco labelled. Main image, spedtam all othersubstrates. (¢) &d) Senitlog plots of
max CCD counts at both pealksror barsi relative standard deviation across three substrates
type. Raman parameter@ll): Laser excitation 785 nm, 0.006 mW power, 50x objective and 6
lines/mm grating.

A single spectrunfrom an AgSilmecosubstrate functionalised withIT is shown inFigure

4.5 (a) with the prominent Raman peaks at 1066 and 1380 ainelled.Both peaksre
narrowand clearlydefinedwith a high signal to noise ratiolhe 2NT spectra from all the
substrates anglotted together in image (b) in the inset plot and all other spectra in the main
image for visual purposes.
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The SERSerformance of the A§ilmecosubstrates far superior to the othemnaking it
difficult to distinguish the other spectitam the plot For visual purposea semilog plot is
used to accommodate the large difference in signal intensiin¢cid) TheanSERSnkjet
substrate is the next MdBERS efficient, with th€-H bending peak at 1066 chthe most
responsive in both cases.

The relative performance for the Au substrates is shown beloward$iERSnkjet substrate
exhibiting the largest SERS response. TheaABERSsubstrate yields greater SERS
enhancement than the Agtegrated Opticsinit (Figure4.5 above) even though for the same
substrate type Ag would give a greater SEBSponse than Au.

(a) 10° =
N 1066 cm—l | Au Simeco
W Au [Nt Optics
= AuHORIBA
B AuanSERS
=
[}
g 10 =
t
=
w
w
=
=
I
5
5 3
g 10° =
3
=
g
-
107 5 3

Substrate

(b) |
=0+ 1066 ¢cm! o R &
— Au HORIBA

~ Au anSERS

4000 — =

CCD counts

1 I I 1
1000 1050 1100 1150 1200

Wavenumbers (cm*1)

107



o
(©) °;
; B Au Silmeco
] 1380 c _1 0= Au Int Optics
5 l] l = AuHORIBA
q m AuanSERS
= 2
[+]
a
- 4 3
b 1073
g ]
g &
g 4
g
[=3
g8 7
: £
o = ]
° 10 -
§ 9
4
3
24
107 i
Substrate
(d) 00 l l l
_1 ......... Au Silmeco
1380 c = Au Int Optics
ll | ~ Au HORIBA
~— Au anSERS
4000
3000 —
8
c
=
8
o
3
2000 —
1000 —
0
T J : :
X s 1400 1450 1500

Wavenumbers (cm*1)

Figure 4.6 Raman comparison; Au substrates functionalised with NT

The four Au substrates are compared for maximum CCD counts at both 1066 & 13p6aks
(a) & (c) SemiLog plots of maximum intensjtgrror barsi relative standard deviatiorfb) & (d)
zoomof individual peaks. Raman parameters: Laser excitation 785 nm & 0.006 mW power, &
objective and 600 lines/mm grating.
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A comparison foAg and Au surface layers for the same substygiteis shown inFigure4.7
below forboththe Silmecoand Integrated OpticsubstratesAgain, datasets for both the
1066 and 1380 cthpeaks are presented

(ﬂ) 10
1| Silmeco 1066 cm!
10 '; E-
i
7 10 =
] E 3
g
g 03 3
: E
: 3
10" 3 3
10" = -
Ag
(b)
1| Silmeco 1380 cm! ]
B
% 10° 3 3
g
g 10 3
E 10° 3 3
10° o 3
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(C) 10°
: Integrated Optics
g 1066 cm!
E I
: 4
10°
Ag Au
) ,
.|| Integrated Optics i
= 1380 cm'!
3 1 .
§ 10" 3 - 3
10° 3 3
Ag Au

Figure 4.7 Comparison of Au & Ag surface layers

Compari®n of Ag & Au surface layers 4066 & 1380 cm. Silmeco substrates (a) & (b)
Integrated Opticgc) & (d). Raman parameters: Laser excitation 785 nm, 0.006 mW power, 5!
objective and 600 lines/mm grating. Error bérselative standard deviation.

For the same substrate types and at both Raman peaks, the Ag outer layer gates a gre
SERS response than the Au coatifigis accords with established thetical and
experimental expectations.

As can be seen from the above pldtg, inkjet substratgeneratedhe secondhrgest Raman
signal. However, italsodemonstratethe largestieviatilm of Raman intensity, across its
SERS active regiolhe high signal deviatiorarises from the random natureMNP
aggregationThis highlights another important consideration regardingpém®rmance of
SERS substrates, namely tansistencyand reproducibilityof SERS intensitypver the
active areaf a substrate.
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In tandem witltheenhancemertdf a signaljts spot to spot consistency arotherimportant
performance parameter for most technicaed applicationdt is often the case that
substrateproducinga large SERS respongdl also have a largspot to spot signal
deviation.

SERS is multivariate, with a number of parameters affecting the performance efficiency of a
substrate. The consistency of the substredesbe evaluated byxamining the variation from

the mean of the SERS signal. The relative deviation ofsihat to spotRamanintensty has

already been calculated, with data liste@abled.1a b o v e . I n addition to t
measure of intensityariation,we will now examinéotha width basegarameteand peak
centredeviation.A complete spectral peak contains valuablermfation, andhe variationof
parameterbetween spectral acquisitions will captareense of the consistency of a

substrateThe variation to the meamar 10 spectral acquisitions for the Ag Silmeco stdis

is presented below iRigure4.8 along with the RSD values for Raman signal intensity.

In order to investigate the variation of the widlthsed parameter and peak centre, the
following approach is adopted. The mean of 10 spectra is obtained and then each individual
spectra is subtracted from that mean;Sgere4.8 (a). The spectra are normalised, curve

fitted (Gaussian) and the variation of width (at FWHM) and peak position are examined. The
1066 cm' peak is chosen as it exhibited the largest signabtse ratio of the-AT Raman

peaks at the 785 nm excitation.
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