On the nature of SERS from

plasmonic nanostructures

James Tom Hugall

2 November 2012

i

Y L PO

L $ .! !. L

University of Cambridge
Cavendish Laboratory
Selwyn College

A dissertation submitted for the degree of
Doctor of Philosophy



Cover art:

The hand image on the inside cover is a graphical representation of the top 200 most
frequently used words in the thesis (ignoring the most common ones). The word size

corresponds to the frequency of its use. The hand is a mask of the author’s hand.

Supervisor:

Prof. Jeremy J. Baumberg



suoneoljdde

DSQUQHUQOE'EJ R!ldJ Osqe
sepinoad AJUuruosaJ

sdNnySadejans e

o24MN}onNJajls ==

oneufewoalos|e
uosiiedwod

aq1i10sap

oAdoosoayoads
U) -
~+3
=9
=
D3
wn ~

o

Mmeysiuay
C soponuedouru

o2J4Nnjodn.Jjsoueu
(=
o
5

‘Kouanba.y

(%2

o] |8 [oB hkeIC] (S}
c
o O

strate
ission

M wsuowse|d uonoeisiul

211109]31p
3

Buijdnoo

sJaakejouow

puidwep
yslepow
|eondo
Jd9Se|souspuadasp
S1094J9
uouoyd
wugg/
D uowse|d

INLN

1ybiay

15, 011109]9

aJdNnjeu

3
2

@
<
ol

o1yy

o AIBUONSLLID]SAS
eale

|EU6|SumJload33

2
DI
ead
|eaiwayo
%maj
aspo!
P|O

q

1Y
Npjayymo

3
o
Q.
o
5
jabs)
=
o
3
S
@
°
o
=4
@

sselb WWUUEEO

sal1lIsualul punog

ybnoa -O
>

Uo

5
2
Uuo
Bv
1e110X3

ajodip

Jejnoajow

rf ots

sajdwes
apnuag

)
2
Q
@

Y

Ry

ABJo
S Elslﬁumlﬁwpuo
SdN
[e20]
ng
anIS
Ol

SPPs

ue
3
@]
Q
@

Jakejouow

)
=
@
D
n
-

10ads

e

states =
sample <!<I Fite 33
eca highly©® -
i jmédé’§ sg'alntensity
prOCESS lower - "’ﬁg metals _ region
mase = peaksfunctionay: gmolecule
background sysemeJobserved
results Stokes factors = €lectron aonm
quantum scattering molecules
olarizability shape _processes i i
tEMPEratliErelative = iorational
charge .Cjetting localised
strong plasmonl scattered roughness
nanoscale Wa-velength measurem entS
enhancements resonances wavelengths reduced
nanostructuresmomentumstructures © & @ analysisinterface
heatingstandard properties Eposition 3 g-lmportant
corresponding D =
nanostructuredoriginal

S phonons
Sresonant

» microscope
Qultraflat

S materials
o

@

%significantly
wtransitions
experimental

geometry
equationssmaller
evaporation

painseaw

paosueyus






To my family, in memory of Mary Catterall.






Declaration

This thesis is the result of my own work and includes nothing which is the outcome
of work done in collaboration except where indicated in the customary manner.
The thesis has not previously been submitted in whole or part for a degree in any
university and is within the word limit specified by the Degree Committee of the
Faculty of Physics and Chemistry, University of Cambridge, UK.

James Tom Hugall
2 November 2012

vii






Abstract

On the nature of SERS from plasmonic nanostructures

The nature of surface-enhanced Raman scattering (SERS) on nanostructured sur-
faces is explored using both inorganic and organic-based systems and a variety of
environmental perturbation mechanisms. Experimental optical characterisation sys-
tems are developed and existing systems extended to facilitate this exploration.

SERS of inorganic semiconducting quantum dots (QDs) is observed for the first
time, paving the way for their use as spatially well-defined SERS markers. Tuning
of the Raman excitation wavelength allows comparison between resonance and non-
resonance QD SERS and identifies enhancement due to the plasmonic nanostructure.

A gentle mechano-chemical process (carbon dioxide snow jet) is used to rearrange
adsorbed organic thiol monolayers on a gold plasmonic nanostructure. The neces-
sity of nanoscale roughness to the large SERS enhancement on pit-like plasmonic
nanostructures is shown and demonstrates a new method to boost SERS signals
(> 500 %) on plasmonic nanostructures. A multiplexed time-varied exposure tech-
nique is developed to track this molecular movement over time and highlights the
different origins of the SERS peak and its accompanying background continuum.

Using low-temperature cryogenics (down to 10 K) the SERS peak and background
continuum intensity are shown to increase as the plasmonic metal damping reduces
with temperature. Temperature dependent measurements of QD (resonance) SERS
are shown to have strong wavelength dependence due to the excitonic transitions in
QDs. Changes to the QD fluorescence at low temperature allows striking comparison
between the Raman and fluorescence processes.

The role of charge transfer and electromagnetic enhancement in the SERS intensity
of p-aminothiophenol (pATP) is investigated on nanostructured plasmonic surfaces
coupled to metallic nanoparticles. The results support the importance of charge
transfer effects to the SERS of pATP, and highlight the difference between those of
electromagnetic origin. Addition of nanoparticles to the nanostructured surface was
seen to enhance SERS signals by up to 100x.

James Tom Hugall
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1. Introduction

CATTERED LIGHT allows us to visualise the objects in the world around us.
Light strikes objects and is scattered off them in all directions. This light
can be collected by our eyes and focused to create an image of the objects
from which it was scattered and thus create a picture of the world we live

in.
Scattered light is also responsible for other physical phenomena such as the colour of
the sky, blue in daylight, fading to red at sunset. [6] Most light scattering is elastic,
with the light’s energy conserved. This is called Rayleigh scattering. Light can also
be inelastically scattered where a portion of energy is lost to or gained from the
scattering object during the scattering event. This energy loss or gain is usually
associated with vibrations in the scattering material. The scattered light shifts in
energy depending on the vibration with which it has interacted, in a process known
as Raman scattering. Raman scattered light from a molecule produces a unique
energy spectrum of the different vibrations due to the chemical bonds within the
molecule. This spectrum provides an optical ‘fingerprint’ of the molecule allowing

its unique identification.

Molecules are formed when atoms come together and exchange or share electrons
forming strong bonds between each other. The atoms, previously free to move
around, are bound together restricting their freedom of movement. As in individ-
ual atoms, molecules can temporarily store energy by exciting these electrons into
higher states or orbitals. Further to this, the restricted movement of the atoms in
a molecule allows energy to be stored in vibrational or rotational motion of the
molecule. The frequency of vibration or rotation depends on the molecular bond
strengths and corresponds to the energy stored, since energy is directly proportional
to frequency. These molecular energy storage mechanisms, principally electronic, vi-
brational and rotational, each store different magnitude amounts of energy and to

a good approximation can be thought of as independent from each other. The total



Chapter 1 Introduction

energy of the molecule corresponds to the sum of the different components. Since
Eoectronic > Evivrational > Frotational, We can consider the molecule in terms of elec-
tronic energy levels which are sub-divided into vibrational levels, which are further

subdivided into rotational levels as shown in Fig. 1.1a.

Molecular fingerprinting is an important technique for a wide range of scientific disci-
plines, including analytical chemistry, materials science, biochemistry and medicine.
There are many ways to obtain such fingerprints. Mass spectrometry is a destruc-
tive technique and relies on breaking the molecule up into its constituent pieces and
measuring the mass and relative abundances of these chunks to build a picture of
the original molecule. By making use of different parts of the electromagnetic spec-
trum (Fig. 1.1b), we can directly or indirectly probe the molecules’ various energy
levels. Nuclear magnetic resonance spectroscopy probes the electronic environment
of different protons within the molecule by measuring the change in energy levels
via radio-frequency (RF) absorption caused by spin alignment when the molecule
is placed in a magnetic field. Infra-red (IR) absorption spectroscopy directly excites
the vibrational levels in the molecule using broadband low-energy light. The result-
ing absorption spectrum indicates the molecular vibrations excited in the molecule.

Using microwave light we can also directly probe rotational states of the molecule.

Each technique for determining molecular properties has various advantages and
disadvantages and different techniques are used dependent on the situation. IR spec-
troscopy, which directly probes the vibrational levels is limited since water cannot
usually be used as a solvent as it itself absorbs a lot of IR radiation. Techniques
such as mass-spectrometry and nuclear magnetic resonance spectroscopy require ex-
pensive and sometimes bulky machinery for accurate measurements. Consequently,
there is a need for fast, simple and cheap processes, which would allow molecular

fingerprinting to extend into new domains.

In contrast to the above techniques, Raman spectroscopy indirectly probes molecular
vibrational levels. It is usually performed in the visible region of the spectrum, higher
in energy than the vibrational levels being probed and normally below, or sometimes
in resonance with, electronic transitions in the molecule as shown in Fig.1.1a. It
allows measurements to be made in water (since light at this frequency is not readily
absorbed) and extensive sample preparation is not usually necessary. The basic
equipment needed is more accessible than other techniques and spectroscopy can

be performed in many situations not amenable to other techniques, including out-
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Figure 1.1.: (a) Molecular energy levels showing electronic, vibrational and rota-
tional levels and direct excitation of levels using electromagnetic radiation. Indi-
rect probing of vibrational levels using Raman scattering is also shown. (b) Elec-
tromagnetic energy spectrum indicating different spectral regions of interest for
optical interrogation of molecules via absorption or emission.
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of-the-lab or in vivo in a non-destructive manner. The major drawback of Raman
spectroscopy, however, is that it is an inherently very weak process. For a typical
molecule, for every billion photons shone on it, only about ten will undergo Raman
scattering, the rest will be Rayleigh scattered. This compares very unfavourably to
fluorescence, where in some quantum dots, better than one in every two photons

absorbed is emitted as fluorescence.

Raman scattering can be enhanced by increasing the local electric field strength near
the molecule. This can increase the intensity of both incoming and scattered light.
On structured metallic surfaces or nanoparticles it is possible for light to become
tethered to the surface due to plasmonic coupling. This trapped light produces
large electric fields at the metal surface with an exponentially decaying nature.
Molecules placed in this high local electric field experience a huge enhancement to
their Raman scattering. This surface-enhanced Raman scattering (SERS) extends
the field of Raman scattering to new possibilities, including high-sensitivity and even

single molecule detection at high speed. [7, §]

Despite the discovery of SERS nearly 40 years ago, the exact enhancement mech-
anisms of the process is unclear. This prohibits the ability to fully control it and
thus maximise its usefulness. This has meant industrial and commercial adoption
has been limited. In many systems repeatability remains a problem and it is still
not generally possible to obtain a reliable correlation between SERS intensity and
the number of molecules probed. Other issues remain unresolved, such as the origin
of a broad background continuum signal accompanying the sharp SERS peaks ob-
served in SERS spectra and the extent to which chemical enhancement effects play a
role in the overall SERS enhancement compared to plasmonic-based electromagnetic

effects.

Conquering these fundamentals of SERS will allow us the possibility of greater con-
trol and understanding of SERS spectra. It may even allow us to extract further
information from the spectra and enable reliable detection of single molecules, lead-
ing to wide-scale adoption of SERS as an analytical technique. An ultimate use for
SERS could be the rapid detection of trace biological molecules in a point-of-care
scenario. One could imagine the extremely dilute biological matter contained within
a human tear being analysed in seconds at home using this non-intrusive, low-cost
technique (Fig. 1.2). This would allow instant diagnosis of a person’s state of health

with the potential to reveal any virus or bacteria present, completely revolutionising
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diagnosis

SERS
fingerprint

plasmonic nanostructure

Figure 1.2.: A tear is harvested from a patient’s eye onto a SERS-active plasmonic
substrate. A laser incident on the substrate surface excites vibrations in the bi-
ological matter on the surface with the SERS scattered light leaving the surface
in a range of frequencies corresponding to an ‘optical fingerprint’ of the molecule.
This spectrum can be analysed to determine what biological matter, originating
from the patient, was on the surface and provide a clinician with a series of test
results to aide rapid diagnosis.



Chapter 1 Introduction

healthcare provision. The technical challenges to implement this, however, should
not be underestimated. Biological systems are considerably more complicated than
the ideal chemical systems studied here. Inside a human tear are many different
biological molecules, and much else such as salt-water, producing extremely compli-
cated SERS spectra. Not only must we determine how to control the SERS effect,
but we must create systems capable of interpreting the large amounts of data gener-
ated. If we can overcome these challenges then SERS (or perhaps another enhanced

Raman process) will progress as a very useful technique in the future.

1.1. Thesis structure

This thesis investigates the nature of the SERS enhancement on nanostructured
SERS-active surfaces and focuses on an inverted pyramid geometry called ‘Klarite’.

Two prototype systems are used to study the SERS process in better detail:

Quantum dots: to study localised plasmons interacting with a well-defined local
inorganic (non-degradable) nanostructure at points on a nanostructured sur-

face.

Snow jet: to study interaction of molecular monolayers with localised plasmon reso-
nances on surfaces perturbed using carbon dioxide crystals fired at the surface

(snow jet).

Firstly the theoretical foundations of this area are explored in Chapter 2 before
the principal experimental techniques used throughout this thesis are introduced
in Chapter 3.

Chapter 4 gives a brief overview of SERS nanostructures in the literature and pro-
vides a current view to the enhancement mechanisms in Klarite complete with the-

oretical and optical characterisation.

The inorganic system is introduced in Chapter 5 where the SERS of semiconducting
quantum dots is demonstrated. The effects on the SERS of a molecular monolayer
due to changes in nanoscale surface morphology and molecular movement caused
by a carbon dioxide snow jet is developed in Chapter 6. Differences between SERS
peak and SERS background continuum signals are demonstrated on application of

the snow jet.
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In Chapter 7, low-temperatures (down to 10 K) are exploited on both quantum dot
and molecular monolayer systems to further explore the nature of SERS enhance-

ment in both cases.

The importance of the chemical charge-transfer effect of SERS is shown
in Chapter 8, where molecular bridges are formed between plasmonic nanostruc-
tures and nanoparticles to give large enhancements to the SERS signal, plasmonic

and otherwise.

Following this the main conclusions of this work are surmised and potential direc-

tions of future work are provided.

In Appendix A, a facile route to create near atomically flat gold is presented, which
has proven useful in comparing SERS enhancement factors as well as facilitating

imaging of quantum dots attached to gold surfaces in earlier chapters.






2. Theoretical foundations

LASMONICS extends the field of photonics into new and exciting areas.

By coupling light to electron oscillations in certain metal surfaces, new

control over light is possible. Light is three-dimensional in nature and

difficult to confine to dimensions below the order of its wavelength (typ-

ically 0.5um for visible light). However, when coupled to electron oscillations (as
plasmons) it can be transformed into a quasi two-dimensional state, where it be-
comes ‘stuck’ to a metal surface and acquires unique properties. Importantly this
‘stuck’ light is highly confined to the surface to dimensions much smaller than the
wavelength of light. This means the electric field of the original light becomes tightly
localized in space with light squashed into smaller spaces. Anything placed within
this sub-diffraction-limit ‘hot spot’ experiences a much stronger electric field com-
pared to being in normal light. Processes reliant on the electric field strength thus

experience tremendous local enhancement.

This highly localized electric field is used to enhance sensing, such as Raman spec-
troscopy, where it can be used to detect single molecules. [7] Other uses have been
envisaged, such as enhancing photovoltaics [9, 10] since the trapped light allows more
efficient harvesting of solar energy. For some time, a Holy Grail of plasmonics has
been to replace electronic microchips with a plasmonic equivalent. Such plasmonic
microchips are purported to allow much faster processing and smaller chip size,
whilst avoiding the problems associated with electronic resistive heating. [11, 12]
However, unlike light in free-space, plasmon propagation is heavily damped due to
the interaction with electrons in the metal and plasmons generally decay after trav-
elling a few microns in the visible to around 100 pm in the near-IR spectral range.
Whether this damping limitation can be overcome remains to be seen. [13, 14] If it
is, the field of computing could be revolutionised. Even if it is not, other plasmonic
applications which do not rely on long propagation lengths have the potential to

revolutionise many areas of technology.

11



Chapter 2 Theoretical foundations

2.1. Surface plasmon polaritons

Before introducing surface plasmon polaritons (SPPs), we introduce the macroscopic
form of Maxwell’s equations from which everything in this section can be derived.
The exact and full derivations can be found in much of the literature to which the
reader is directed for a complete understanding. [15, 16, 17] By exploring Maxwell’s
equations we will discover the properties a material needs to support SPP modes:

the sticking of light to a surface.

2.1.1. Maxwell’s equations

Maxwell’s equations encode the relationship between electric and magnetic fields
and matter. They are used here to uncover the properties of an optical wave bound

to a dielectric-metal interface as well as the optical properties of metals themselves.

Maxwell’s equations appear in many forms but their macroscopic form (Eq.2.1)
is traditionally used to discover the electromagnetic properties of materials. This
form aims to simplify the solutions of the equations by separating effects due to
electrons closely bound to atoms in the material and electrons free to move around
the material. This distinction is somewhat arbitrary depending on the material, [18]
and here we adopt a commonly used method [19] distinguishing between charges
p and currents J inside the material responding to the external charges p.,; and

currents Jey¢ driving them. In this format they become,

VD = peat Gauss’s Law (2.1a)
V-B=0 No magnetic monopoles (2.1b)
B
VXxE= _6(% Faraday’s Law (2.1c)
oD .
VxH=Jext + 5 Ampere-Maxwell Law (2.1d)

Two new vector fields are introduced in addition to the electric E and magnetic B
fields: the electric field displacement vector D and the magnetic field vector H.

These are related to E and B via the polarization P and magnetization M of the

12
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material by the constitutive (or material) equations,

D=¢E+P (2.2a)
B = yoH + M. (2.2b)

The polarization P and magnetization M are related to the induced charges and
currents in the material respectively. We have also introduced the dielectric con-
stant €, (electric permittivity of free space) and the magnetic constant o (magnetic

permeability) where 1/,/110€g = ¢, where ¢ is the speed of light in vacuum.

Limiting ourselves to linear, isotropic materials we can further simplify the constitu-
tive equations (Eq. 2.2a and Eq. 2.2b) using a frequency-dependent complex relative
permittivity (also known as a relative dielectric function) €, and a complex relative
permeability .. Here we have generalised €, to depend on the frequency of the elec-
tric field ensuring validity for dispersive media. This generalisation can be shown to

be valid in the spatially local limit given that A is larger than other dimensions. [17]

D = ¢e, (w)E (2.3a)
B = jiops () H (2.3b)

Since we are only concerned with non-magnetic media where p,. =~ 1, we need not
consider magnetic effects. The quantity of interest then becomes ¢,. This greatly
simplifies Maxwell’s equations and allows us to describe the response of a material
to an electromagnetic wave, provided we know its dielectric function €, and the

approximation of a linear and isotropic material are valid.

2.1.2. The dielectric function, ¢,

In the above we have introduced the concept of a dielectric function to encode the
electromagnetic properties of a material. Here we attempt to illustrate the signifi-
cance of this quantity and how it relates to other relevant quantities for describing

material behaviour.

13
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It is useful to compare the dielectric function to a quantity called the electric suscep-
tibility x. via €.(w) = 1+ xe(w). The susceptibility defines the polarization induced
in a material upon application of an electric field through P = ¢yx.E. The quan-
tity x. is analogous to the polarizability of a molecule & which relates the local
electric field to the induced dipole moment in a molecule as will be seen later in our

discussion on Raman scattering.

In wave optics it is often more intuitive to describe optical effects using a material’s
complex refractive index n instead of the dielectric function. Since n = /€1, we

can derive the following relations:

e =n®— K (2.4a)
€ =2nk (2.4b)
/
s 6 1
n = EY + 5\/6;? + € (2.4c)
6//
— 2.4d
" 2n ( )

where 1 = n + ik and €, = €. + i€”.
™ T

In a metal where free electrons dominate the response to applied fields, it is custom-
ary to characterise it by its conductivity o. In the low-frequency electrostatic regime
the conductivity is a material-dependent, frequency-independent constant opc. At
optical frequencies the conductivity becomes highly frequency dependent o(w) and

can no longer be considered constant.

The internal current density is related to the electric field and conductivity via

Ohm’s law:

J=0E. (2.5)

Since charge conservation requires the rate of change in internal charge density to

be accounted for by the flow of internal current,

v.J+E =, (2.6)

14
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and since the internal charge density is related to the material’s polarization via

V. P = —p, we require:

_op

J_E'

(2.7)

Combining Eq. 2.7 with the constitutive equations (Eq. 2.2) we find the relationship

between the conductivity and dielectric function, [17]

(2.8)

This formulation will prove useful in Chapter 7 for determining the temperature

dependence of the dielectric function.

2.1.3. Drude-Lorentz model of metals

The Drude-Lorentz model describes a metal as a spatially fixed background of posi-
tive ions (representing atomic nuclei and bound electrons) amongst a sea of free and
mobile electrons (see Fig.2.1). The various effects of lattice potentials and electron-
electron interactions are approximated and encoded in an effective electron mass m*

and a damping term v in the equation of motion describing the electrons.

An electron in free-space under the influence of an external and oscillatory electro-

magnetic field E = Ege~®" will experience a force proportional to the electric field
and its charge —e. Including the damping term we can write the equation of motion

for such an electron as,

m'x +m*yx = —ekE. (2.9)

The solution to Eq. 2.9 is oscillatory in nature with x = xge~**, where the frequency

is the same as that of the driving field. If we solve Eq.2.9 and consider an electron

15
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«— F(e-)

> | ] » »
0 X 0 dx X 0 X

Figure 2.1.: Drude model of a metal: (a) The metal is simplified to a fixed positive
background (corresponding to atomic nuclei and bound electrons) with a mobile
negatively charged electron cloud. (b) The EM field causes displacement (dx) of
the electron cloud relative to the background. (c) The electron cloud oscillates
around the electrons equilibrium position.

density n, the free electrons’ contribution to the material’s polarization P becomes:

TL62

P= nex=—— 2 | 2.1
nex m*(w? + iyw) (2.10)

Using this result for the polarization and comparing with Eq. 2.3a gives us the electric

permittivity of a Drude metal,

ne? W

2
(W) =1-— =1 2.11
r(w) eom*(w? + iyw) w? + iyw (2.11)

2
ne
where we have introduced the metal’s plasma frequency wﬁ =

Eom* '
Depending on the frequency of the electric field, we can explore the different re-

sponses of the Drude metal:

1. w > wy: Above the plasma frequency the real part of the dielectric function €,
is increasingly positive, and the imaginary part € is increasingly small. The
metal here behaves like a dielectric, and is transparent in this region. The

incoming field is oscillating too fast for the electrons to respond.

16
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/

, 1s negative, but the damping

2. w < wy: Just below the plasma frequency, €

corresponding to €’ is still small. This is a region of interest in plasmonics.

3. w << wy: Far below the plasma frequency, €, becomes increasingly negative,
but importantly the damping € > ¢e/. This means that the metal becomes

strongly absorbing but highly reflective in this regime.

As we will see, real metals do not behave exactly like Drude metals, and there are
strong perturbations from this model especially in the noble metals used in visible-

wavelength plasmonics.

2.1.3.1. Extending the Drude model

This Drude derived dielectric function provides a useful model for the EM response
of metals. However, for noble metals, including gold and silver (which are important
metals in plasmonics) the actual response varies significantly from the predicted
Drude theory at certain photon energies. This is due to the excitation of interband
transitions in the metal, which can directly absorb the photons. In gold, these tran-
sitions occur for energies greater than 2eV. This gives gold its golden colour as the
blue-green part of the spectrum is absorbed and only red-yellow light is reflected.
These transitions limit the range of excitation of surface plasmons. Additionally, the
noble metals have nearly full d-bands which significantly affects the polarization of
the material, and the initial term ‘1’ in Eq. 2.11 must be replaced with €., to account

for this, giving,

2
wp

—_. 2.12
w? + iyw (2.12)

€r(W) = €00 —

Fig. 2.2a shows the calculated dielectric function for gold based on a best-fit Drude
model, where the parameters in Eq.2.12 have been fitted to the commonly used ex-
perimental data from Johnson and Christy [20]. For low energies the model fits the
experimental data well, but as we enter the region of interband transitions (>2eV)
the Drude model is unable to effectively model the data. Fig. 2.2b shows the equiv-

alent data but in terms of the refractive index.

The Drude theory can be extended to model interband transitions as Lorentz-like

oscillators to provide a more accurate model of the dielectric function at higher

17
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Figure 2.2.: (a) Real €, and Imaginary €’ components of the complex dielectric
function for gold. (b) Real n and imaginary k components of the complex re-
fractive index for gold. Solid lines show experimentally derived data (Johnson
and Christy [20]) and dashed lines indicate a best-fit Drude model plotted us-
ing Eq.2.12 with e, = 8¢V, w, = 89eV and v = 0.07eV

visible frequencies and can be adapted to better reproduce experimentally observed
data.

In the next section, we show the properties of a metal’s dielectric function which are

necessary to create SPPs at a metal-air interface.

2.1.4. Bound surface modes

To uncover the properties of SPPs; we solve Maxwell’s equations (Eq.2.1) at
the boundary between two materials. We will see later that for SPPs to exist
one of these materials must be dielectric (¢;) and the other metallic (€,,). Us-
ing Eq. 2.1c and Eq. 2.1d and restricting the problem to one-dimension with a wave
propagating in the x-direction and the interface normal in the z-direction we arrive
at the solutions for an SPP at an interface. For TE (s-polarized) light no modes

exist (since there is no component of electric field out-of-plane or in the direction of
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propagation) but for TM (p-polarized) light the solutions are:

H(x)[:50= (0, A 0 )eliheahiz) (2.13a)
E<x>rz>o——Am;< KL 0, kel (2.13b)
H(x)[.<0= (0, B, 0)elh=rths) (2.13¢)
E(X)’KO__Bz'wim(_k;n’ 0, ik,)elheaths'z) (2.13d)

These solutions describe propagating waves travelling in the x-direction with in-
plane momentum! proportional to k, and bound to the interface (Fig.2.3), where

_i‘”t] has been left out and A and B are constants.

the common time-dependent [e
k™ represents momentum normal to the surface into the metal and k¢ momentum
normal to the surface and into the dielectric. The solutions decay exponentially away
from the interface in the £z-directions indicating their bound evanescent nature. We

define the evanescent decay length into the dielectric and the metal as,

m,d — 1 )
ST

(2.14)

EM boundary conditions dictate that D, and E, must be continuous across the in-
terface. Applying these conditions in conjunction with the continuity of their deriva-
tives (Helmholtz conditions) at z = 0, we find the constants A and B in Eq. 2.13 are
equal to each other and that,

d
k& (2.15)

[l €m

For k¢ and k™ to describe a propagating wave bound to the interface, they must
be real and positive. Given that the dielectric material has Re{e;} > 0, Eq.2.15

is satisfied only for Re{e,,} < 0, indicating these solutions exist at the interface

'Momentum p is proportional to wavevector k via p = hk, although throughout this thesis, & is
frequently referred to as momentum
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Figure 2.3.: (a) Excitation of propagating SPP in the x-direction on a metal sur-
face with a TM polarized EM wave with wavevector kg. The plasmon’s electric
field strength decays as it propagates over a characteristic length scale dspp.
(b) Electric field character of surface plasmon indicating charge distribution in
the metal surface and relation to surface plasmon wavelength Agpp (c) Electric
field strength perpendicular to the interface showing evanescent binding of the
surface plasmon to the interface.
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between a dielectric and a metal for frequencies below the plasma frequency w,. In
an actual metal, interband transitions cause the real part of the dielectric function
to stay negative even past the plasmon frequency, however the modes still cannot

exist here as the light is absorbed by the transitions.

Solving the wave equations (remembering the Helmholtz wave equation VZE +
kie,E = 0) and using Eq.2.13b and Eq.2.13d leads us to the following identities:

(k)2 = 2 — m? ’ (2.16)
z — vy c d,m- .

These can be combined with Eq. 2.15 to give the SPP dispersion relation:

W | €4€m
Kopp = ky = — . 2.17
PP c\ €5+ €m ( )

Plotting this dispersion relation (Fig.2.4a) provides insight into the nature of the

SPP mode. The SPP momentum is always greater than light in free-space. At lower
energies the SPP momentum approaches that of free-light and the mode is more
light-like, whilst at higher energies (but below the plasmon energy) it becomes quasi-

static and behaves like a localized plasmon oscillation at the surface.

2.1.5. Exciting surface plasmons

For a given energy, SPPs always have a larger momentum than light in free-space
(Fig.2.4). Photons, therefore, need to gain extra momentum before they can excite
SPPs. There are three principle ways this can be achieved: prism coupling; grating
coupling or scatter coupling. Many existing SPR sensing approaches rely on prism
coupling in either the Kretschmann and Raether or Otto configurations. These allow
an increase of momentum parallel to the surface as shown in Fig. 2.5. Here the higher
refractive index of the glass effectively slows light down and increases the momentum

parallel to the surface,

kspp = ki = %,/—eprism sin 6. (2.18)
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Figure 2.4.: Nature of an SPP at a gold-air interface. (a) Dispersion relation for
SPPs with energy against real part of their wavevector, calculated using the dielec-
tric function for gold based on a damped Drude model (Drude) and experimentally
derived data from Johnson and Christy [20] (J+C). Also shown is the dispersion
for light in a vacuum (black line). (b) Propagation length dgpp of an SPP as a
function of incident photon energy. (c) Decay length of the SPP normal to the
interface into the gold and air.
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o

Figure 2.5.: Three coupling mechanisms for optically exciting SPP. Prism coupling
using attenuated total internal reflection (a) Kretschmann and Raether, where a
thin metal film is deposited onto a prism. (b) Otto configuration, where the
prism is separated from the metal surface by a small distance. In both these
configurations, the light is totally internally reflected by the prism creating an
evanescent wave normal to the reflection surface of the prism. This allows coupling

to the SPPs. (¢) Grating coupling, where the increase in momentum is provided

2
by scattering from the grooves dependent on the pitch A: k = kg £ KW

As well as prism coupling, extra momentum can be provided in other ways such as

through a diffraction grating (Fig.2.5) or even scattering off rough surfaces. [15]

2.1.6. Localized plasmons

The SPPs described above are known as propagating SPPs. In certain geometries,

it is possible to excite spatially localized SPPs.
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If we break up a metal surface so that it is no longer a continuous block it is
possible to change the way it interacts with light. As the metal pieces decrease in
size, becoming smaller than the wavelength of light, light interacts not only with the
surface but with the whole structure (Fig. 2.6). The charge in the structure oscillates
in one or more modes determined by its geometry and size. The charge is confined

to the object and therefore the excited plasmons modes are spatially localized. [21]

nanoparticle

Figure 2.6.: Localized plasmon resonance induced in gold nanoparticle at resonant
frequency with an incoming EM wave.

The effect is dramatic. A flat sheet of gold reflects and looks like the metallic mirror
we would expect. If the mirror is taken and smashed, it forms many pieces each
looking like smaller metallic mirrors. If, however, we grind the shards into sufficiently
small pieces, they will lose their golden colour and form other colours. This technique
was known in medieval times, where ground gold was used to form the bright red

colour in stained glass windows.

In spherically symmetric structures, these resonances can be solved analytically

using a solution to Maxwell’s equations called Mie theory.

Since the resonances are localized, they usefully provide areas of high electric field
intensity that remain in one place. This allows efficient coupling of energy into a

nearby system, such as a molecule, which is the basis of SERS.

Another type of localized plasmon resonance can occur on larger structured surfaces.
These are analogous to standing wave modes, such as those on a guitar string. Here
a surface plasmon becomes trapped reflecting off the edges of surface features. By
designing appropriately shaped dishes or pits, localized plasmons modes of different

frequencies can be trapped to a metal surface.
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By structuring surfaces on the nanoscale it is possible to create an environment sup-
porting a variety of plasmonic resonances, both localized and propagating. By careful
design, the surface can be tuned to give plasmon resonances at different frequencies
and positions within the structure. This will be discussed further in Chapter 4 with

respect to the Klarite nanostructure used in this thesis.

2.2. Raman scattering

Raman scattering was discovered in 1928 by Chandrasekhara Venkata Raman and
Kariamanickam Srinivasa Krishnan [22] for which Raman received the Nobel Prize
for Physics in 1930. Raman searched for an equivalent of x-ray Compton scattering
in visible light. He believed there should exist two types of scattering: that from
the normal interaction of light with atoms and molecules; and another from the
interaction of light with their ‘luctuations from the normal state’. By tightly focusing
a beam of sunlight onto various liquids and using a pair of filters, he was able to
observe this predicted second type of scattering at different frequencies from the
incident light. Due to the extreme relative weakness of the secondary scattered light
and its polarized nature he was able to rule out fluorescence and so had discovered

what is now known as Raman scattered light.

Raman scattering provides a tool to explore the lower energy excited states of
molecules and atomic lattices; the atomic motional displacements: vibrational, ro-
tational and translational excitations. Their energy is usually much less (meV) than
the electronic excited states (eV) and can be thought of (to first order) as a pertur-

bation to the electronic state.

2.2.1. Light-molecule interaction

Light can interact with a molecule in various ways. These can be thought of as direct
(absorption) and indirect (scattering) events. Light (generally ultra-violet/visible)
can be directly absorbed by a molecule via promotion of an electron into a higher
electronic energy level. Alternatively, lower energy (infra-red) light can excite vibra-
tional states within an electronic level. After a molecule has absorbed a photon it is
in a more unstable state and there are various decay channels it can use to return to

its original state. These channels can be a combination of non-radiative or radiative
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decays. The relaxation time depends on the lifetime of the various states, which
depend on the decay paths available for the excited molecule and the probability of
taking particular paths. Absorption and subsequent emission of light is therefore a

multi-step process.

Light is also scattered by molecules. Here the light is not absorbed by the molecule,
but its direction and energy can be altered. Depending on the interaction with the
molecule, light is either scattered elastically, where the energy remains the same, or
inelastically, where the energy is altered. Elastic scattering is referred to as Rayleigh
scattering and is the most common type of scattering. In inelastic scattering a photon
interacting with a molecule gains or loses energy. The most common type of inelastic
scattering in molecules is Raman scattering. The energy lost from the incoming
photon is taken by the molecule promoting it to an excited vibrational state. This is
called Stokes Raman scattering. When the incoming photon gains energy, a molecule
already in an excited vibrational state relaxes down to a lower energy state. This
is called anti-Stokes Raman scattering. The Raman and fluorescence processes are
depicted in Fig. 2.7.

Analysis of the scattered light provides us with information about the vibrational
states of molecules. The amount a molecule interacts with the light can be condensed
into a scattering cross-section o, corresponding to the effective area of interaction
a molecule ‘occupies’ in relation to a scattering event. The smaller the cross-section
the less likely a scattering event will occur. The cross-section relates the outgoing

intensity of a scattering process to the incident light intensity density,

[sca = UscatSin' (219)

The scattering cross-section can be split into multiple cross-sections corresponding

to elastic and inelastic scattering contributions.

2.2.2. Raman scattering cross-section and selection rules

Like other scattering events Raman scattering has an associated scattering cross-
section. In this case the cross-section depends on the vibrational mode excited or

destroyed; og(wyip)-
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Figure 2.7.: Jablonski diagrams showing (a) Stokes Raman scattering, (b) Anti-
Stokes Raman scattering and (c) Fluorescence in a molecule.
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The selection rules for Raman scattering are determined by the ability of a vibra-
tional mode to polarize the molecule. Specifically, a mode is Raman-active if the
internal displacement of atoms caused by the vibration creates a change in the po-

larizability of the molecule.

In the presence of an oscillatory electric field,

E;(win) = Eg cos(wint), (2.20)

such as that caused by light, a molecule becomes polarized inducing a dipole mo-

ment p:

P(win) = aEi(win). (2.21)

Here we have introduced &, the linear optical polarizability of the molecule. The
polarizability varies for different molecular orientations with respect to the incident
field. Therefore & is in general a second-rank tensor defining how easy it is to polarize
the molecule along different directions relative to the polarization of the incoming
field.

Molecular vibrational movements can be conveniently analysed by transforming the
atomic positions into simplified normal co-ordinates. These co-ordinates correspond
to the amplitude of molecular displacement along an orthonormal basis relative to a
particular normal mode (k) of the molecule. The polarizability can then be re-cast

with respect to these co-ordinates &(Qy).

Each normal mode oscillates at a particular frequency wy so that at any time,

Q1 = Qrocos(wit + ), (2.22)

where ¢ represents an arbitrary phase factor.

The polarizability of a vibrating molecule can be expanded in terms of the normal

co-ordinates using a Taylor expansion, which to first-order (valid for many molecules
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[23]) gives:

o0&
a=dp+S —| Qy, (2.23)
; OQk 0

where 0Q) is the displacement of the molecules due to the vibrational mode from
their equilibrium position Qr—g, @ is the molecular displacement and «g is the

polarizability at equilibrium.

For a particular vibrational mode, we can write a polarizability tensor,

o0&
A = G — . 2.24
Qi = Qo + 90, OQk ( )

Combining Eq.2.21 and Eq.2.24 and adding in the time-dependence of the vibra-
tion Eq.2.22 and the frequency dependence of the electric field Eq. 2.20 we get:

_i_@EoQko
0Qr 2

Pr = GoEgcos(wint) [cos[(win + wi)t + @] + cos|(win, — wi)t + @]].

(2.25)

Equation 2.25 shows the appearance of the Stokes (w;, —wy) and anti-Stokes (w;, +
wy,) shifted frequency components of the dipole, as well as the Rayleigh contribution.

From this equation we can define a new tensor called the Raman polarizability, [24]

~R __ b QkO

Q= 90, 2 (2.26)

For a particular vibrational mode to be Raman active it therefore must have a

non-zero Raman polarizability, i.e. & # 0.

We can visualise the polarizability of a molecule by plotting 1/ v in all directions.
(This is by convention since 1/ \/Z@) is proportional to the electric field needed to
polarize the molecule. [18]) The resulting picture is called a polarizability ellipsoid

and by plotting the ellipsoid at the extremes of a particular vibrational mode we can
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determine whether a vibrational mode is Raman active or not. If the polarizability
ellipsoid changes size, shape or orientation then the mode is Raman active but only
if the derivative of the polarizability as it passes through the equilibrium position
is non-zero. Fig. 2.8 shows the vibrational modes of COy with their polarizability

ellipsoids.
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Figure 2.8.: Normal vibrational modes of CO, as a function of atomic displace-
ment, pictured at equilibrium (¢ = 0) and both extremes (£q) of vibration, where
q is the atomic displacement. Atomic movement indicated with black arrows. Po-
larizability ellipsoids are pictured underneath in green. 1 is the only Raman active
mode as the polarizability ellipsoid changes with atomic displacement and changes
non-symmetrically about the equilibrium. Also pictured is the dipole moment of
the molecule (orange arrow) which must change for a molecular vibration to be
IR active, hence v, and v3 are IR active. v3 is doubly degenerate as it also has an
out-of-plane equivalent vibration to the in-plane one shown.
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2.2 Raman scattering

2.2.3. Anti-Stokes and Stokes

We have used a classical picture to derive the key principles of Raman scattering.
This is valid for most cases and certainly in the understanding that we will use in
this thesis. However, there is a key problem with this description when predicting
the relative intensities of Stokes and anti-Stokes modes. From Eq.2.25 it would
appear that these are equal in amplitude. Experimentally, this is not the case and
the anti-Stokes scattering is generally much lower in magnitude than the Stokes

scattering.

We can explain this discrepancy by considering the occupation of vibrational levels

in a molecule, which follow the Boltzmann thermal distribution function,

_hwvi
FBoltzmann(wviby T) X exXp [ ka b] 3 (227)

where kT is the thermal energy of the system and hw,; is the energy corresponding

to the vibrational frequency wi;.

In practice, most molecules are in the ground-state at room temperature, with an
exponentially decaying probability of being in higher vibrational states. Since anti-
Stokes scattering relies on a molecule initially existing in an excited state, it is much
less probable than Stokes scattering, where the molecule is initially in the ground
state. As Stokes Raman is much stronger than anti-Stokes in most cases, Stokes

Raman is more frequently used to characterise molecules.

Heating the molecule, however, increases the population of higher vibrational states
and thus increases the magnitude of the anti-Stokes scattering. Comparing the mag-
nitude of Stokes to anti-Stokes can therefore provide information on the local tem-
perature of the system. Cooling the molecule to very low temperatures can all but

remove anti-Stokes scattering.

2.2.4. Extensions to Raman scattering

A specific case of Raman scattering which can result in far larger scattering cross-
sections is called resonance Raman scattering. Here the incident radiation excites the

molecule to a virtual level coinciding with an electronic transition in the molecule,
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resonantly enhancing the Raman process and leading to much stronger Raman sig-

nals.

There are an array of alternative Raman techniques such as coherent anti-Stokes
Raman scattering (CARS) and stimulated Raman scattering (SRS) which rely on

pumping on resonance with a transitions to stimulate the process.

There are also hyper-Raman processes which rely on higher order changes to the
polarizability (above we only considered first order). These processes are non-linear

and rely on high laser intensities to become significant.

2.3. Surface-enhanced Raman scattering

The key problem with Raman scattering is its relatively weak scattering cross-
section compared to fluorescence, resulting in a low probability of an incident photon
being Raman scattered. For typical SERS molecules the Raman scattering cross-
section is 1072 cm? molecule™!, far weaker than typical fluorescence cross-sections
of 107! cm? molecule™. [25] In 1974, Fleischmann et al. [26] reported anomalously
large Raman scattering from a monolayer of pyridine on the surface of a rough-
ened silver electrode. It was not until 1977 that Albrecht and Creighton, [27] and
Jeanmaire and Van Duyne [28] independently discovered the significance of the data
presented by Fleischmann. They saw an enhancement in the Raman signal ~ 10°
far greater than could be explained by an increase in the surface area due to electro-
chemical roughening. This breakthrough was of significant interest to the scientific

community and spawned a great deal of research which continues to this day.

The enhancement found on SERS substrates is primarily electromagnetic in origin.
Light is coupled into localized surface plasmon modes which provide an enhanced
local field |Ejoc(wp)| many times larger in magnitude compared to the incident
field |Eine|. The field therefore induces a Raman dipole in the molecule which is
enhanced by a factor |Ejoe(wo)|/|Eine| (Fig. 2.9). Since the intensity of light emitted
by a dipole is proportional to the square of the dipole, the radiation is enhanced by

a factor,

o |Eloc(w0) |2
wm |Einc|2 )

(2.28)
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2.3 Surface-enhanced Raman scattering

Figure 2.9.: The electric field between two metal nanoparticles can be massively
enhanced due to the formation of localized plasmon resonances in the nanometer
sized-gap. Placing molecules in this localized field can cause massive enhancement
to their Raman scattered light, leading to SERS.

33



Chapter 2 Theoretical foundations

due to this local field enhancement. As well as enhancing light-coupling into the
molecular Raman dipole, there is a further enhancement g,,; as the local field envi-
ronment and geometry affects how the dipole can radiate. This effect can be thought
of as enhancing the radiated light. The exact mechanism behind this outward cou-
pling enhancement is quite involved. Intuitively, since it is based on the same phys-
ical origin (local EM field enhancement) one would not be surprised by a similar
dependence to the inward coupling enhancement. Indeed in most cases gout =~ Gin
and further treatment of this subject is not necessary in the context of this thesis.
Combining these two enhancement factors, results in an important formula relating
the total SERS enhancement factor G' to the local electric field:

G = GinGout = |EIOC(WO2)|2 |E10C(wj;)|2 .
|Einc| |Einc|

(2.29)

As has been emphasised in the above equation, it is important to remember that
the incoming and outgoing radiation are of different frequencies wy = wy £ wWyip,
and so have different enhancement factors. In practice, for small Raman shifts this

difference is negligible and the above formula is simplified:

G = M. (2.30)
|Einc|4
This gives us the famous E* SERS enhancement approximation and explains why
even seemingly modest EM field localisation can lead to huge Raman signal en-
hancements. The approximation is also powerful in relating the enhancement found
in plasmonic nanostructures to their modelled electric field behaviour. However,
over-reliance on this approximation can hamper precise understanding of the en-
hancement mechanism in specific cases, and should be treated as a rough guide to

attainable enhancements.

2.3.1. Chemical enhancement

The electromagnetic (EM) enhancement, with its E* dependence, does not explain
the whole picture of SERS enhancement. There are further enhancements which

have been grouped under the umbrella term ‘chemical (CM) enhancement’? This

2In the literature, the chemical enhancement is variously referred to as CE or CM
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2.3 Surface-enhanced Raman scattering

term refers to any enhancement caused by the adsorbate’s chemical interaction with
the substrate and the surrounding environment. In general, studies find a limit of
CM enhancement of about 10? but in some cases this limit is understated and the
value can be significantly higher. [29] It is therefore important to take this effect
into account when interpreting experimental results in a new or unknown substrate-

adsorbate system.

The CM enhancement can be divided into its principle causes: adsorbate-substrate
chemical bonding, resonance surface complex formation and photon-induced charge
transfer (CT), with the latter being of most importance. [30] To a good approxima-
tion [31] the CT enhancement is highly vibrational level dependent, whilst the EM

enhancement is not. The two enhancements are multiplicatively linked [31],

Giotar(vibration) = Gy - Gor(vibration). (2.31)

For a molecule attached to a metal surface charge transfer can occur, with either an
electron passing from the highest-occupied molecular orbital (HOMO) level in the
molecule to the Fermi level in the metal, or an electron in the metal transferring
to the molecule (see Fig.2.10).[31, 32, 33, 34] This effectively alters the electronic
distribution of states in the molecule and can shift the system from a pure SERS
case to a resonant SERS case, where the coupled metal molecule system allows
an electronic excitation within the molecule as explained in Fig.2.10. The Raman
process is then enhanced in a similar way to standard resonance Raman, where
here the electronic transition is brought into a metal-mediated resonance with the

incident photon.

A model by Lombardi et al.[35, 36] explains CT between the metal and molecule
as an extension to the quantum mechanical picture of SERS. The molecular states
become coupled to those in the metal through Herzberg-Teller vibronic coupling with
two possible cases identified: CT involving charge transfer from metal-to-molecule
and vice versa. A new resonant SERS transition pathway is created which borrows

intensity from an allowed electronic transition within the molecule.

As well as CT effects, the bonding interaction between the metal and the molecule
can lead to changes in the occupation of lone electron pairs and an altering of

the electron cloud surrounding the molecule. This leads to different Raman mode
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Figure 2.10.: Charge transfer based on Herzberg-Teller vibronic coupling of metal
and molecule states. [35] (a) molecule-to-metal CT and (b) metal-to-molecule CT.
In molecule-to-metal, unoccupied states in the metal are coupled to the unoccu-
pied states in the molecule via vibronic coupling (ii). A CT transition, with an
electron excited from the molecule to the metal (iii) is then possible with intensity
borrowed from an allowed transition in the molecule (i). From a Raman point-of-
view, we can imagine the vibronic coupling creates a new mixed state to which the
incident Raman photon can resonantly interact with. A previously non-resonant
Raman process thus can become resonant. In the metal-to-molecule case, the filled
metal states and occupied molecular ground states couple together vibronically
(iv). A resonant Raman transition can then occur, with an electron promoted
from the metal to the excited molecule state (v), again borrowing intensity from
the allowed molecular transition (i).
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intensity distributions compared to normal Raman as certain modes are suppressed
and others enhanced. The bonding can also affect the vibrational positions of the

modes which are dependent on the local environment and chemical structure.

The chemical effects effectively alter the polarizability tensor of the adsorbed

molecule due to its proximity and bonding to the interface.

Although neither strictly CE or EM related, the polarizability tensor is orienta-
tion dependent. In liquid Raman this orientation effect is averaged out. However,
in SERS where aligned monolayers and even single molecules are important, such
averaging is not possible. The molecular orientation (relative to the electric field)
can strongly vary the radiated intensity distribution of the Raman mode and can
even seem to activate or deactivate certain Raman modes. Depending on orientation
the vibrational frequency of the modes may also be altered as they interact with

their environment.

The chemical enhancement varies strongly from system-to-system and should not

be forgotten when considering particular systems such as those in Chapter 8.

2.4. Conclusion

We have introduced the basic theory necessary to understand the origin of plasmon-
ics and Raman scattering and how combining the two can lead to large enhance-
ments with a principal E* dependence. We have taken a quasi-classical approach
throughout this chapter which remains valid in most situations and provides the
best intuition to the processes involved. There are many subtleties to Raman scat-
tering and SERS in particular, a detailed overview of which has been published by
Le Ru and Etchegoin. [24] SERS remains a very active area of research, with much

still to be understood.
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3. Experimental methods

RANGE of techniques have been used to fabricate, prepare and char-
acterise the samples used in this thesis. Many of the techniques
such as atomic-force microscopy (AFM) and scanning-electron mi-
croscopy (SEM) are now standard tools when working in domains with
dimensions smaller than the wavelength of light. In addition to Raman scattering
measurements, optical characterisation and computational modelling were initially
used to define the plasmonic response of the surfaces. Here we introduce the optical
spectroscopic techniques used and developed in this thesis and some of the tools

established for data analysis and computational modelling.

3.1. Optical spectroscopy

Spectroscopy allows us to discover properties of a material by shining light at it and
looking at what comes out. Careful analysis of the light that is absorbed, scattered
or reflected allows us to probe the finer structure of the material, not merely the
shape and overall colour we can see with our eyes. In doing so we can deduce certain

properties of the material smaller than we can see without even touching it.
A suitable analogy might be as follows:

On receiving a gift-wrapped present, there is generally an insatiable de-
sire to discover what is inside the box without unwrapping the gift. This
inevitably results in the box being shaken (sometimes at the detriment of
the gift inside!). This shaking inputs energy into the gift (via vibrations)
and then our ears are used to listen to the sounds produced. From this
we learn a little more about what is in the box, with surprising accuracy!

This is a primitive form of spectroscopy.

Here we use a white light source with a continuous broadband spectrum to probe our

plasmonic nanostructures. The reflected, transmitted or scattered light is collected
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and fed to a spectrometer which allows us to visualise the light as a distribution of

energies with different intensities; a spectrum.

3.1.1. Angle-resolved spectroscopy: the goniometer

The angle at which light hits a surface changes how it interacts with that surface.
As well as energy, light carries momentum and by adjusting the angle we change the
component of the light’s momentum parallel and perpendicular to the surface. This
changes the light’s interaction with features on the surface. Measuring the reflected
light as a function of energy (inversely proportional to wavelength) and angle (related
to the momentum in a certain direction) allows us to extract a dispersion diagram
for light interacting with the surface, representing the relationship between energy
and momentum. Analysing these dispersion plots allows us to track different optical
modes excited on our structure and determine their nature. We perform this angle-

resolved spectroscopy in a custom built goniometer as seen in Fig. 3.1.
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Figure 3.1.: Goniometer allows automatic angularly-resolved reflectivity measure-
ments to be recorded over a large wavelength range for multiple sample points
and incident angles.

Using a goniometer originally developed by previous group members but up-

graded here to improve signal quality and reliability (Fig.3.1), we track reflected

light from our structured surfaces. The light source is a passively mode-locked,
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pulsed A = 1064 nm, microchip laser (JDS Uniphase) focused into a holey pho-
tonic crystal fibre (Blaze Photonics). Through accumulative non-linear effects over
the length of the fibre, a broadband continuous spectrum from 480-1500 nm of high
intensity is created out the other end of the fibre. This resulting intense white-light
source can be attenuated as required via neutral density filters placed in the beam
path. The light source is collimated and focused onto the sample through a 10cm
focal length lens giving an average power of 0.1mW and a spot-size of 0.2 mm?.
The beam arrives slightly off normal incidence from the sample (= 3°) due to the

difficulty in illuminating and collecting from the same angle.

Two rotation stages (Sigma-Koki) rotate the sample relative to the incident light
(f) and a collection arm collects specularly reflected light (at 26). The collection
arm collects, collimates and focuses the light into a 200 pm diameter broadband
optical fibre positioned at the image plane. The diameter of the fibre determines the
collection region on the sample. Since the optics on the collection arm demagnify
the image 0.5 x onto the fibre end, the sampling region on the surface is twice the

size of the fibre-diameter.

This fibre passes the collected light into a cage-mounted beam-splitter system. The
light emerges from the fibre and is expanded and collimated to a diameter of 25 mm.
A 50/50 polka-dot beamsplitter ensures wavelength independent broadband split-
ting of the beam with minimal diffractive effects. The light from the beamsplitter
is then focused into two fibres (Ocean Optics) one leading to a visible spectrometer
(Ocean Optics QE65000) and the other to a near-infra-red spectrometer (Ocean Op-
tics NIRQuest 512).

A further rotation stage behind the sample allows the sample to be in the sample
plane (¢) and two linear translation stages allow the sample to be moved verti-
cally and horizontally to allow different areas of the sample to be probed. All these
stages have been fully automated and are controlled via software written in Igor Pro
(Wavemetrics Inc.), which also handles display and recording of the spectra. This
allows an angular-spectral map, illuminating the sample’s dispersion information, to
be recorded for various positions on a sample without human intervention. Before
an automated scan can start the system is aligned using further manual translation
stages (not pictured in Fig.3.1 for clarity) and a series of pinholes to ensure the
focused beam is aligned with the centre of rotation of the stages. Before a sample

is scanned, a reference scan is performed with a gold or silver mirror to which the
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sample scan is normalised. Silver has broadly frequency-independent reflection in
the visible range and gold allows us to compare our gold structured samples to a

flat gold surface to observe any differences.

3.1.2. Micro-spectroscopy

Micro-spectroscopy allows us to combine standard optical spectroscopy with the
spatial accuracy and control of a visible microscope. A reflection-based kohler-
illuminated Olympus BX51 microscope is adapted (Fig. 3.2) to incorporate a multi-
mode optical fibre to collect reflected light. This fibre is positioned in the image
plane of the sample and therefore collects light from a specific position on the sam-
ple, which is illuminated using the microscope’s broadband halogen light source.
Compared to the goniometer, the microscope has a much better spatial resolution,
allowing small areas of the sample, close to the Rayleigh resolution limit, to be anal-
ysed in detail. This comes, however, at the loss of angular-resolution. The range of
angles illuminated is determined by the numerical aperture (NA) of the objective
and the microscope’s aperture stop. In general, the objective illuminates a large
range of angles centred around 0° incidence and so the reflectivity spectra are op-
tically integrated over this angular range. This results in a loss of the dispersion

information.

This technique is useful since it is far quicker than goniometer measurements and
provides information about the spatial uniformity of the sample. Since the localised
plasmon modes are not angularly-dependent, this is a reasonable method for inter-

rogating them.

3.2. Raman spectroscopy

The main technique used in this thesis is Raman spectroscopy with the key ele-
ments of this technique illustrated in Fig.3.3. A monochromatic laser illuminates
the sample normal to the surface, creating Raman and Rayleigh scattered light. The
scattered light is collected and passes through a filter to remove the Rayleigh scat-
tered and non-scattered incident laser light. The filtered light is spectrally dispersed
in a spectrometer and a Raman scattering spectrum recorded. A Raman spectrum

is usually presented with respect to a shift in energy away from the incident laser’s
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Figure 3.2.: BX51 microscope showing illumination and collection paths as per
Koéhler-illumination ensuring lamp and sample image planes are at opposite foci.
§ indicates the sample’s real conjugate image planes and § indicates the lamp’s real
conjugate image planes. The optical-fibre is placed in the sample’s image plane
and translating it in this plane corresponds to collection of light from different
positions on the sample. The aperture stop (AS) can be closed to limit the range
of angles incident on the sample, and the focal stop (FS) can be closed to restrict
the area of the sample illuminated.
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energy. Raman shifts are usually presented in units of the spectroscopic wavenum-
ber (cm 1), where the spectroscopic wavenumber is defined as v = A~!. These shifts,
therefore, are proportional to the energy of the vibrational levels in the system as

shown in Sec. 2.2. For reference, 1000 cm '~ 124 meV.
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m
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Figure 3.3.: Basic principle of Raman spectroscopy. Molecules are excited via a
monochromatic laser source. This creates Rayleigh and Raman scattered light. A
filter is used to block the Rayleigh scattered light, leaving the Raman scattered
light to pass through and be recorded by a spectrometer.

The filter used can either be an edge or notch filter. The edge filters allow light of
lower energy than the laser wavelength to pass through. This allows transmission
of Stokes scattered Raman light only with the Rayleigh and anti-Stokes Raman
scattered light blocked out. This is the most common set-up for Raman. If the anti-
Stokes scattered light is also required, it is possible to use a notch filter. This filter
blocks the area of the spectrum only around the laser wavelength, allowing light
of lower and higher energy to pass through. Edge filters are generally used if anti-
Stokes spectral information is not required, as they allow the filter to cut-off closer

to the laser line.

3.2.1. SE1000: a desktop Raman machine

The SE1000 (Renishaw Diagnostics Ltd.) is a table-top Raman system equipped
with a 185mW 785nm CW laser. The Raman spectrometer (shown in Fig.3.4a)
consists of a Raman probe (BWTek), which both excites the sample and collects
the Raman scattered light through an objective attached to a dual-purpose optical

fibre. The sample is placed on a stage which is controlled by three stepper motors
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Figure 3.4.: (a) Enhanced photograph of SE1000 Raman device indicating sample
position and 785 nm laser illumination. (b) Screenshot showing the SE1000 user
interface.

in the XYZ directions. The whole system is enclosed in a small coffee-machine sized
box complete with a video camera and LED lighting. This allows the user to watch

the laser position on the sample.

The SE1000 has a large spot-size (diameter 120 pm) and focussing is performed using
a step-wise control of the z-stage to maximise the Raman signal. A control interface
was written using C++ and Igor Pro to provide full control of the system in a unified
graphical interface (Fig.3.4b). The software has many features including the ability
to allow arrays of points to be scanned around the sample as well as time-dependent
measurements such as the multiplexed time-varied exposure procedure (discussed in
Sec.3.2.1.1).

3.2.1.1. Multiplexed Time-Varied Exposure Raman Measurements

The multiplexed time-varied exposure (MTVE) technique provides the ability to dis-
tinguish between different time-dependent and time-independent processes affecting
the SERS signal. In Chapter 6 this allows us to distinguish time-effects and effects
caused by heating under laser illumination. It also allows us to track the different
dependence of different parts of the SERS spectrum, such as the peak intensity
compared to the accompanying SERS background intensity.
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Figure 3.5.: Multiplexed Time-Varied Exposure Raman Measurements
(a) Klarite sample indicating 9 exposure regions on the Klarite active area. In-
tensity of red dot indicates relative total exposure time of the different points.
(b) Table indicating which spots are exposed and measured in each subsequent
reading instance. Intensity of red colour indicates the amount of exposure time
for a point at a particular reading instance.

In essence, an array of points is measured periodically over the course of an exper-
iment. However, in each period of measurement not all the points in the array are
always measured. At the end of the experiment, this results in an array of points,
where each point has been measured a different number of times. Each point in the
array is measured only a fraction of the total time of one point in the array, which
is measured every period. This results in a series of points with periodic Raman
spectra taken at regular intervals, that over the course of the experiment have had

different lengths of exposure to the laser.

In the implementation used in Chapter 6, an array of nine well-spaced points is
chosen on the Klarite sample. The array is scanned using a computer-controlled
XY translation stage. The sample (mounted on a microscope slide) is locked into
position using a built-in sample clamp on the stage to ensure the same points are
measured before and after chemical/mechanical processing. The points illuminated
may differ slightly due to stage repeatability (~ 1pum); however this effect is found
to be minimal due to the large spot-size of the SE1000 system. A Raman spectrum
is recorded at each point in the array with a 10s integration time (two acquisitions).
This forms the first reading. After a period of time (¢ = 15 mins here) a further set of
measurements of the point array is taken, this time at every point in the array except

one, in this case, point A. Over these two sets of readings, point A will therefore have
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had less total exposure to the laser compared to all the other points. On subsequent
measurement sets, one less point is measured each time, until only one point in the
array (point I) is measured (this happens on the ninth measurement set here). On
the next measurement set, the whole process repeats and all the points are measured
again. This procedure continues until the end of the experiment. As implemented
here, this means point H has been exposed 89 % of the time point I was (which
was exposed every time), point G was exposed 78 % of the time point I was, and
so forth. The same total time has elapsed for all the points, so time-only dependent
effects are the same for all points, but each point has experienced different lengths of
laser exposure. The resulting large and complex datasets are analysed using JDAP
(see Sec. 3.5).

3.2.2. Renishaw inVia

The majority of Raman spectra in this thesis were recorded using a Renishaw inVia
Raman microscope equipped with 532nm, 633 nm, and 785 nm wavelength excita-
tion lasers. Some spectra were also recorded on a Renishaw RM1000 system which
preceded the inVia and was equipped with a 514.5nm Argon-ion laser as well as
633 nm and 785 nm lasers. The inVia offers far greater control, resolution, sensitivity

and flexibility over the simplified SE1000 Raman set-up.

A simplified schematic of the inVia is shown in Fig. 3.6. All the elements (except the
sample and objective output) are contained within a light-tight box to prevent stray
light entering the system. The sample can be imaged using the built-in white-light
source and camera. The objectives can be selected to determine the focused spot-size

of the lasers and magnification of the sample down to the diffraction limit.

The system is highly automated. Laser power is controlled by neutral density (ND)
filters and the bottom left and right mirrors (Fig.3.6) allow the beam path to be
adjusted to align the laser on the sample. Polarisers can be placed within the beam
path to alter the incident polarization and a line shaper (cylindrical lens) can be
inserted to facilitate the streamline mapping facility (explained below). The filter
wheel contains edge filters for each of the lasers and these can be changed to notch
filters as necessary. The filter optics allow the incident beam to be directed to the
microscope, whilst the scattered return beam is directed to the spectrometer. The

filtered light is focused through a slit which helps determine the resolution of the
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system. The diffraction grating spatially separates the different wavelengths of light

which are then detected at different locations on the thermoelectric-cooled CCD.

The standard scan is called a static scan. Here all the elements remain fixed in
position. The CCD records the spectrum of light falling on it, with each pixel a
different wavenumber. The range of wavenumbers that can be detected at once

depends on the laser wavelength used, the grating line density, the focussing optics

and the physical width of the CCD.

As well as standard static scans, the system is able to perform extended scans
allowing spectra over a large range of wavenumbers to be recorded. This works by

rotating the diffraction grating during the measurement to change the wavelengths

of light falling on the CCD.

Streamline mapping can be used to create Raman maps of the surface. Here a
line laser is used to illuminate a line on the sample. The different positions are then
mapped onto different locations on the CCD. This means one dimension of the CCD
maps location within the line, and the other one maps the spectra. This makes good

use of the 2D CCD and allows for fast scanning compared to point-by-point.

All-in-all the Renishaw inVia provides a highly flexible Raman system, which has
been used in various ways throughout this thesis. We have also been able to extend it

to take low temperature Raman measurements using a cryostat system (Sec. 3.2.2.1).

3.2.2.1. Cryogenic Raman Measurements

An Oxford Instruments Microstat® He (liquid helium cryostat) allows low-
temperature Raman and SERS measurements to be made. The normal microscope
stage on the Renishaw inVia is removed and replaced with a custom-built cryostat
holder with XYZ translation ability (Fig. 3.7a). The Microstat has a quartz window
allowing optical access to the sample attached to the cold finger (Fig.3.7b). Quartz
is chosen since it has little Raman scattering in the spectral region of interest for the
molecules we study. The liquid-helium cryostat enables the sample to be probed at
a range of temperatures down to 4.2 K (and even below) as controlled by a temper-
ature controller (ITC 503, Oxford Instruments). The change in temperature alters
the thermal population of molecules as well as the dielectric properties of the SERS
substrate. Before each run, the sample is carefully attached to the cold finger us-
ing a silver paste (Electrodag 1415M, Acheson Colloiden B.V., The Netherlands).
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Figure 3.6.: Simplified Renishaw inVia Raman microscope schematic. To the left
is the microscope section with the podule linked to a video camera, binoculars
and the objective wheel. To the top-right is the spectrometer section, and bottom
right is the alignment optics for the incident lasers.

The cryostat is then pumped-down over a few hours using a turbo-molecular pump
backed by a rotary pump to obtain a high vacuum with a pressure at the pump
below 10~° mbar. This ensures the low temperatures can be sustained evenly across
the sample. Sufficient time is also given to allow any solvents left in the silver past
to out-gas and be removed. The cryostat is then sealed and removed from the turbo
pump (to reduce vibration during measurements). The cryostat is connected into
the Raman microscope and to the helium transfer tube and pump. Liquid helium
is pumped around the cold finger (attached to the sample) and a temperature con-
troller automatically adjusts a heater to maintain the cold finger at the specified
temperature. Due to the more restrictive geometry it is necessary to use a long-
working distance lens to focus the laser onto the sample within the cryostat. For
most of the measurements we used a x5 objective with a 0.12 numerical aperture,
which collects light over a 11.5° full-angular range and has a 14 mm working dis-
tance. To prevent condensation on the quartz window, it is necessary to blow dry
nitrogen air onto the window to lower the humidity when the temperature of the

cryostat is above 50 K.
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Figure 3.7.: (a) Photograph of the microscope section of the Renishaw inVia Ra-
man spectrometer. The cryostat is shown replacing the normal translation stages
attached to custom-built holder. For clarity the cryostat is shown disconnected
from electronic leads to the temperature controller and the helium transfer tube
and pump return. (b) Top-down schematic of the cryostat end, showing a Klarite
sample attached to the cold finger visible through a quartz window.

3.3. Computational modelling

Despite the simplicity and elegance of Maxwell’s equations, in many real situations
they cannot be analytically solved. To help understand the nature of light in all-

but-the-simplest nanostructures, we must resort to computational modelling.

There are many flavours of modelling techniques available. The most popular include
finite difference time domain (FDTD) and the direct dipole approximation (DDA).
There are a plethora of commercial and research-based programs available. The
accuracy, speed and ability of the software programs vary considerably and high
costs are generally involved with the high-end commercial solutions. Care must be
taken when choosing the method to solve a particular system as each technique
makes different assumptions. For example, DDA breaks the 3D environment into
a matrix of dipole elements depending on the local dielectric function. The electric
field can then be found by systematically solving Maxwell’s equations for each dipole
and its neighbours. This works well for small structures such as short nanoparticle
systems but ignores the effects of higher order multipoles which become increasingly

important as the size of the structure increases and the gaps between them decrease.

Boundary element method (BEM) techniques are another modelling technique,
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which like FDTD, follow the time-evolution of a particular frequency. BEM is com-
putationally less expensive compared to FDTD as it only requires the boundaries
to be discretized, rather than the whole interior of the structure, reducing the di-
mensionality of the solution. In some cases the computation can be further simpli-
fied due to symmetry in the structure. F.J. Javier Garciade Abajo has developed
a fast BEM code which applies to objects with axial-symmetry: boundary element
method for axial symmetry (BEMAX). [37, 38] This code was originally designed for
enclosed surfaces such as nanoparticles. To use it for open surface structures, the
intended local structure has to be placed within a larger ‘virtual’ structure which
allows definition of material regions but without supporting surface charges or cur-
rents. For the most part this generates realistic results, although it is necessary to
ensure the structure is large enough to prevent erroneous leakage of light through
the virtual structure. Previous studies have confirmed the validity of this approach
for similar dish-like nanovoid structures. [39] The Klarite nanostructure (described
in Chapter 4) which is based on an array of inverted square-based pyramids can be
modelled with BEMAX. In the simulations shown in Chapter 4 we approximate a
single pit from the Klarite nanostructure as a cone to be able to use such an axially

symmetric method. (Fig. 3.8).

- —J= N = — — -

R : :
s :
L _ g - __ = s
<. . = r
. :
. x F

Figure 3.8.: Centro-symmetric modelling shape of Klarite used as approximation
in BEMAX modelling. (a) Plan and cross-section views. (b) 3D rendered cross-
section (c) Wireframe view of inverted cone-structure.
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3.4. Self-assembled monolayers

Studying the principles of SERS requires robust, well-defined analytes. Self-
assembled monolayers (SAMs) form from organic molecules which interact with
a surface to spontaneously create well-defined monolayers. [40, 41, 42] These well-
studied monolayers generally provide a reliable system with close-packed domains
of similarly orientated molecules. SAM molecules are formed of three components:
a surface group that bonds to the surface; a functional group to allow further in-
teraction with other systems and a tail to join the two groups together and provide
rigidity.

In this work we use a class of molecules called thiols (also known as mercaptans)
which have a —SH end group, which allows binding to the surface through the
sulphur atom. The thiol group has a particularly strong affinity to gold and is thus
very useful in work involving plasmonics. Their strong affinity means they quickly
form close-packed monolayers on gold and also displace many species which may
already be present on the surface. This high affinity also means they are stable under
various external conditions such as different solvents or changes in temperature.
When the thiol adsorbs on the surface it forms a thiolate-gold complex, with a high
bond energy of ~ 44kcal mol™ (~ 184kJmol™'). [43] This compares to C—C bonds
which have roughly double the bond energy. [44] Another advantage of thiol-based
SAMs is their ease-of-preparation. Many thiols dissolve readily in ethanol forming an
ethanolic thiol solution. To form a SAM, gold substrates are placed in an ethanolic
solution (typically 1—10mM thiol concentration) for a minimum of 3-4 hours. The
longer the sample is left in solution the better the quality of the SAM. [45] The thiols
continue to adsorb onto the surface until they reach saturation. As more thiols are
added the system becomes more organised and depending on the molecule and the
binding site, they tend to align at an acute angle away from the normal to the
surface. The nature of the close-packing is determined by the van der Waals forces

between the molecular groups.

With alkanethiols the exact packing and orientation depends on the length of the
chain (with longer chains giving better packing), time in solution and orientation of
the gold. For gold with a [111] oriented surface, a tight packing overlayer is possible
with arrangement (v/3 x v/3)R30°, where R signifies rotation has been shown in
many studies. [45] This arrangement corresponds to sulphur atoms positioned at the

centre of three gold atoms such that there is one sulphur atom per three gold atoms.
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Figure 3.9.: (a) Alkanethiol SAM on gold. (b) Optimum packing density of thiol
of Au[111] surface with <\/§ X \/§)R30° arrangement of thiol molecules. With

gold lattice constant a= 2.88 A and b= /3 - a.

This means that the density of thiol molecules is a third of that of gold atoms. Given
that the gold lattice constant a= 2.88 A, this gives an optimal molecular packing

density of ~ 1.2 x 10° molecules-m~2.

Whilst alkanethiols are historically the most studied thiol-SAM system and pro-
duce very tightly packed monolayers, many other molecules such as benzenethiol or
carboxylic acids have also shown similar ability to form SAMs. The exact packing
tends to not be so well-defined or as organised as in the alkanethiol case. Ben-
zenethiol forms less-densely packed monolayers than alkanethiols or benzenethiol
derivatives with alkane chains between the thiol and the phenyl group. [46, 47] Thi-
ols with carboxylic groups can also form SAMs with some double layer areas. [48]
Despite this, SAMs of benzenethiol have been widely used in SERS experiments due

to their high Raman cross-section, whilst still forming reasonable SAMs.

The use of thiols can be extended beyond simple conformal coatings. By using
nanoimprint lithography, thiols can be used like an ink and selectively stamped
onto regions of interest on a nanostructure. Atomic force microscopes have also
been used to remove thiols from certain regions of a metal analogous to scraping
them off the surface. A good overview of some of these techniques is provided by
Gooding et al. [49] and an extensive review of SAMs is given by Love et al. [45] The
versatility and flexibility, yet robustness, of thiols makes them very useful systems

for many areas of nanotechnology.

23



Chapter 3 Experimental methods

Figure 3.10.: A typical screenshot of the JDAP data analysis program showing the
peak height extraction feature on a set of SERS spectra.

3.5. Data analysis

The majority of data analysis was completed in Igor Pro using custom analysis
functions. An interactive analysis environment, JDA P, was developed to quickly deal
with the spectra produced from the Raman spectrometers and other optical rigs in
the lab. It provides a graphical interface (see Fig.3.10) to deal with both small and
large datasets. It allows extraction of peak heights and background intensities and
facilitates the complicated analysis of the MTVE (Sec.3.2.1.1) data. The code for
JDAP is extensive and has been used throughout the labs and adapted to the needs
of other experiments to provide quick and simple analysis routines, as was used, for

example by Farah et al. [50]

As well as Igor Pro, some Raman data was analysed in the Renishaw WiRE 3.1
software with its flexible peak fitting software, allowing many of the results found
in Chapter 7.
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4. Plasmonic nanostructures for

SERS

4.1. SERS-active nanostructures

LASMONIC NANOSTRUCTURES for SERS can broadly be split into four
types: roughened surfaces, nanoparticles, nanostructured surfaces and

combinations of the above (Fig.4.1).

o
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Figure 4.1.: Types of SERS-enhancing plasmonic structures.

Early research into SERS centred on its discovery on Ag-roughened electrode sur-
faces. [26] Electrochemical roughening was explored as a way to SERS-activate a
silver metal surface allowing coupling to surface plasmon modes on the surface. [51]
This was soon extended to other noble metal surfaces including Au and Cu, [52]
which also showed plasmonic activity. Later Ag vapour-deposited metal films were
used to explore the SERS effect [53, 54] and a variety of other deposition techniques
were also used. The exact role of surface roughness in the SERS enhancement was
still unclear and this eventually led to the use of self-assembled monolayers of metal
colloids. [55] These were used to simulate roughness in a controlled way, which was

a first step towards creating well-ordered SERS substrates.

As roughened surfaces continued to be explored to understand the fundamentals of
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Chapter 4 Plasmonic nanostructures for SERS

the SERS effect, metal nanoparticle suspensions began showing potential for much
larger SERS enhancement than their surface-roughened alternatives. These relied
on localised plasmon excitation on Ag and Au nanoparticles. It was also found that
forcing these nanoparticles to aggregate could lead to huge SERS signals. A break-
through came in 1997 when colloidal-based SERS gave enhancements to a degree
large enough to detect single molecules. [7, 8] Colloidal systems are still intensely
studied with many groups trying to achieve higher and higher SERS enhancement
factors. A good brief review of this area is provided by Schwartzberg and Zhang. [56]

There are widely different values given for SERS enhancement factors for different
systems in the literature and this is not helped by the lack of a fully standardised
method of calculation. This has made such systems hard to compare. The recently
accepted view is that the enhancement over Raman should be calculated relative to

the number of molecules excited in the scattering area/volume,[24]

Isprs/Nsurs

4.1
[Raman/NVol ( )

Gsers =

where Isprs is the intensity of the SERS signal, Ng,, s the number of adsorbed
molecules in the scattering volume, Igr4me, the Raman intensity of the equivalent
species in bulk and Ny,; the number of molecules in the bulk scattering volume. Of
course, even with this there remains difficulty in calculating the scattering volumes

and whether active and non-active regions of the scatterer are included.

Apart from the difficulty in comparing Raman efficiency from system to system,
a major problem of colloidal systems is the large degree of irreproducibility from
measurement to measurement. The enhancement depends strongly on the size and
shape of the nanoparticles, the size of aggregates formed, the exact size of the gap
between colloids, and the molecular binding site amongst other factors. These factors

have proven experimentally very hard to control.

A new class of structures emerged with the aim of greater reproducibility. This
was spurred by recent advances in both top-down and bottom-up nanofabrication
techniques. E-beam and focused-ion-beam (FIB) milling allowed structures such as
arrays of well defined nanoparticles [57] and inverted structures such as nanohole ar-
rays. [58] These techniques, however, are very time consuming and costly to fabricate

large-scale devices.
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Figure 4.2.: Various attempts at ordered nanostructures (a) (sub) monolayer of
12nm gold nanoparticles ligand-bound to silica coated TEM grid via silane. [55]
(b) E-beam evaporated oblique angle deposited array of lpm long silver
nanorods. [59] (c¢) Gold nanorods grown through porous anodized aluminium ox-
ide template. [60]. (d) Silver nanotriangle array formed from nanosphere lithogra-
phy. [61] (e) Silver film on nanosphere (AgFON) structure. [61] (f) Silver nanopy-
ramid array (period=200nm) formed using nanoimprint lithography and angled-
evaporation. [62] (g) Au nanopyramids on top of larger silicon pyramid structure
part-way through a process to embed Au nanopyramids in PDMS matrix. [63].
(h) Nanohole array with 500nm diameter. Holes are surrounded by very small
sub-10nm nanogap. [64] (i) Nanovoid surface using 600nm PS and 460 nm of
electrochemically grown gold. [65] All images taken from the references cited with
copyright belong to the respective publishers.
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More recent substrates have made use of self-assembled structures and nanotem-
plating, providing scalable structures with good reproducibility. Polystyrene (PS)
spheres, commercially available in nanoscale-sizes, have been widely used to act as
templates. This is due to their ease of deposition into self-assembled hexagonally
packed crystal structures. Haynes et al.[66, 61] use this as a mask to form well-
ordered hexagonal arrays of nanotriangles via metal evaporation or sputtering and
subsequent dissolving of the PS. They call this nanosphere lithography (NSL) and

it has shown enhancements of up to 108.

Abdelsalam et al. [65] used PS colloids as a template to electrochemically grow gold
around them. Dissolving the spheres resulted in nanovoid structures: a large array
of nanoscale gold dishes. These gold dishes have been shown to give reproducible
enhancements via excitation of localised plasmons within each dish, similar to those
observed in the Klarite nanostructure introduced later in this chapter (Sec. 4.2).[67,
68]. Dieringer et al. [69] used a self-assembled layer of PS and then coated them with
metal to give modulated SERS-active metal surface called metal-film on nanospheres
(MFONSs).

As well as polystyrene spheres, other nanostructures have been tried as templates to
grow metals electrochemically. Anodized nanoporous aluminium oxide (AAO) [60]
has been used to grow periodic arrays of nanowires. Like many SERS structures,
however, the uniformity of SERS signal has not been sufficiently examined or vali-

dated across the sample.

Some top-down approaches have also yielded results with fast fabrication. Angle
evaporation has led to formation of well-defined nanorods [70] and optical lithogra-
phy has been able to produce well-defined (~ 10 % variation - estimated from SEMs,
but not shown) nanogaps. [64] Combinations of such approaches have also been used,
such as that of Cui et al., [62] who use a mixture of wet-etching into silicon with
nanoimprint lithography to create a polymer pyramid array. This is then subjected
to angle-evaporated metal deposition before being plasma etched to leave behind a
well-defined array of nanoprisms, giving reproducibility of less than 20 % in SERS
across the sample. Henzie et al. [63] have also tried to create reproducible arrays of

metal nanoparticles suspended in a poly[dimethyl siloxane] (PDMS) matrix.

These are just a handful of the many types of SERS substrate being created. They all
have a trade-off between their maximum SERS intensity and SERS reproducibility

but also between the ease of manufacture and quality of the resulting nanostructure.
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Brown et al. [71] have provided a good review of nanostructures for SERS and the
trade-offs involved with the different systems, illuminating the complexity involved
in creating well-defined nanostructured surfaces with long range order versus the ease
of creating metal nanoparticle based systems. There are many extensive reviews on
SERS nanostructures in the literature. [72, 73, 74]

Many possible applications for SERS require quantitative data which is reliably com-
parable from measurement to measurement. It is important to keep this in mind as
new SERS substrates emerge. Any successful substrate must show SERS repro-
ducibility across the sample, and from sample-to-sample, as well as strong SERS

enhancements.

In very recent years, there has been a resurgence in nanoparticle SERS studies. It
is clear that the spacing between the particles is key to the SERS enhancement
seen. Unfortunately, the enhancement varies strongly with gap size. Small changes
in the gap size cause large changes in SERS signal. Recently Taylor et al. [75] have
shown good control over the gap-size using rigid macrocyclic molecules fixing the
gap between nanoparticles at 0.9 nm, which could present a promising new future for
controlled aggregated nanoparticles SERS with the potential for large enhancements

and reproducibility.

Li et al. [76] have shown they can achieve reproducible enhancements using their
shell-isolated nanoparticle-enhanced Raman spectroscopy (SHINERS). These are
silica coated gold nanoparticles. The silica coating allows a pre-defined distance to
be set between analyte and the gold particle surface. This also means that charge
transfer effects between the gold and the particle can be removed. The silica also
acts as a highly compatible system with biological and water based systems as well

as in a whole range of solvents.

Separating out charge transfer effects from plasmonic effects is necessary to ensure
reproducibility between molecular systems. In the future, creation of new SERS
substrates needs to take this seriously into account if SERS is to greatly impact the
quantitative sciences. A study of metal oxide nanoparticles on flat gold surfaces [77]

has also been able to show SERS enhancement but without charge transfer effects.

It is worth noting that other non-plasmonic based substrates have been demon-
strated for SERS. These are generally based on chemical effects and the enhance-
ments have been far more limited to those on metallic systems. Quagliano et al. [7§]

demonstrated a couple orders of magnitude enhancement for pyridine absorbed on
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to InAs/GaAs quantum dots. A similar effect has been observed for CdTe [79] and
CdS [80] systems. Graphene has also shown similar enhancements and has been sug-
gested as an ideal system to separate out chemical effects from plasmonic ones, since
it does not support plasmons in the visible range. [81] SERS on non-plasmonic sub-
strates is in the early stages of study and it is not clear whether it will prove fruitful
in the long term, however coupling these systems with plasmonic ones could produce
interesting hybrid systems with potential for large enhancements, which also aid the
understanding of the origin of SERS. [82]

4.2. Klarite

Klarite® is a commercially-available SERS substrate, manufactured by Renishaw
Diagnostics Ltd., Glasgow, UK. Klarite is a nanostructured gold surface consisting
of a square-array of inverted pyramidal pits, which enable the trapping of light inside

them to create large local EM-field amplitudes to enhance the Raman process.

The light trapped by these structures is wavelength dependent and has been shown
to be simply tuned by adjusting the pit geometry. [83] In commercially-available
Klarite, the pits are spaced on a 2pum square pitch and the sides of the square
pyramid base are 1.5num each (Fig.4.3). This allows the resonances of Klarite to
be tuned to near two commonly used Raman excitations at 785 nm and 633 nm
(Fig.4.4).

Klarite does not boast the extreme SERS enhancement factors quoted in some of the
research literature, but still has an enhancement factor on the order of 10°. [84] De-
spite this, its strength lies in reliability and reproducibility of the SERS enhancement
around the sample and from one sample to the next. The precise and reproducible
nature of the Klarite fabrication process ensures the reliability of the substrates.

SERS signals collected around the substrate generally fall within 10 % of each other.

This reliability has led to an increasing amount of use of the substrate both in
academia and industry. The research spans many areas of SERS detection. Detec-
tion of disease-causing bacteria such as Bacillus endospores [85] has been shown by
the US Navy with discrimination between 5 different types and single-spore sensitiv-
ity possible. [86] DNA sequence analysis using SERRS (Surface-Enhanced Resonant
Raman Scattering) [87, 88] and detection of low concentrations of squaraine dyes
as unique reporters for SERRS multiplexing. [89] Stokes et al. [90] combined SERS
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Figure 4.3.: (a) Klarite nanostructure - a square-array of inverted square-base
pyramidal pits (b) SEM of the structure (c) Cross-section of Klarite nanostruc-
ture indicating important geometric dimensions.

using Klarite with dip-pen nanolithography to enable DNA-based SERRS pixel ar-
rays. Detection and characterization of the toxic melamine molecule [91, 92] has
been possible in various foods and solutions. Lin et al. [92] showed that it is possi-
ble to use SERS on Klarite to obtain sufficiently useful quantitative results for the
amount of melamine present. Fan et al. [93] have shown that rapid detection and
discrimination of food and water-borne viruses is possible. Trace-level detection of
explosive materials have been shown for 2.4,6-trinitrotoluene (TNT) and nitroglyc-
erine (NG) [94, 95]. Molecular imprinted polymers (MIPs) have shown promise at
adapting the physical binding site specificity available on Klarite not only to detect
TNT [94] but also the uptake of §-blocking drug propranolol. [96, 97] Corrigan et
al. [98] have shown the possibility to use SERS with Klarite in the pharmaceutical
industry to verify purification and cleaning of drugs such as nelarabine, with the po-
tential to speed up this process. Finally Klarite has also been used to demonstrate
surface-enhanced coherent anti-Stokes Raman scattering (SECARS), [99] extending
the substrates use beyond traditional SERS techniques. As well as this, more re-
cently Klarite is increasingly used as a standard of comparison for potential new
SERS substrates [100, 101, 102, 103] where reproducibility as well as high enhance-

ment factors are necessary.

4.2.1. Fabrication

Klarite is created in a three-stage process:

1. A square array mask of micron-sized features is formed using optical or e-beam
lithography onto a (100) oriented silicon wafer. The holes are aligned along the
[110] direction.
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2. An anisotropic KOH-etch [104] is then performed, which etches the silicon
preferentially along the {111} atomic planes. This forms a square-array of

square pyramids with atomically smooth surfaces.

3. The structure is sputter-coated or evaporated with a thick layer (~ 200 —
300nm) of a suitable metal, generally gold, to create a plasmonically active

surface.

These processes have been well documented before [105, 84] and further refinement of
the proprietary manufacturing process has since been made by Renishaw Diagnostics
especially to ensure uniformity of application of the gold coating and sample-sample

reproducibility.

4.2.2. Local field enhancement

The inverted pyramid structure has been extensively studied in our group by Perney
et al. [84, 83] Localised EM-modes excited on Klarite can be tuned by changing the
size or geometry of the pit. Changing the pitch (distance between pits) does not
significantly affect the position of the resonances. This indicates that diffraction
effects of the structure are not key to the excitation of these modes. The localised
modes have previously been modelled as trapped surface plasmon polariton modes
akin to standing waves on a string. In this model the tip of the pyramidal pit
allows wave propagation, whilst the top surface edges reflect. This model matched
well to finite-difference time-domain (FDTD) modelling on a two-dimensional groove
structure performed at the time. [84] The model predicts the experimentally observed
existence of a discrete set of modes dependent on wavelength. Inverted pyramid
structures can therefore be tuned to have a plasmon resonance where it is spectrally
required (as long as it is lower in energy than the plasmon frequency). This makes the
structure desirable for SERS applications. They compared the gold-coated structure
with bare silicon where they did not find evidence of the same modes, highlighting

the plasmonic nature of the modes.

The nature of the localised optical modes inside the pit have recently been modelled
by Vernon et al. [106] and Mechler et al. [107] Vernon models the pits using a com-
putationally intensive 3D-FDTD which they compare to an equivalent 2D model.
This aims to improve upon the 2D-groove FDTD performed by Perney. They find

similar modes to those observed by Perney on a silicon structure with a 300 nm gold
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coating, however the 2D model they use shows the field is completely localised to
the tip, which does not agree with Perney’s standing wave model. In the 3D case the
electric field is pushed away from the tip, presumed to be due to the proximity of re-
pelling like-charges caused by the four surfaces coming together. They also compare
the gold-coated silicon structure to one coated with a perfect electrical conductor
(PEC), with an infinite plasmon frequency which is thus unable to sustain surface
plasmons. Remarkably, they appear to find only a 5% reduction in the electric field
on the pit sides compared to the case with gold. They say that this reduction is
within their modelling errors (~ 5%). Unfortunately, they do not provide a figure
showing the electric field distribution in the PEC case, making exact comparison
to other models difficult. They therefore conclude that the enhancement must be
diffractive in origin and not plasmonic, since a plasmonic material is not necessary

to achieve the same electric field enhancement.

Mechler takes an analytical approach to the problem based on Neerhoff-Mur for-
malism. [107] This approach is limited to a 2D case and they calculate the electric
field-distribution inside a V-groove structure with a 90 ° apex (a quasi-2D projection
of Klarite). Here they also use a PEC which will not sustain plasmons and model it as
an aperture in a thin PEC (1 pm thick) sheet with one opening infinitesimally small
(the tip) and the other 2 um wide. Mechler obtains markedly different electric field
distributions to Vernon’s 2D case. They claim that near-field diffraction can cause
charge redistribution on the metal surface which causes the local field enhancement
at the surface. The result appears to more closely matched to Vernon’s 3D case. De-
spite some ambiguity surrounding the precise electric field amplitudes, they believe
that a SERS enhancement of ~ 10* can be achieved in a V-groove structure without
taking into account the effect of surface plasmons. Unfortunately, direct comparison
is difficult since they did not model at 785 nm. They also acknowledge that on top
of the near-field diffractive effects they would expect to see an effect of plasmons
on top of this resonant diffractive effect, which leads to the higher enhancements of

SERS seen experimentally.
Using the boundary element method, BEMAX, described in Chapter 3, we add

to these interpretations of the electric field distribution, by modelling a conical
approximation to the Klarite structure. We obtain absorption resonances around
630 nm, 750 nm and 1000 nm which match well with those observed experimentally.
The near-field intensity distribution is shown for these three wavelengths in Fig. 4.4.

The distribution of these modes agrees strongly with the square based gold-coated
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Figure 4.4.: Klarite resonant plasmon modes showing near-field intensity (£?) dis-
tribution for (a) 630 nm, (b) 750 nm and (c) 1000 nm modes.

Figure 4.5.: Evolution of the 750 nm Klarite plasmon mode through one optical
cycle showing electric-field amplitude. Snapshots at percentage through full 27
optical cycle in clockwise direction.

inverted pyramid modelled by Vernon et al. [106] in their full-3D FDTD calculations,
although the exact wavelength dependence is slightly different probably due to the
subtly increased geometry size used by Vernon. We see that the absorption modes are
strongly localised towards the bottom of the pit and to its sides, although they avoid
the apex. This differs from the FDTD modelling of Vernon [106] and Perney [84] for
V-grooves, where the field is concentrated at the apex. Perney’s wavelength model

again does not appear to match well to the observed field distributions.

Using the calculated electric field amplitude vectors, we can recreate the electric
field magnitude progression over an optical cycle. For the 785 nm mode (Fig. 4.5) we
see that the electric field is spatially localised to the lower half of the pit edges and
remains fixed in the same place throughout the cycle. This fixed location and strong
field intensity enables the large Raman enhancements seen. It must also be noted
that the strong enhancements only come from certain areas of the pit. Analysis of
the near-field distribution close to the surface, reveals an approximate mode area on
the surface of 1% relative to the total area. In the case of a monolayer coverage of

a molecule on Klarite, only some of the molecules (in the hot spots) will experience

64



4.2 Klarite

1 N L}

smoaofth gold columnar Au standard [arfte look
<= growth

74

Figure 4.6.: Scanning electron micrographs indicating some of the possible Klarite
evaporation results. (a) smooth gold surface (b) columnar growth on rim (c)
standard Klarite. SEMs courtesy of Renishaw Diagnostics Ltd.

the higher EM-fields.

4.2.3. Importance of nanoscale morphology

The Klarite structure bridges two distinct size regimes. The main aperture (a 1.5 pm-
sided square) is on the order of twice the wavelength of the incident light captured.
Going into the pyramid, the size becomes smaller than the wavelength of light ap-
proaching the nanoscale regime as we approach the apex. Bridging two size regimes
makes it conceptually harder to pin-down the origin of the absorption resonances ex-
perimentally observed: plasmonic or near-field diffractive. Not only this, but all the
models ignore another important factor: the surface roughness. Although the etched
silicon surface provides an atomically smooth platform, the gold coating applied on
top has nanoscale roughness due to its evaporated or sputtered application. It is very
difficult and computationally intensive to model this random nanoscale roughness in
the mesoscale inverted pyramid containing structure. It is clear from experiments,
however, that roughness has an important part to play in the enhancement factors

observed.

By changing the angle of evaporation of gold onto the Klarite and the rate of evapo-
ration, Renishaw Diagnostics have created slightly different Klarite structures with
differing smoothness (Fig.4.6). This leads to subtle changes in the pyramid aper-
ture morphology as well as the surface roughness as is commonly seen in thermal
deposition studies. [108] Compared to standard Klarite, the different angular evap-
orated structures gave varying degrees of Raman enhancement from a benzenethiol
monolayer, with some giving average enhancements of 3x that of standard Klarite

and showing signs of columnar growth on the Klarite edge (Fig.4.6a), whereas the
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smoothest ones (Fig. 4.6a) give enhancements of less than 10 % compared to normal
Klarite (Fig.4.6¢).

Using an angle-resolved goniometer and an adapted microscope as described
in Chapter 3 it is possible to track the optical absorption modes which exist on
some of these structure. (Fig.4.7). On the Klarite structure we see strong-localised
modes (flat) towards 0° corresponding to the main absorption resonances. Inter-
estingly, these do seem to change significantly between samples, despite only slight
changes in overall pit geometry between the differently evaporated samples. We can
also see that the largest Raman intensity does not correspond to the pits where the
absorption is in resonance with the Raman excitation or emission wavelengths. This
indicates that the enhancement depends not only on the resonances within these
large structures, but perhaps also the highly localised fields within the pit structure
resulting from surface roughness. Clearly this is dwarfed in our far-field measure-
ments by the main Klarite structure’s absorbance as we do not see evidence for this
in the reflectivity maps, but they could be responsible for the disparity in the SERS

signals observed.

We will see in Chapter 6 how nanoscale roughness plays an important role in the
SERS enhancements seen. This has also been studied and controlled in other similar

sized structures. [109]

A plausible model for the enhancement seen in Klarite could involve both the meso-
and nano-scale features. Light is first trapped into the pyramid pits via near-field
diffraction or large-scale plasmonic resonances, here it couples with rough features
on the gold surface creating further smaller and highly localised hot spots in an
antenna-like effect. These small localised hot spots are then responsible for the large

Raman enhancements seen.

4.2.4. Solving the enhancement mechanism

Questions still remain, such as why the enhancement is so reproducible across the
substrate if it results from random roughness features? There is clearly more work
to be done to ascertain the exact origin of the SERS enhancement in the Klarite
structure. Given attempts to model Klarite are still not in complete agreement,
adding roughness into this picture further complicates matters. An experimental

approach appears best suited to understand the enhancement. Some future experi-
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Figure 4.7.: Angle-resolved goniometer dispersion plots for differently angle-
evaporated Klarite structures. Intggprs gives the relative SERS intensity com-
pared to standard Klarite at A, = 785nm. Horizontal axis related to in-plane
momentum via k, = kgsin 6. Overlaid is the 633 nm and 785 nm excitation laser
positions in bright red and dark red respectively along with the energy position
of 1000cm™! (dashed lines) corresponding to the approximate emission location
of the Stokes ring-breathing benzenethiol line. Colour indicates log(reflectance)
from dark blue (-2) indicating reflective areas red/white (0) indicating absorptive
areas. (a-e) variously angle-evaporated Klarite samples causing change in the sur-
face roughness and definition of the pit aperture. (f) standard Klarite sample for
comparison.
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mental tracks are highlighted in Chapter 9.

4.3. Conclusion

Despite the fact that the exact mechanism of the SERS enhancement in the Klarite
nanostructure is still under investigation, it is clear that it has proved an increas-
ingly useful SERS substrate with large enhancements and excellent reproducibility.
Recently other companies have attempted to launch SERS substrates but have been
let down by a lack of robustness and repeatability compared to Klarite. The Klarite
structure is thus a useful one to study some of the subtleties of the SERS effect such
as its temperature dependence and background continuum which we will investi-
gate later in this thesis. We have suggested further experiments in Chapter 9 which
should help pin-down the enhancements observed in Klarite. Full understanding of
the enhancement mechanism should allow improvements to future SERS structures

and potentially far higher enhancements.

Research into new SERS substrates or enhancement systems remains very active. As
our ability to control nanoscale objects improves, it seems likely that much greater
enhancing structures will be possible in the future which maintain the reproducibil-
ity seen in Klarite. When this happens, SERS will be able to launch into proper
analytical applications and could be a disruptive technology across a huge range of

industries.
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N THIS CHAPTER we use a well-defined local inorganic (non-degradable) nanos-
tructure and study its interaction with localised plasmons on the Klarite and
nanovoid nanostructured surfaces. Further to this, quantum dots (QDs), with
photon absorption and emission resonances in the visible region of the elec-

tromagnetic spectrum allow us to probe both resonance and non-resonance Raman

scattering using common Raman laser excitation wavelengths in the visible region.

Semiconductor QDs are of interest for many applications due to their narrow pho-
toluminescence (PL) lines, high quantum yield, and broadband absorption spec-
tra. [110, 111] Most sensing and imaging applications currently use PL[112, 111]
due to its greater sensitivity compared with other spectroscopic techniques such
as Raman scattering. For PL, QDs possess many attractive features over standard
molecular dye markers including their broad excitation spectral region, resistance
to photobleaching, low photo- and chemical degradation, and size-tunability of their
narrow emission peak. [112] Although the use of QDs as fluorophore labels has been

well studied, [113] their use as Raman spectroscopy labels has yet to be realized.

Surface-enhanced Raman scattering boosts low Raman signals in molecules, and,
with surface-enhanced resonance Raman scattering (SERRS), the enhancements
can be further increased by several orders of magnitude when exciting at an elec-
tronic resonance of the chromophore. [114] Thus SE(R)RS (SERS or SERRS) can be
more sensitive than fluorescence with the added advantage of detection specificity
and multiplexability. [115] These enhancements are due to the intense local elec-
tric fields caused by exciting surface plasmons at metal surfaces as has been shown
in Chapter 4.[116]

Besides QDs acting as (bio)-chemical markers, the ability to detect (sub)-monolayer
concentrations of QDs through SERS can be useful for monitoring QD devices in

real time, for instance measuring the QD temperature or tunnelling-induced phonon
emission in photovoltaic or QD LED devices. In this chapter the SE(R)RS of CdSe
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QDs on nanostructured gold surfaces is described.

5.1. Quantum dots

5.1.1. Quantum confinement

Semiconductors have an energy band gap between their valence and conduction
bands caused by the periodic crystalline lattice. This allows an excited electron in
the conduction band to radiate energy proportional to the band gap size via emitting
a photon. This is photoluminescence and is similar to that which occurs in-between

the electronic states in molecules.

In a semiconductor, an electron can be promoted from the valence to the conduction
band. This leaves an electronic hole in the valence band and the two charge carriers
interact via a coulombic interaction. The distance between the electron and the hole

is called the exciton Bohr radius.

As the size of a semiconducting structure is reduced to nanometre-scale dimensions,
the spatial confinement can alter its properties significantly. This happens as the
characteristic dimensions approach and decrease past the size of the exciton Bohr
radius. This new boundary restriction leads to quantum confinement of the system,
effectively restricting the degrees of freedom in all spatial dimensions. This con-
finement means that instead of continuous bands of energy-momentum states, only
discrete energy-momentum states exist. As the nanocrystal is further reduced in size
below the exciton Bohr radius, the quantum confinement increases and the number
of states further reduces. This leads to a system with purely discrete energy levels,

leading to highly confined quantum dots, sometimes called ‘artificial atoms’.

As the confinement increases, the reduction and quantization of states leads to an
increasing energy gap between the lowest unoccupied energy level and the highest
occupied energy level (see Fig.5.1). This changes the photoluminescence observed.
In bulk CdSe the bandgap is 1.74 eV, putting it into the visible optical range in the
far red of the spectrum. As a nanocrystal, the band gap can be controlled via its

size over the entire visible spectrum.
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Figure 5.1.: Simplified energy structure of semiconductor as it becomes a quantum
dot. (left) bulk material (middle) poorly confined quantum dot (right) tightly
confined quantum dot. Bandgap energy increases (blue-shifts) as the quantum dot
radius shrinks.
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Figure 5.2.: Characteristic optical and acoustic phonon dispersion relations for a
diatomic system.

5.2. Raman of inorganic materials

Raman scattering has long been used as a method to investigate crystalline semicon-
ductors. Instead of exciting molecular vibrational modes (discussed in Chapter 2),
vibrational phonon modes in the crystal lattice can be excited. Lattice phonons can
be split into two types: acoustic and optical. Acoustic phonons are of much lower
energy than optical phonons (see Fig.5.2). When a photon is inelastically scattered
by an acoustic phonon, it is called Brillouin scattering, and when it is scattered by
optical phonons it is called Raman scattering. In a standard experimental Raman
set-up, it is not possible to see the Brillouin scattering as the low energy modes lie
too close to the laser line and are thus cut-off by the filters. Optical phonons, of

energy close to molecular Raman modes, can be detected.

The Raman scattering process is a two-photon process (one-in and one-out). The

momentum of light (pphoton = hk = —) is much smaller than the phonon lattice

A
momentum (Prastice = Z), where a is the lattice spacing. This means that only
phonons with p ~ 0 can be excited during the Raman process in bulk materials so
as to conserve momentum. However, in nanocrystals this selection rule gets relaxed.
As the phonon mode becomes more localised in real space, due to size confinement,
uncertainty in momentum is allowed. This means a broader range of phonon modes
can be excited, leading to a broader line-width. They also red-shift and become
asymmetrically broadened on the low-energy side due to the dispersion of optical

phonons.
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Figure 5.3.: PL emission and UV-VIS absorption of 640 nm emission CdSe quan-
tum dots. Overlaid are the Raman excitation wavelengths used in this thesis
illustrating the possibility of excitation on and off quantum dot resonances. [117]

5.2.1. Resonance Raman scattering

A system with defined electronic transitions, such as a quantum dot, has the poten-
tial to undergo resonance Raman scattering. Here the normal Raman scattering is
greatly enhanced when the incident radiation is resonant with an electronic transi-
tion. Some semiconducting quantum dots have important electronic transitions in
the visible range, leading to the absorption and emission of photons. This makes
them perfect candidates for resonance Raman scattering. By varying the incident
laser wavelength we can probe the quantum dot on absorption, emission or off-

resonarce.

5.3. Method

In this chapter CdSe/ZnS core/shell QDs (Nanocotechnologies Ltd.) with 6 nm
diameter and an emission peak centred at 640nm were attached to nanostruc-

tured gold surfaces. Two well-characterised plasmonic substrates were used: Klarite

73



Chapter 5 Quantum dot SERS

TOPO

Figure 5.4.: CdSe/ZnS core/shell quantum dot with organic ligand stabilization.
TOPO = trioctylphosphine oxide and HDA = hexadecylamine. Not to scale.

(Chapter 4) and graded nanovoids, [118] comprised of hexagonal arrays of trun-
cated spherical voids of controllable thickness (Fig.5.10a). The QDs are capped
with hexadecylamine (HDA) and trioctylphosphine oxide (TOPO) which act as
binding and stabilizing agents (see Fig.5.4). Using standard thiol chemistry (as de-
scribed in Sec. 3.4) a self-assembled monolayer of 3-mercaptopropionic acid (MPA)
was adsorbed on the gold surfaces. The thiol displaces other species adsorbed on
the surfaces and ensures sub-monolayer coverage of quantum dots due to only weak
hydrophobic interactions with the QDs. The modified surfaces were then placed
overnight in a 1 mg/ml solution of QDs in toluene to allow the QDs to bind to the
surface. They were then rinsed to remove excess QDs. Using AFM we quantify the
coverage as ~1000 QDs/pm? (see Fig.5.6) using the template-striped gold (TSG)
technique described in Appendix A.

Successful attachment of QDs on the Klarite surface is confirmed by the large flu-
orescence emission profile observed on excitation at Ao, = 633nm (Fig.5.7), when

compared to the Klarite surface coated with 3-MPA alone.

Both the Klarite nanostructure and ‘flat’” gold (which has nanoscale roughness caused
by the deposition process) were used to record SERS spectra. Raman spectra of bulk
QDs were acquired for comparison by drying a concentrated (50 mg/ml) solution into
an opaque agglomerate. Measurements were taken at three excitation wavelengths:

Aez = 785nm, 633nm and 514 nm using a Renishaw RM1000 spectroscope (as de-
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Figure 5.5.: Thiol-attachment of QDs on the Klarite nanostructured sur-
face. HDA=hexadecyalmine, TOPO=trioctylphosphine oxide, 3-MPA=3-
mercaptopropionic acid
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Figure 5.6.: AFM image of quantum dots on top of a flat template-stripped gold
(see Appendix A) coated with a 3-MPA SAM. Cross-section profile extracted from
the AFM image as shown.
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Figure 5.7.: SE(R)RS spectra from the Klarite surface with MPA thiol only and
on addition of QDs. Inset shows SERRS phonon peak at 208 cm™?.

scribed in Chapter 3. This allows comparison of SERS on and off resonance with
the QD absorption and emission transitions as well as the plasmonic resonances of

the Klarite structure.

5.4. Results and discussion

The QD SERS spectra on Klarite nanostructures and on flat gold, with the corre-
sponding Raman spectra of bulk aggregated QDs, are shown in Fig. 5.8. [1] On Klar-

1'is present. This peak

ite at all three laser wavelengths, a SERS peak at 208 cm™
corresponds to the longitudinal optical phonon mode LO(1) of CdSe. [120, 121, 122]
Also observed is the two-phonon mode, 2LO(1). The SERS enhancement of these
phonon modes varies strongly with the laser excitation wavelength, being more than

100x stronger at 633 nm [note y-scale in Fig. 5.8(a-c)].

We see no evidence of a ZnS phonon from the ZnS shell. Since the bandgap of ZnS is
greater than CdSe and just outside the visible range (for bulk wurtzite-phase ZnS it
is 3.91eV), there can be no RRS at the excitation wavelengths used here. This means

we are unlikely to see a ZnS phonon peak compared to the resonantly probed CdSe

76



5.4 Results and discussion

Raman Shift [meV]
10 20 30 40 50 60 70

3.0 I | | | T T
. 785nm ]
2.0
—— SERS on Klarite
1.0k —— Bulk Raman

SERS on 'flat’ gold |

Intensity [x10° cts s mW ]

0 | | i
1.2 y
1.0 //\WW«.,ANVJ\M |
0.8 n
0.6 n
2L0(1)

0.4+ ' .
00 | | | |
100 200 300 400 500 600

Raman Shift [cm_l]

Figure 5.8.: QD SERS spectra from Klarite and flat gold substrates, using laser
excitation wavelengths (a) off-resonance at 785 nm, (b) on emission resonance at
633nm, and (c) within the absorption resonance at 514nm. Raman spectra of
bulk aggregated QDs are also shown. For 633 nm, the region of the spectrum near
the LO phonon modes is overlaid at 10x the actual intensity. The peak at 35 meV
in (a) comes from the MPA. [119]
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phonons. Further to this, using non-QD resonant 785nm excitation, the phonon
peak for ZnS is still not observed. Due to the relatively low amount of ZnS shell
coating relative to the CdSe core, we expect the intensity of any ZnS phonon peak
to be far less than those for CdSe. Others have observed the ZnS phonon peak [122]
at 350 cm™! but at intensities equal and less than the 2LO(1) CdSe peak. Since we
do not observe this peak at 785 nm it is not surprising we see no evidence of a ZnS

peak.

At 785 nm [Fig. 5.8a], the SERS on Klarite displays more peaks than at other laser
wavelengths. In the low frequency region shown, although the principal CdSe LO(1)
mode dominates (12845 countss™ mW 1), peaks corresponding to SERS of HDA,
MPA and other adsorbed species are also observed. [119] At this wavelength we are
outside of the absorption resonance of the quantum dots and observe no quantum
dot PL. No SERS is seen on ‘flat’ gold as expected from the absence of localised
plasmon modes. SERS at 785 nm of both molecules and quantum dots is enhanced by
the substrate due to the localised plasmon resonances of the Klarite nanostructure
(see Chapter 4). At this wavelength, Raman of the bulk aggregated QDs (with
~10% times more QDs in the laser focal volume) shows a weak CdSe LO(1) peak
(1045 counts s mW 1), whilst other peaks are absent. This weak peak in the bulk
allows us to calculate an approximate SERS enhancement factor (as per Eq.4.1)
of ~ 10%*. A better comparison would be to that on the flat gold, as this removes
possible changes in the aggregated case due to QD-QD interaction, however this was
not possible due to the LO(1) peak not being visible at this excitation wavelength
on flat gold.

The mode area of the 785nm Klarite plasmon resonance at the gold surface
(see Chapter 4) is around 1% of the total Klarite surface area. To calculate the
average signal from each QD we use the QD density calculated above, and assume
a diffraction limited spotsize, which for the x20 objective used here is 2.4 pm? for
Aez = 785 nm. This means that at A\, = 785 nm we get ~ 5counts QD 's~ ! mW—!
for the LO(1) mode.

Closer inspection of the LO(1) peak reveals a non-symmetric line-shape with a
double peak structure with a low-frequency shoulder. The low-frequency shoulder
can be assigned to optical surface phonons at an energy slightly lower than the
longitudinal optical phonon in CdSe. [121, 122, 123, 124, 120] Surface phonons result

from the small dimensions of the QD and the boundary conditions imposed by the
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surface.

At 633nm [Fig. 5.8b], the laser is on resonance with the QD absorption (principally
the lowest 1S;3/5-1S, transition [125]) and QD emission as well as a localised plas-
mon resonance of the Klarite nanostructure. An intense background from PL of the
QDs is observed which dwarfs the molecular Raman peaks seen at 785 nm. While
Raman of bulk QDs and on ‘flat’ gold show no LO phonon Raman peaks, the QD
SERRS signal on Klarite shows a strong LO(1) (17.840.6 x 10% countss™' mW~1)
peak and a corresponding 2LO(1) harmonic (2.64+0.3 x 103 countss™' mW~1). Al-
though PL/fluorescence is also enhanced by the plasmonic nanostructure, the metal
surface facilitates heavy quenching of the PL. This does not affect the much faster

SERS process due to the quasi-instantaneous Raman transition.

The SERS peak at 633 nm is ~10? times the SERS signal at 785 nm. This figure even
includes a scaling factor to allow more accurate comparison to 785 nm due to the w*
dependence of Raman scattering, common with other forms of dipole radiation. [126]
Therefore the resonance contribution to the SERRS signal at 633 nm is at least 102
times the SERS enhancement alone. Since the plasmonic mode is weaker at 633 nm
than 785 nm, the resonance component is likely to be greater. This is supported by
the fact that unlike at 785 nm, we cannot see the phonon SERS signal at all in the

bulk Raman, despite the large peaks observed on the Klarite surface.

At 514 nm [Fig. 5.8¢], the laser is no longer in resonance with QD emission and the
absorption resonances shifts to a higher energy QD absorption transition (potentially
the 3S; /2-18, transition [127]). The LO(1) peak is clearly visible in the SERS spectra
on Klarite although is prematurely cut-off by the Raman notch filter. The 2LO(1)
harmonic is now observed very strongly. This appears to have amplitude double the
LO(1) phonon line, although we attribute this primarily to suppression of the LO(1)
peak by the notch filter cut-off as confirmed by later experiments in Chapter 7.
The 2LO(1) peak is 21045 countss™' mW 1. This mode is also clearly visible in
the bulk Raman (4341 countss™' mW™!) giving a SERS enhancement factor of ~
5 x 103. Given the w?-dependence of SERS, this should be reduced by a factor of 5.4
when comparing to the enhancement at 785 nm. This results in a plasmon assisted
SERS enhancement an order of magnitude below that observed at 785 nm. This is
surprisingly high since we are now no longer on a localised plasmon resonance of the
Klarite nanostructure. In distinct contrast to the other wavelengths, these results
are similarly found for the SERS on ‘flat” gold with the 2LO(1) peak only half that
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observed on the Klarite structure.

Light at 514nm is absorbed directly within the QD and so ingoing and outgoing
RRS is responsible for the large bulk QD Raman signals observed. This RRS dwarfs
the peaks from other adsorbed species (similar to SERRS at 633nm). The absence
of any localised plasmon resonance on Klarite at this wavelength explains the sim-
ilarity between the SERS signals on Klarite and ‘flat’ gold. We believe the SERS
enhancement at 514 nm may be caused by the excitation of propagating SPPs from
weak random roughness of the surface — at 514 nm these SPPs will be more closely
confined to the surface than at longer A. Generally SERS on gold at this wavelength
is very weak, however, which is at odds with what is observed here. This could
indicate that in fact what is observed is predominately RRS, with little plasmonic
enhancement. This explains the similarity in intensity between the ‘flat’ and Klarite
samples. However, based on this, we would expect much larger bulk signals. This
could be due to the difference in exciting the QDs on a gold surface, and in an
aggregated form. To understand this further studying the enhancement to QDs in

a dielectric matrix, or in a dilute layer on a non-metallic substrate, is desirable.

5.4.1. Core only quantum dots

Colloidal quantum dots are typically constructed in a core/shell arrangement. The
optically active core is surrounded by a semiconductor of higher bandgap energy.
In this case CdSe cores have been surrounded by ZnS shells. The shell protects the
core from environmental degradation such as oxidation and improves the quantum
yield of photoluminescence by passivating the CdSe core surface and removing non-
radiative decay sites. [128] Exciting CdSe core-only QDs, of the same PL emission
wavelength as the CdSe/ZnS QDs above, we can compare the difference between
core/shell and core-only QDs (see Fig.5.9).

As well as the principal longitudinal optical phonon of CdSe LO(1) and its first

1'is observed. This peak is

harmonic 2LO(1), a new phonon peak around 274 cm™
associated with the LO phonon mode of Cadmium Sulphide [129] (CdS) [LO(2)] a
by-product of the QD manufacturing process. Nanoco Technologies find a 3% wt
S/Se in their CdSe cores, some of which could be in the form Cd-S as this is a
component of the original fabrication precursor. [130] The ratio of CdSe LO(1) to
CdS LO(2) appears similar but greater than that seen in a monolayer coverage of

ZnS on a CdSe core, [129] suggesting a significant but sub-monolayer coverage which
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Figure 5.9.: SERRS spectra of CdSe (core-only) and CdSe/ZnS (core/shell) QDs
excited at A, = 633 nm.

correlates with the suggested weight of sulphur present. This peak was not seen in
the core/shell case, probably since the ZnS shell coating displaced sulphur surface
defect states on the core surface. [122] It is also clear that the PL is reduced in the

CdSe-only case compared to the core/shell case and the Raman peaks are enhanced.

5.4.2. SERS on nanovoid structure

The previous data demonstrate the SE(R)RS of QDs and its tunability with ex-
citation wavelength. To demonstrate the dependence of QD SERRS on plasmonic
resonances we use a graded nanovoid sample (Fig.5.10a), fabricated in-house by
Dr. Sumeet Mahajan. Nanovoids are fabricated by electroplating through a mono-
layer of self-assembled spheres, which are subsequently removed to give an array of
interconnected voids. By retracting the template from the electrodeposition solution
at various intervals, different thicknesses can be deposited on the same sample result-
ing in a graded substrate. [118] Plasmons on nanovoid surfaces are well characterised
and tune with the void depth [68, 131].

A graded gold nanovoid substrate templated with 600 nm diameter spheres, which

possesses plasmon resonances around 2 eV, was fully mapped using reflectance mea-
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Figure 5.10.: (a) Nanovoid geometry versus thickness. (b) Image: Reflectance ver-
sus thickness (normalised to the void diameter) for graded nanovoid sample, yel-
low indicates low reflectivity (plasmon resonant absorption). Image overlaid with
SERRS amplitude (as marker size) of the CdSe LO(1) mode excited at 633 nm. (c)
Sample absorption (dashed) at the Stokes Raman energy (1.93eV) and SERRS
amplitude (line), versus normalised thickness.
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surements (Fig.5.10b) on the angle-resolved goniometer described in Chapter 3.
After QDs were attached to the surface, SERRS measurements were carried out
using 633 nm laser excitation, at regular spaced intervals across the sample (corre-
sponding to different normalised thicknesses). This allows comparison of the plasmon

resonances with the SERRS enhancement.

The background-subtracted peak height of the CdSe LO(1) mode is plotted over the
reflectivity data revealing how the SERS enhancement of the LO(1) mode increases
as it comes into resonance with the localised plasmon modes of the void indicated by
absorption dips in the reflectivity. This proves the importance of localised plasmons
for SERRS enhancements and supports results seen previously for molecular SERS

on nanovoids. [68, 114]

5.5. Conclusions

These results demonstrate that SE(R)RS is an appropriate tool to directly measure
phonon excitations in QDs, giving signals of ~ 5photons QD~!s™' mW~! which
can be further optimised. Phonons in CdSe/ZnS QDs are clearly observed at three
different wavelengths which give different enhancements due to the relative tuning of
emission, absorption and plasmonic spectra on two different plasmon-enhanced gold
nanostructured surfaces. This first study paves the way for use of QDs as SE(R)RS

markers.
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6. Disentangling the peak and
background Raman signals

N THIS CHAPTER we use well-defined thiol SAMs to probe the nature of the
localised plasmon resonances on the Klarite nanostructure and the impor-
tance of nanoscale roughness. By changing the local density of the SAM
and sequestering molecules inside surface hotspots, we find large increases

in the SERS signals. These changes are shown to decay back to normal levels over
time as the molecules diffuse back out of the hot spots. Here, we use a low-energy
mechano-chemical process (conventionally termed a ‘snow jet’ process) to perturb
molecules on a SERS substrate, and track the dynamics of the different contribu-
tions to the SERS enhancement. This allows identification of components which

arise from changes in molecular distribution and from surface morphology.

There are many factors which affect the measured SERS enhancement on plasmonic
nanostructures; the most important of these depends on the localized plasmonic reso-
nances on the structure. Our nanostructures have localized plasmon resonances teth-
ered to specific positions within the structure defined by its geometry. [83, 68] The
plasmonic areas give the principal EM part of the SERS enhancement to molecules
adsorbed in those regions. In addition to this, the metal surface roughness, at atomic
and greater length scales, has been shown to alter the CE effect [132, 133, 134] as well
as aiding coupling of light into the plasmonic modes. The orientation of molecules on
the surface affects their Raman selection rules and therefore the relative peak inten-
sity since the Raman polarizability tensor is modified. Laser heating of the sample
has also been shown to affect molecular orientation and the Raman polarizability
tensor. [135]
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6.1. SERS background

As well as the complex EM and CE enhancements introduced in Chapter 2, SERS
signals are accompanied by an underlying broad continuum, the ‘background’. The
background has proved to be one of the most enduring elements of SERS remaining
to be understood. It has received relatively little attention in recent years by the
SERS community, with many ignoring it completely. It is generally assumed to occur
due to coupling between the well-defined energy levels in the molecular system and
the broad electronic continuum of energy states in the metal (though many groups
attribute it to ‘surface contamination’). There are many competing theories as to
the exact mechanism causing this background, most of which emerged towards the
end of the 1970s[136, 137, 138, 139, 34] and have been reviewed by Furtak and
Reyes. [140] A more promising model based on coupling between the molecule and
its image dipole in the metal substrate has recently been discussed and developed by
our group. [141] On top of this limited progress, none of the models have attempted
to predict how the background differs with substrate geometry and therefore none
have been successful at accurately emulating real SERS spectra. Understanding the
real nature of the background and how to control it is critical to extending SERS to
quantitative analysis and providing further enhanced signals for advanced diagnostic

and analytical applications.

6.2. Snow jet

The snow jet process (Fig. 6.2) is a commonly used cleaning procedure in nanofabri-
cation, which removes organics and particulates from a surface by firing CO5 micro-
crystals at it. A combination of the excellent solvent properties of CO», its low tem-
perature and the momentum imparted by the crystals facilitates the cleaning. [142]
Until now, the process has been used purely as a cleaning technique, principally on
flat silicon surfaces where it has widespread industrial use in the silicon electron-
ics industry. Here, we extend and study its use for cleaning nanostructured SERS
substrates and as a tool for inducing transient perturbations to the SERS process
allowing us to track short-term changes to the strength of the SERS signal and
background. Furthermore, during SERS measurements both temporary and perma-
nent changes to the system can occur due to the laser irradiation involved. This can

cause transient changes to the substrate including local heating, annealing, changes
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Figure 6.1.: SERS spectra consist of a series of peaks corresponding to the Raman
active molecular vibration modes (SERS peaks) which are accompanied by a broad
background continuum (SERS bkgd). In this case the molecule is benzenethiol.

in molecular orientation, photodamage to the molecules or their desorption from the

surface.

We study the effect of the snow jet process on the transient response of the SERS
peaks and the background. We use the multiplexed time-varied exposure (MTVE)
procedure (Sec.3.2.1.1) to study the time and laser heating effects on SERS. The
study of the decay of snow-jet-induced transient processes coupled with the MTVE
measurements helps to distinguish the effects of laser heating from those which are
a function of time (such as relaxation processes) on the SERS substrate. Using this
we disentangle the contributions to the peak and accompanying background in the
SERS process. Our work points to differing origins of the peak and background
signals in SERS and highlights the additional dependence of the SERS background

on the local morphology.
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Figure 6.2.: The snow jet process removes dirt and organic materials from the gold
surface via blasting with a stream of carbon dioxide microcrystals.

6.3. Experimental section

6.3.1. Substrate preparation

The SERS substrates used were Klarite as introduced in Chapter 4. SAMs of ben-
zenethiol (BTh) were formed on Klarite by placing the new, clean substrates into
10 mM ethanolic solution for at least a few hours before being removed and washed
thoroughly with ethanol to remove any excess thiol. This is a well-documented tech-

nique used throughout this thesis for forming SAMs as described in Sec. 3.4. [45]

6.3.2. Snow jet experiments

The samples were snow jetted with solid carbon dioxide crystals using a snow jet
unit manufactured by Applied Surface Technologies (the only vendor). The samples
(mounted on a microscope slide) were vacuum clamped to a hot plate, with the
sample surface reaching a temperature of T= 100°C just prior to snow jetting to
reduce ice build-up during the process. This momentary uniform heating causes a
small decrease in the average SERS peak intensities as can be seen in the non-snow
jetted areas in the Raman mapping data discussed in Sec.6.4.2. As described later,
this further supports the conclusions drawn in this study that despite this decrease,
snow jetting results in massive improvements in signal. The samples were snow jetted
for a period of two minutes with the jet continuously moving around the active area

of the sample.
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6.3 Experimental section

6.3.3. Raman measurements

The SE1000 Raman system equipped with a 185 mW 785 nm laser was used for the
SERS measurements. Raman spectra were taken with 10 s integration times and two
acquisitions. The laser has a large spot-size of 120 pm. The average power density in
this case is 1.6 kW /cm?, which is at least a few orders of magnitude less than those
typically used in SERS measurements (~ MW /cm?). Most importantly, there was no
significant evidence in the SERS spectra of laser damage to the thiol when compared
to control experiments with a more focused laser which resulted in burning and
decomposition of the thiol as indicated by a reduction of the thiol peak intensities
and the growth of a peak at 980 cm™! corresponding to the oxidation of the sulphur
head group. [143] To further minimize the impact of any desorption effect, the points
were pre-exposed to the laser illumination to energetically remove any loosely bound
thiols, which reduced the signal to a stable point before MTVE measurements were
made. In-house software was developed in Igor Pro (Wavemetrics Inc.) to control the
instrument and record spectra in array and time-resolved SERS measurements. The
MTVE technique (described in Sec.3.2.1.1) was used to distinguish between time-
dependent and laser heating dependent relaxation processes. The MTVE technique
was performed both before and after the sample had been snow jetted to observe

the transient behaviour of the SERS signals over several days.

6.3.4. Raman mapping measurements

Raman mapping measurements were performed using the inVia micro-
scope (Sec.3.2.2) using a x5 objective. A Klarite sample was coated with a BTh
SAM as previously described. A ‘Raman map’ was recorded over a large area of the
sample (0.4mm x 4mm) using the 785 nm line laser and the streamline acquisition
mode (Sec.3.2.2). The laser power was reduced to such an extent as to not alter
the signal of BTh on repeated measurements of the same area. The total acquisi-
tion time was 1hour and 4247 spectral points were recorded. A restricted area of
the sample was then snow jetted for two minutes (as in MTVE experiments) and a

comparative SERS map was recorded afterwards of the same area.
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6.4. Results and discussion

6.4.1. Removal of non-thiol organics

A Klarite sample coated with a BTh SAM was left in ambient atmosphere over
a period of a few days, during which it became weakly contaminated with other
organics as identified in the SERS spectra in Fig. 6.3a. After the sample was snow
jetted the non-BTh peaks disappear from the SERS spectra (Fig.6.3b) indicating
removal of organics which had been adsorbed into the BTh SAM. [2] The contam-
inants, with low bonding affinity to gold are removed by dissolution in the COs
crystals impinging on the surface, while the BTh, with its high binding affinity to
gold, remains attached to the surface. The snow jet process is thus able to clean
the surface of unwanted organics while leaving target molecules unharmed, which
supports existing studies that show the snow jet process can remove non-bound
organics. [144, 145] Fig. 6.3 also shows evidence of new SERS peaks appearing at
1269 cm~! and 1460 cm~! after snow jetting. These modes can be assigned to the
3(b2) bending and 19b(by) stretching lines of BTh, and indicate a reorientation of
the BTh molecules on the surface, since, based on the Raman selection rules, these

modes should be enhanced for molecules lying flatter on the surface. [146, 147, 36]

In Fig. 6.3 we also observe relative peak intensity changes between the spectra before
and after snow jetting. This is especially evident in the benzene ring modes between
999 cm ™! and 1074 cm™! (*). The ratio of the 999/1074 cm™!peaks changes from 0.6
before snow jetting to 1.1 after snow jetting. This clearly indicates a change in the
BTh polarizability tensor and is suggestive of a re-orientation or phase-change of
the SAM. Over the course of the experiment, this relative peak height did not revert
to its original position but remained constant, indicating a permanent change and
is therefore not linked to the subsequent decay in SERS signals. This reorientation
could be linked to the removal of non-bound organics, as these do not return over
the time-scales explored here as evidenced by the lack of re-appearance of non-BTh

peaks in the post-snow jet SERS spectra.
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Figure 6.3.: Fingerprint region of the SERS spectra of a BTh monolayer on Klarite
(a) before and (b) and after snow jetting. Each spectra is recorded after 15 min
intervals with time progressing from red to blue using the acquisition parameters
specified in Sec.6.3.3. After snow jetting the timer is reset and measurements
continue on the same position on the sample as before. Presence of non-BTh
peaks (before snow jetting) indicated with blue shaded boxes. Distinct changes to
relative peak heights are highlighted with asterisks (*).
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6.4.2. SERS peak and background signal before and after snow

jet perturbation

The peak height (defined as the absolute intensity minus the background) of the
different vibrational modes of BTh is the same for all measurement points before
snow jetting (within a variation of <15%). The peak height for the 1074 cm~! BTh
ring-breathing mode is plotted in Fig. 6.4. Background heights (taken from a spectral
position near each peak) before snow jetting vary slightly more in absolute intensity
(£20% of mean) for the different sample points, and unlike the peak height drop
off over initial MTVE measurements before snow jetting (by around 5%). This
indicates that the background is much more sensitive than the peak to the surface

environment and spectral acquisition conditions.
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Figure 6.4.: 1074cm™! BTh (a) peak intensity only and (b) the background in-
tensity before and after snow jetting Klarite nanostructure. Points on sample
represented by colour from the least measured Point A (red) to most measured
Point I (dark blue).

After snow jetting, the intensity of the 1074cm~ BTh SERS peak increased across
all points on the sample, but by differing amounts depending on the measurement
point. This was similar for all the other BTh peaks (not shown). In contrast the
background intensity after snow jetting either increased or decreased depending on
the position on the sample. This was also consistent for all other positions on the
background. That the increase in peak intensity is not always accompanied by an
increase in background intensity clearly indicates that the two are decoupled from

each other and suggests different origins to the signal change.
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6.4.2.1. Raman mapping

The Raman maps of the Klarite sample before and after snow jetting support the
data obtained via the MTVE experiments. The areas of the sample that had not
experienced the snow jet showed a slight decrease in the average peak intensities
(see Sec.6.3.2) while the snow jetted area displays a clear enhancement over the
non-snow jetted areas of the sample as shown in Fig.6.5. The snow jetted area

produced an enhancement of BTh peaks up to 15 times.

(i) before snow jet: (i) percentage change:
15 1200%
x103 800%
400%
10 0
(ii) aftersnow jet:
5 snow jet
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0 4mm 5

Figure 6.5.: Integrated intensity maps of the 999 cm~' BTh ring-mode peak (i)
before and (ii) after snow jetting a restricted area of the sample as indicated
in the diagram. Percentage increase in integrated intensity after snow jetting is
shown in (iii). The increase in the snow jetted area is up to > 1500 %.

6.4.3. Signal decay after snow jetting using MTVE

After snow jetting, both the SERS peak and background signal begin to decay away
from their new levels as seen in Fig.6.4 and Fig.6.6. The decay occurs both as a
function of exposure (via laser heating) and as a function of time elapsed after snow
jetting. The peak signal drops back to its original level after snow jetting, suggesting
that the number of thiol molecules attached to the surface has not changed signifi-
cantly and that they return to a similar state to that before snow jetting. The back-
ground signal also decays but not necessarily back to the position it started at before
snow jetting. Using the MTVE method discussed above, we can gain insight into the
dominant processes causing these decays. Fig. 6.6a shows the decay of the 1074 cm™*
BTh breathing mode (other peaks follow similar decay trends) and (b) & (c) show
a nearby background point not associated with any vibration mode of the molecule

(1107 cm™!) plotted against both the number of measurements made (proportional
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Figure 6.6.: (a) SERS peak height of the BTh ring-breathing mode at 1074 cm ™!
(background subtracted using the intensity at 1107cm™!) versus total time
elapsed. (b) Intensity of the SERS background at 1107 cm™! versus total time
elapsed and (c) versus number of measurements taken. Three different MTVE
sample points are shown. Traces coloured as in Fig. 6.4 with red (point A, least
measured), green (point E, mid-number of measurements) and blue (point I, most
measured). All lines are guides to the eye.

94



6.4 Results and discussion

to laser exposure time on the sample) and real time expired. The intensity has been
normalized to the initial measurements of each point, to allow better comparison of
trace shapes. It is immediately evident that the peak height and background signals
decay at different rates, with the background especially affected by the number of
measurements. Comparing decay shapes shows that the peak height decay process
is principally dependent on real time expired, whereas the background signal has
a more significant component related to the number of measurements taken. This
reinforces the differing origins of changes to the background and peak signals, both
of which are modified by the snow jet: one decays principally over time, while the
other decays mainly as a function of laser exposure. To identify the natural decay
of the system irrespective of measurement artefacts, we fit an exponential to the
intensity versus time decays of the SERS peak and background signals. Due to the
mixed nature of the decay, exponentials will not provide a precise decay profile, but
they satisfactorily track the relative total decay times. Plotting these decay times as
a function of fractional measurement frequency (where the maximum frequency of
1.0 corresponds to Point I which is measured every time, and 0.0 corresponds to a
hypothetical point which cannot be measured) and extrapolating, gives an estimate
for the natural decay time of the system without laser measurement (Fig.6.7). This
shows that the natural (non-heat related) decay time is around 7.042.8 hours for
the peak signal and 9.3+2.8 hours for the background signal. This suggests the same

origin for both the peak and background natural decay times.
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Figure 6.7.: Extracted decay times for all points plotted against fractional mea-
surement frequency (defined in text). The y-axis intercept of the extrapolated fit
provides an estimate for the decay time of a hypothetical non-measured point on
the sample. (a) Peak decay times and (b) Background decay times.
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6.4.4. Discussion and analysis

Snow jetting the SERS active substrate, as well as removing loosely bound hydro-
carbons from the surface, significantly boosts the SERS signal obtained from the
strongly bound thiol by on average 250 % for the 1074 cm™! line across the entire
sample (Fig.6.4). This is similar (or even more) for all the other SERS peaks (not

shown), with enhancements of up to 500 % found for certain peaks and regions.

The action of snow jetting affects the SERS peak of the molecule and the back-
ground signal in dissimilar ways pointing to the different origins of these processes.
The molecular SERS peak signal is always boosted in intensity after snow jetting,
before decaying away over time (> 12 hours) towards its original value. However the
background signal intensity varies differently depending on position on the sample
with some points showing an increase after snow jet and some showing a decrease.
Irrespective of the level of background signal after snow jet, the signal then decays,
with a key component due to laser exposure, and does not return to its original

level, unlike the peak signal.

The snow jet process imparts momentum locally to the Klarite surface and the organ-
ics held on it and this can cause the molecules to change orientation and position over
very small scales. One proposal is that molecules are pushed deeper into nanocrevices
that exist between the gold clusters formed during the evaporation process (as de-
picted in Fig. 6.8 and Fig. 6.10). Since the radii of curvature of these nanocrevices is
much smaller than the wavelength of light, we expect localized field enhancements in
these regions as previously identified and modelled in nanoscale grating grooves and
crevices between nanoscale silver cylinders. [148, 149] The work of Van Duyne and
co-workers, also highlight the significance of surface roughness to the SERS enhance-
ment in their work on metal film over silica nanosphere (MFON) surfaces. [150, 151]
Molecular diffusion of thiols is well known on gold surfaces, [152, 153] hence we pro-
pose that the SERS peak signals rise transiently due to concentration of molecules
in these nanocrevices and then over time the molecules diffuse across the surface
back to their original lower energy configuration, with the signal returning to its
initial value as a consequence. This restorative diffusion process has been observed
before in thiol monolayers on similar time scales to that observed here. [154, 152]
Such 2D molecular migration has not so far been tracked in real time as here, and
gives new insight into their motion on the nanoscale, and how this can be externally
affected.
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Figure 6.8.: BTh molecules (not to scale) on an evaporated gold surface showing
location of nanocrevices with enhanced EM fields (left) before and (right) after
snow jetting. BTh molecules are pushed into the crevices by the snow jet process
and also re-orient. The gold surface itself is also modified by the snow jet process.

On a perfectly flat gold surface, a SAM monolayer can form as shown in Sec. 3.4. The
packing is maximised if left for sufficient time and the thiol molecules well-aligned
and uniformly distributed. In most situations, this ideal case is just an approxi-
mation. The roughness and changes in crystallinity of the surface cause defects in
the coating. With thiols orienting in various directions and the overall packing den-
sity decreased relative to the perfect case. This leaves room for a change in density
and packing efficiency when subjected to external conditions such as the snow jet
and subsequent molecular diffusion. We can model the crack sequestration theory
as the cause of the enhancement after snow jetting by an increase in the density
of thiols in the crack hotspot areas. We estimate the density of cracks relative to
the total area by considering the roughness as a collection of nanoparticles with
radius R= 30nm in a hexagonal array but packed together, thus increasing the
active hot spot area. This equates to a relative area of ~1.0+0.5%. We also restrict
the increase in density of the hot spot area to not exceed three times that of the
original density. We provide an estimate for the enhancement in the gaps to be 1000
times that of the surrounding area. Using this simple model we see in Fig. 6.9a that
we nearly achieve the enhancement factors experimentally observed. Increasing the
enhancement factor substantially does not yield significant changes, as the original
signal from the hotspots is also amplified. The change in density is the important
factor here. We note that due to the small size of the nanogaps, it is possible that
some of the nanogaps do not have particles in their active region before snowjet, but
do after. We thus include a factor which effectively turns off or on a percentage of
the hotspots before snowjetting, but due to later occupation are then activated after

snow jet. Using a factor of 10 % hot spots activated before snow jet we obtain the
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Figure 6.9.: Enhancement of SERS signal after snow jet predicted using model
described in text. Estimated density of roughness cracks indicated at 1% with
dashed line. (a) Model based on simple increase in density of thiol in cracks after
snow jetting and (b) adapted model to include percentage of occupied gaps before
snowjetting (10 %) compared to those after snow-jetting.

results shown in Fig. 6.9b. This shows a stark increase in the predicted enhancement
factors closer to the high ones sometimes seen in the experiments, even for modest
changes in density. This simple model shows that even with relatively modest hot
spot enhancements the sequestering of molecules into roughness cracks by snow jet

may explain the increase enhancement seen in SERS signals.

Along with molecules being pushed into nanocrevices, molecular reorientation takes
place as evident by changes in the SERS peak intensity ratios. Much slower decays of
the peak intensity are due to slight air-mediated degradation of the SAM over time as
evidenced by the re-emergence of the 614 cm~! peak after snow jetting corresponding
to an S=O0 stretching mode. We do not, however, see the peak at 980 cm ™! attributed
to oxidation observed during our control laser heating experiments (Sec. 6.3.3) and
postulate that this could be due to differences in oxidation state of the thiol group

in the two cases.

Background signals are also enhanced by high local electric fields. [141, 155] Hence
the instantaneous changes in the background are also related to the concentration
effect of snow jet moving molecules into nanocrevices. To explain the longer term
effects we note that the background is much more sensitive to nanoscale surface ge-
ometry than the SERS peaks. This is seen in the different relative SERS:background

contributions from nanoparticle versus nanostructured surfaces, and from the greater
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BEFORE: AFTER:

Tpm?
RMS roughness: 1.6nm RMS roughness: 1.2nm

Figure 6.10.: AFM scans of the gold Klarite surface (a) before and (b) after snow
jetting, showing 25 % reduction in RMS roughness after snow jetting.

variability of the background at different locations on such samples. We thus believe
that the snow jet process produces nanoscale changes to the gold structure, mor-
phology or roughness, which causes changes in the background signal that either
increases or decreases depending on the competitive effects of local enhancement
and surface roughness. AFM measurements before and after snow jetting indicate
a slight large-scale smoothing of the surface, with the root-mean-square (RMS)
roughness being reduced by 25 % as shown in Fig. 6.10. This appears to have both
permanent (as the background does not return to its original value) and transient

effects (since the background does decay after snow jetting).

Since the background signal is linked with molecular locations (as observation of the
background requires molecules, [141]) one component of the dynamics should follow
that of the peak, which is indeed observed. In addition, the background signal decays
as a function of laser exposure. We suggest that the laser causes local heating of
the sample which can affect the fine structure of gold via an accelerated annealing
process. The SERS peaks are not significantly affected by the number of measure-
ments (laser heating) and have a decay pathway (after snow jet perturbation) as
proposed by the model in Fig.6.8, however, in contrast, the background depends
on local morphology and surface roughness and hence, its decay is dependent on

annealing processes, which are likely to be accelerated by laser heating.

6.5. Conclusion

Understanding the background is essential to establish SERS as a mainstream tech-
nique for developing quantitative applications. This study [2] highlights the different
origins of the SERS background compared to those of the SERS peak signal. Using a

soft mechano-chemical process to perturb the surface of a standard SERS substrate
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Chapter 6 Disentangling the peak and background Raman signals

we subsequently track changes to the peak and background as a result of heating and
time using a newly-developed MTVE technique. This allows us to identify different
contributions to the peak and background signals with differing decay channels. The
background signal is strongly dependent on laser heating and the data supports our
hypothesis that the background signal is linked to gold morphology or crystallinity,
which changes on laser heating and after snow jet. The peak signal appears to be
much less dependent on laser heating, showing a distinct decay channel after snow
jetting, dependent on time. Using a simple roughness sequestration model, we be-
lieve increases to peak signal after snow jetting can be explained by movement of
molecules into nanoscale SERS active hotspots, and the subsequent decrease of the
SERS peak signal is explained by surface transport of the thiol back to an equilib-
rium position. The two differing dependencies of the peak and background signal
allow us to identify the possibility of reducing the SERS background signal at the
same time as increasing the SERS peak signal, desirable for many applications. The
results obtained cannot entirely be explained by current SERS theories and thus
highlight the need for more in-depth studies of the SERS background based on the
geometry of SERS substrates. This work paves the way for new studies into the
SERS background and new methods for temporarily perturbing SERS substrates to
increase the peak to background signal to noise. It also finally shows, that SERS
substrates can be cleaned using a cheap and ubiquitous semi-conductor cleaning

technique.
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7. Temperature dependence of SERS

N THIS CHAPTER we study the temperature dependence of the SERS signal
and corresponding SERS background signal over a large temperature range
from 10 — 300 K. In addition to this, we measure SERS spectra using mul-
tiple Raman excitation wavelengths on the well-characterised Klarite SERS

substrate to separate the different contributing effects to both the background and
SERS peak signals.

The importance of the thermal occupation of molecular vibrational levels on the ratio
of intensity of anti-Stokes and Stokes Raman scattering was seen in Chapter 2. In
SERS the temperature effects become further complicated. As well as the effect of
temperature on the molecule or inorganic system, the metal surface, which is defined
by its dielectric function, also varies with temperature. This impacts the SERS signal

and the SERS background through changes to the plasmon’s damping.

As before, we use a self-assembled monolayer (SAM) of benzenethiol (a common
SERS marker) or a sub-monolayer of CdSe based quantum dots (QDs) adsorbed
onto the SERS structure to study the temperature dependence of SERS using Raman
excitation wavelengths \.; = 532nm, 633nm and 785 nm. We also compared these
monolayers on Klarite with the same QDs aggregated on a silicon substrate. This
enables us to compare the effect of the SERS to non-surface enhanced QD Raman

scattering.

We first look at the case of an organic molecule, benzenethiol, which has been

previously studied and then compare to the case with a robust inorganic system,
QDs.

7.1. Temperature dependence of SERS

The Stokes Raman intensity remains broadly temperature independent due to the

high occupation of the ground state relative to other states over a wide temperature
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Chapter 7 Temperature dependence of SERS

range. This is in contrast to the strong temperature dependence of the anti-Stokes
Raman intensity due to the normally low occupation of excited vibrational states,
which varies strongly with thermal occupation. Some systems have Raman polariz-
ability cross-sections which are also temperature dependent leading to temperature
dependence in the Raman intensity to the Stokes spectrum as well as the anti-
Stokes. This is the case for crystalline solids such as the QDs we consider here. Most
molecular systems exhibit negligible changes to their Raman cross-sections over wide

temperature ranges.

In SERS, the plasmonic enhancement mechanism depends strongly on the metal
as seen in Chapter 2. The conductivity of the metal relates to a change in the
dielectric function of the material which determines the nature of localised surface
plasmons on the surface. Since the enhancement seen is SERS is directly linked to
the localised electric field caused by the plasmon (Chapter 2), changes in the metal
dielectric function cause changes to the SERS enhancement. There may also be other
temperature-dependent behaviour due to annealing and morphological changes, and

absorption and desorption of molecules from the surface.

7.1.1. Temperature dependence of gold

As temperature decreases, a metal’s conductivity increases. This is due to a decrease
in electron-phonon scattering, as the thermal population of phonons decreases. This
relates to a change to the dielectric properties of the gold through the damping
term «y in Eq. 2.11. We can split the dielectric function’s real (¢') and imaginary (€”)

components found using the Drude model (Eq.2.11) as:

€ =1— — +”72 (7.1a)
2
Yw

= e _f_),y2) (7.1b)
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Assuming v < w then these equations can be reduced to:

2
w
€=1- w—g (7.2a)
2
n 1%
=7 (7.2b)

The damping term -~ is therefore critical to the imaginary part €’ of the dielectric
function, but has minimal effect on the real part ¢. To appreciate the tempera-
ture dependence of the imaginary part of the dielectric function, we examine the

temperature dependence of (7).

The damping v(7") is related to the DC resistivity (inverse of conductivity) of the
metal via: [156, 17]

1(T) = eqwpppo(T). (7.3)

Eq. 7.3 predicts that the metal’s damping (7) tends to zero as the temperature
approaches zero. In this model we have only considered electron-phonon scatter-
ing (which dominates DC resistivity) and neglected other damping processes which
become important at lower temperatures when considering damping at optical fre-
quencies. The most important of these processes is the spontaneous emission of a
phonon by a photon-excited electron; also known as phonon-assisted intraband tran-
sitions. [157] This is a temperature independent process and can be accounted for
as an offset vy added to the damping in Eq.7.3. Following the work of McKay et
al. [157], the overall damping is related to the fractional absorptivity A(7") of the
metal via the Mott-Zener formula, A(T") = 2v(T") /w,, where w, is the metal’s plasma
frequency. Since we require v to have both time-dependent and time-independent
terms, so must the absorptivity, such that A(T") = Ag+ A'(T), where A(T') tends to
Ag at T'= 0K. The damping at optical frequencies thus becomes,

wy A
NT) = eqw2ppe(T) + p2 0 (7.4)
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Figure 7.1.: Temperature dependence of the imaginary part of the complex dielec-
tric function of gold (e!,) for excitation at wavelength A = 785 nm. The figure was
plotted using Eq. 2.12 and parameters e, = 8¢V, w, = 8.9eV. The temperature-
dependent damping v was calculated using Eq. 7.4, with experimentally calculated
values for the DC resistivity of gold [159] and a zero-temperature absorptivity of
Ap = 0.0072 [157].

The absorptivity at 4.2K (= Aj) has been measured for silver using excitation
at A = 785nm to be 0.007 [158]. This value is similar for that of gold, which has
separately been found at 0 K to be between 0.0045 and 0.0072. [157]

Using the Drude model from Chapter 2, where we fitted to the experimental data
using €5, = 8eV, w, = 8.9eV and using the temperature-dependent DC resistivity
of gold [159] and a value for the 0K absorptivity Ay = 0.0072, we can plot the

approximate expected temperature dependence of ¢’ (Fig. 7.1).

The imaginary part of the metal’s dielectric function affects the properties of the
surface plasmons through the dispersion relation (Eq.2.17 seen in Chapter 2). For
the case of air (¢, = 1) and with |}, | >> |€! |, as is the case for plasmonic metals,

the imaginary component of the SPP’s momentum becomes, [160, 161]

6//
(€m)
This determines the damping of the surface plasmon, where the reciprocal of this also
gives the propagation length of the plasmon. The lower the damping, the higher the
propagation length, and the longer the plasmonic lifetime. Thus we predict higher

quality-factor plasmon modes in the pit, which strengthen the resonant electromag-

104



7.2 Benzenethiol on Klarite

netic enhancement.

7.2. Benzenethiol on Klarite

As has been used elsewhere in this thesis, a SAM of BTh was formed on the Klarite
nanostructure as described in Sec. 3.4. After rinsing to remove excess BTh from the
surface, the sample was set-up in the cryostat as described in Sec. 3.2.2.1. The tem-
perature inside the cryostat was reduced to 10 K. Raman measurements were taken
on the Renishaw inVia (Sec. 3.2.2) as the temperature was increased in increments of
30 K back to room temperature (290 K). At each step the temperature was allowed
to stabilise (&~ 15 mins) before measurements were taken at different positions on the
sample. After a complete cycle, further measurements were taken at 10K to see if
there was any hysteresis. Measurements were recorded at several isolated positions
on the sample surface and showed good concordance. Raman measurements were
made with a x5 long working distance objective using the 785 nm excitation laser.
Stokes Raman measurements were made between 0cm™! and 3500 cm ™" using the
extended scan mode, edge filters and a 1200 linesmm ™! grating. The exposure time
was 15 s and the laser power was ~ 20 mW after the objective. Minimal effect of laser
damage was observed with these parameters as tested by repeat measurements at a

single spot giving a repeatable SERS spectrum.

7.2.1. Results

As the temperature was increased from 10 K, clear spectral changes were observed.
Most notably a large background ‘hump’ in the spectra (Fig. 7.2) reduced in intensity
as the temperature increased to 140 K, beyond which it showed minimal change in
intensity. After the cycle had completed at 290 K, the temperature was reduced back
down to 10 K. Interestingly, the spectrum recorded after the return to 10 K did not
return to the line shape at the initial 10 K reading, with the background hump no

longer present.

This irreversible change could be due to an annealing-like process or a thiol phase
change, affecting this portion of the background signal. It could also be the result of
surface contamination in the sample preparation process. The sample is attached to

the cryostat finger using a commercial conductive silver paste (Electrodag 1415 M,
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Chapter 7 Temperature dependence of SERS

Acheson Colloiden B.V., The Netherlands). The paste contains various solvents, in-
cluding ketones and alcohols, which evaporate on application. There could however
be some residual solvent that transfers to the sample surface in the cryostat. Fur-
ther to this, there is the possibility of contamination from water monolayers from
the atmosphere, which are very difficult to remove under these vacuum conditions
(10~° mbar). These contaminants could be responsible for the background hump
observed in Fig. 7.2, although it is unclear why the spectral shape remains broadly
featureless. After a cooling and heating cycle the hump is removed, which could
be a result of removal of the weakly attached water or solvents by evaporation un-
der the vacuum condition. Since the hump was not uniformly observed throughout

experiments, this seems a reasonable explanation.

20)(]_03 T T T T T T

— 10K
— 290K
15 —— 10K (second pass)

Intensity [cts]
H
o
|

0 1 1 1 1 1
500 1000 1500 2000 2500 3000 3500
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Figure 7.2.: SERS spectra of BTh on Klarite at 10 K and 290 K. Second pass 10 K
indicates the spectra after returning to 10 K after a complete temperature cycle.
This highlights a non-reversible change to some parts of the background signal
in the region from 1000cm™! to 3000cm™!. Spectra were taken from a larger
dataset as described in Sec. 7.2 at A\, = 785 nm using an extended scan with total
exposure time of 15s. In between the first 10 K and 290 K spectra shown here is
a series of spectra (not shown) at intermediate temperature steps of 30 K. The
second pass 10 K spectra was directly returned to after reaching 290 K.

In addition to this large change to the SERS background, there also appears to
be a more subtle and reversible change to the peak signals and the background
signal outside the ‘hump’ area. Extracting the peak intensities we see that the in-
tensity doubles at 10 K compared to that at 290 K and attains a maximum intensity

at the higher temperature of 50K (Fig.7.3a,b). Moreover, there is also a similar
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7.2 Benzenethiol on Klarite

change in intensity to the background signal. Taking the ratio of the peak intensity
to a nearby background intensity, we can see for the 420 cm™* mode (background:
394cm™!), outside of the hump area, both the peak and background signal decrease
with increasing temperature but the peak intensity becomes weaker relative to the
background intensity. For a mode on the edge of the hump area, 999 cm™! (back-
ground: 973 cm™!), we see that this is not the case and the peak to background ratio

appears to remain constant.

7.2.2. Discussion on the temperature dependence of molecular
SERS

The increase in SERS intensity at low temperatures, follows a similar trend to that
which has been observed previously on rough silver films. [162, 163] In Fig. 7.3 we
plot 1/(¢”)?, scaled to best fit the data as a zeroth order model of the temperature-
dependent Raman intensity. This provides a good fit for the mid temperature range
(60 K to 180 K) but deviates at both high (> 180 K) and low (< 50 K) temperatures.
At low temperatures the value of ¢’ becomes sensitive to the value of the damping
offset we chose in Sec. 7.1.1. Experimentally determining this value or more generally
the low temperature (< 50K) dielectric properties of gold could provide a better
fit than using the simplified temperature-dependent Drude model used here. At
high temperatures (> 180 K) the experimental data diverges from the theory. This
high temperature behaviour was not observed by Pang et al.[162] and was not
consistently observed in our repeat experiments. We are unclear on its origin, but
it could potentially be related to phase changes in the thiol monolayer as have
been observed in alkanethiol experiments, where below 200 K the changes become
frozen-in. [164, 165] The model we have plotted, relating changes in SERS intensity
to 1/(€”)?, is also highly simplified and we would not expect an exact fit to the
experimental data. Creating a more sophisticated model is difficult due to the nature
of the plasmonic modes in the Klarite structure with interplay between the larger
pit modes (Chapter 4) and roughness hot spots (Chapter 6) on the surface. It is
unclear how the combined effect of these factors will vary with temperature. To a
good approximation, however, we see that the SERS peak intensity increases as the

metal damping decreases as expected.

The background continuum intensity appears to change with a similar trend to the

SERS peaks, however the ratio of the peak and background can change with temper-
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Figure 7.3.: Extracted peak heights for two BTh modes and nearby background
continuum point (a) 420 cm™ mode with background height at 394cm™!, (b)
999 cm~! mode with background height at 973 cm~!. Both peaks have been nor-
malised to their intensity at 290 K. Red and blue lines are guides to the eye. The
‘“Theory’ line plots 1/(¢”)? and has been scaled to best fit the data. (c) Ratio of
peak to background height for the two modes as a function of temperature with
triangle markers belonging to 999 cm™! and circles to 420cm™'. (d) BTh spectra
indicating the mode and background height used to extract the data. Original
SERS spectra were taken using ., = 785nm on BTh SAM-coated Klarite as
described in Sec. 7.2
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ature depending on the vibrational mode excited. What is also clear from Fig. 7.2 is
that at low temperatures, some spectral areas of the background have increased in in-
tensity, whereas others have decreased in intensity. This is in contrast to peak height,
which always increases at lower temperatures. The large hump observed in Fig. 7.2,
which disappears after a low-to-high temperature sweep, suggests an annealing-like
process in the thiol monolayer or the metal, which has a large effect on the so-called
‘hump’ spectral region of the background continuum. This suggests multiple origins
to the background continuum as suggested in Chapter 6, with some which do not
affect the peak intensity. The large changes to the background ‘hump’ region are
not consistent across all samples and further research is needed to discover its true

origin.

7.3. Temperature dependence of Raman and SERS

of quantum dots

As shown in Chapter 5, the SERS of QDs is highly dependent on the frequency
of excitation due to their excitonic absorption and emission resonances. This is in
addition to the strong wavelength-dependence of the Klarite nanostructure. CdSe
quantum dots with 640 nm emission were attached to the Klarite surface using the
attachment protocol from Chapter 5. Comparison was made to aggregated quan-
tum dots, by repeated drop-casting and evaporation of a concentrated (5mg/ml)
colloidal QD solution onto silicon to form a thick layer of quantum dots. Samples
were placed into the cryostat as described in Sec. 3.2.2.1 and Raman measurements
were taken at 532 nm, 633 nm and 785 nm using the extended scan mode of the Ren-
ishaw inVia (Sec.3.2.2). Raman grating was chosen to best match laser excitation
wavelength (2400 lines/mm for 532 nm, 1800 lines/mm for 633 nm and 1200 lines/mm
for 785nm) and laser power and exposure time was adjusted to obtain a decent sig-
nal without damage to the sample. Anti-Stokes spectra were collected at the same

time as Stokes spectra using a notch filter.

7.3.1. Results and discussion

Due to their striking wavelength-dependence, the results are split into three sections

based on their excitation wavelength.
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7.3.1.1. Excitation at \., = 532nm

In this configuration, we have:
e No localized Klarite plasmon resonances
o QD absorption resonances

At 532nm the quantum dot Raman scattering is best described as RRS. At room
temperature, the result is similar to that seen at 514 nm excitation in Chapter 5.
As well as the principal longitudinal optical phonon of CdSe [LO(1)] accompanied
by a lower frequency shoulder caused by an optical surface phonon[121] (Fig.7.4) a
phonon peak around 274 cm™? is observed, corresponding to the CdS LO(2) phonon

mode observed at 633 nm excitation for the CdSe core-only dots in Chapter 5.

As the temperature is decreased the phonon peaks blue-shift in energy (Fig. 7.5a).
This is expected due to the contraction of the crystalline lattice forcing a shorter
optical phonon wavelength. The LO(1) and 2LO(1) shift in a similar manner. The
shift matches that observed previously by Tanaka et al. [166] for CdSe quantum dots
in a germanate glass matrix and Dzhagan et al. [167] for CdSe quantum dots in a
gelatin matrix. The SO(1) [123] peak is harder to track due to the large error in
fitting the peak, but appears to blue-shift as expected. The phonon Raman bands
also narrow as the temperature is reduced (Fig.7.5¢). This has also been observed
for the LO(1) mode in Raman scattering of CdSe quantum dots by Kusch et al. [168]
who attribute the change to the temperature dependence of contributions from op-
tical phonon decay into low energy phonons. [169] The intensity of the phonon Ra-
man bands increase as the temperature decreases. Kusch et al. [168] and Tanaka
et al. [166] observe this increase with decreasing temperature, with the intensity of
the CdSe LO(1) mode at 5K roughly double that at 310 K. Here, we see a larger
increase (Fig.7.5) with the 10 K LO(1) intensity being approximately 6.5x that at
310 K. Some of this increase may be explained by the temperature dependence of

SERS, which, as seen in Sec. 7.2.2, also increase with decreasing temperature.

At room temperature we are able to see higher harmonics, or multi-phonon exci-
tations of the LO(1) phonon mode. As the temperature decreases the harmonics
become increasingly visible as their intensity increases. These harmonics, labelled
nLO(1), are multi-phonon excitation processes, where n stands for the number of
LO(1) phonons excited. Also visible are combinatorial phonon excitations of both
CdSe and CdS. These are labelled nLLO(1)4+LO(2). Scattering events involving two
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Figure 7.4.: Stokes SERS of CdSe QDs at three temperatures (10K, 130K and
310K) with A, = 532nm of QDs on the Klarite nanostructure. Laser power
was 1 mW with an exposure time of 10s per spectra. CdSe LO(1) modes and
their harmonics nLO(1) are shown. The CdS LO(2) mode is also shown and
combinations of this with the LO(1) harmonics labelled [nLO+LO(2)]. Detail of
the CdSe LO(1) mode (inset) showing the low-energy shoulder due to optical
surface phonons SO(1).
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Figure 7.5.: Temperature-dependent SERS of QDs at ., = 532 nm showing LO(1)
and 2LO(1) CdSe phonon mode as extracted from spectra recorded over 10s with
a laser power of 1 mW, a subset of the raw spectra are shown in Fig. 7.4. (a) peak
energy positions (2LO energy divided by two), (b) peak heights (intensities) and
(c) peak full-width at half maximums (FWHM).
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or more LO(2) phonons with LO(1) phonons are not observed.

For the case of aggregated QDs on silicon a similar spectrum to the sub monolayer
on Klarite is observed, with multiple harmonics visible, although not to the same
extent as seen at low temperatures on Klarite. The LO(1) and 2LO(1) peak widths
are comparable to the on-Klarite case and the LO(1) to 2LO(1) ratio of peak heights
shows the same temperature dependence. This increases linearly with temperature
as has been seen before by Alivisatos et al. [170] and Klein et al. [120]. Here the ratio
at 310K is approximately 1.5x larger than at 10 K. This means at high tempera-
tures there is decreased electron-phonon coupling, resulting in the relative intensity

decrease of the LO phonon Raman harmonics.

7.3.1.2. Excitation at \., = 633 nm

In this configuration we have:
o A Klarite localized plasmon resonance
e On QD absorption and emission resonance

At A\, = 633nm we are pumping close to the QD PL emission (640 nm) and on the
edge of the QD absorption. The Raman spectra is therefore dominated by the PL
signal (Fig.7.6). At room temperature the LO(1) Raman mode is visible as well as
the next two harmonics. The LO(2) mode is also visible. There are noticeably fewer

harmonics compared to the 532 nm case.

As the temperature is decreased the LO(1) and 2LO(1) peak heights stay con-
stant until the temperature drops below 100 K, after which they start to increase
(see Fig. 7.7). Below 100 K the PL spectral shape changes significantly for the Stokes
Raman scattering. The Raman phonon modes appear superimposed on broader
modes (=10x FWHM) close to the energy position as the Raman LO phonon
modes (Fig.7.8). Furthermore, there also appears to be an additional broad mode
accompanying each LO(1), labelled ‘77" in Fig. 7.8. The broad peaks accompanying
each LO(1) harmonic overlap and this combined with the LO(1) and weak LO(2)
makes an accurate peak fit harder. In the measurements the notch filter used to
block the laser power (at 0cm™!), prohibits accurate fitting of the primary LO(1)
mode due to signal cut-off. LO(1) peak heights were instead extracted by subtraction

of maximum intensity from a nearby background position.
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Figure 7.6.: (a) Stokes SERS spectra of CdSe QDs on Klarite as a function of
temperature with \., = 633nm. Each spectra has a 10s exposure time using
a laser power of 0.3mW. First two CdSe Raman modes highlighted LO(1) and
2LO(1) and CdS mode highlighted LO(2). Broader PL phonon replica modes
highlighted in grey and labelled ZPL and 1PL. (b) Equivalent Raman spectra
for aggregated QDs, showing PL phonon replica modes but no Raman modes.
Aggregated QD spectra collected using same exposure conditions as the SERS
spectra.
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Figure 7.7.: (a) Extracted LO(1) and (b) 2LO(1) peak heights (intensities) from
temperature-dependent SERS of QDs on Klarite at A\., = 633nm. Raw spectra
shown in Fig. 7.6.
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Figure 7.8.: (left) 10 K SERS spectra of CdSe QDs on Klarite at Ao, = 633 nm,
showing expanded fitted region (right). Limited spectral area (surrounding LO(1)
Raman peak) fitted with Lorentzian for sharp Raman phonon peaks: CdSe LO(1)
and CdS LO(2) and a broader Gaussian peak for the PL phonon replica peak
(ZPL). Peaks are plotted against a linear offset baseline to account for PL from
phonon replicas outside the fitted region. A further Gaussian peak labelled 77’
was needed to provide a good fit and may also be accounted for by PL outside
the fitted region.
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Figure 7.9.: (a) Typical size-distribution of the Nanoco CdSe QDs used in these
experiments. The range of sizes (polydispersity) is responsible for inhomogeneous
broadening of the absorption and emission spectra. [130] (b) Schematic of ensem-
ble QD PL emission (red), highlighting the contribution of individual QD’s PL
emission phonon replica progressions (black) to the overall emission spectra. [171]
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Figure 7.10.: Comparison between the origin of (a) sharp resonance Raman
phonon peaks and (b) broader PL phonon replica peaks. Dashed line represents
the virtual resonant energy level involved in the Raman scattering event. In the PL
case the QD is excited to a real excited state resulting in homogeneous broadening
of the emission linewidth due to dephasing of the excited state.
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7.3 Temperature dependence of Raman and SERS of quantum dots

At room temperature the PL spectra of colloidal QDs appears as a broad distribution
of energies centred around a peak emission wavelength; A = 640nm for the CdSe
QDs used here. The large spectral width of the emission is a result of inhomogeneous
broadening due to the strong QD size-dependence of the bandgap energy and the
distribution of QD sizes present in the colloidal system (Fig.7.9). The PL of a single
QD is itself composed of multiple peaks due to phonon coupling in the crystal lattice
on emission of a photon. This results in a PL phonon progression, similar to that
observed in the Raman case. Importantly, it differs from the Raman case in three
key ways: (1) The phonon energy shifts are relative to the QD bandgap emission
rather than the laser excitation wavelength in Raman, (2) The peaks are broader
than in the Raman scattered case due to homogeneous broadening, (3) The peaks

are inhomogeneously broadened by the QD polydispersity.

Resonant Raman scattering is a very fast process (quasi-instantaneous) since the
incoming photon is not absorbed and re-emitted by the QD, but interacts reso-
nantly with the transition. In PL, however, the incoming photon is absorbed into
the QD exciting an electronic transition. The excited state has a finite lifetime and
will undergo non-radiative decay before returning to the ground electronic state
by emitting a photon. During the time it is excited, dephasing of the state occurs
through various mechanisms due to phonon coupling, defect and interface scatter-
ing and carrier-carrier scattering. This results in homogeneous broadening of the
observed PL peaks as illustrated in Fig.7.10.[127] Further to this the peaks are
inhomogeneously broadened due to the QD size distribution and the strong size

dependence of the bandgap energy.

As the temperature is lowered there is reduction in strength of the broadening mecha-
nisms. The thermal occupation of acoustic phonon states decreases with temperature
thus reducing the homogeneous broadening of the PL peaks. Pumping at 633 nm,
we are on the edge of the lowest excitonic absorption resonance, so that only the
largest QDs with lower band gap energies are excited. This reduces the inhomoge-
neous broadening and is known as fluorescence line narrowing (FLN). [172, 173, 174]
As the temperature decreases the bandgap in the quantum dot increases in energy
shifting the absorption region to higher energies. This results in even larger QDs
no longer being in resonance with the excitation laser energy and the inhomoge-
neous broadening is further decreased (Fig.7.11). The inhomogeneously broadened
PL spectra observed at room temperature thus become a progression of broad but

resolved PL phonon replicas at low temperatures, due to the reduction in homoge-
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Figure 7.11.: Low-temperature induced fluorescence line narrowing. On room tem-
perature excitation (i) slightly to the red-side of the absorption resonance, most
of the quantum dots are excited. As the temperature cools (ii) the absorption
resonance of the QDs blue-shifts. Due to the inhomogeneous size-distribution of
dots, this means that the smallest dots with the largest excitation band gap can
no longer be excited and switch-off. On further cooling (iii) the absorption con-
tinues to blue-shift and fewer QDs are excited. Since now far fewer larger dots
are excited, the fluorescence spectrum of the ensemble loses its inhomogeneously
broadened character and specific PL. phonon replica modes can be resolved.
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7.3 Temperature dependence of Raman and SERS of quantum dots

neous and inhomogeneous broadening mechanisms.

In the aggregated QDs on silicon case, at room temperature we see a characteristic
QD PL spectra. There is no evidence of any Raman scattered phonon modes. As
the temperature is decreased the overall PL blue-shifts in frequency as expected due
to the semiconductor’s increasing bandgap energy. However, below 100 K, the shape
of the PL changes to a LO-phonon replica progression as a result of the reduced
broadening. Since the QD PL emission centre at low temperatures is almost the
same as the excitation laser wavelength, the PL. LO-phonon progression occurs at

almost the same position as we would expect to see the LO-Raman modes.

The combination of the broad PL LO-phonon replicas and the sharp Raman LO-
phonon modes mostly explains the unique spectral shape observed at low temper-
atures with ., = 633nm. However, there still appears to remain a contribution
to the spectral shape by another broad peak, which appears to be situated close
to the energy of the nLO(1)+LO(2) combination modes. This is not observed in
the aggregate QD spectra and it is most likely an artefact of the linear background

subtraction used, although we cannot rule out another unaccounted source.

7.3.1.3. Excitation at \., = 785 nm

In this configuration we have:
« a localized Klarite plasmon resonance
e no QD excitonic resonances

At 785nm the SERS spectra is significantly different from that at 532nm and
633nm (Fig.7.12a). The background shape is similar to that observed for molec-
ular SERS at this wavelength on the Klarite nanostructure. At this wavelength the
Raman scattering is far from the QD absorption and emission lines. As a conse-
quence, there is no enhancement from resonance Raman scattering, and the spectra

are not swamped by PL signal. Indeed, at this wavelength we see, as in Chapter 5,
evidence of molecular SERS as well as the LO(1) mode of the QD.

The LO(1) peak heights are hard to fit in the 785 nm case due to their low intensity
relative to the noise. A rough extraction is shown in Fig. 7.12c. It seems that qualita-
tively there is a similar temperature dependence of the peak intensity (Fig.7.12b) to
that of benzenethiol (Fig. 7.3). This is despite the actual peak intensity at 10 K being
less than at 310 K, which is probably explained by the large errors. This suggests
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Figure 7.12.: (a) SERS spectra of CdSe QDs on Klarite at A\, = 785nm with
an exposure time of 10s and a laser power of 20mW. Four spectra are plot-
ted across a large temperature range from 10K to 310K. (b) Zoomed in area
around CdSe LO(1) phonon mode showing the full range of temperatures mea-
sured. (c) Extracted peak height (intensity) of LO(1) phonon mode as a function
of temperature.
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7.4 Conclusion

that at the other wavelengths, the strong temperature dependence seen is largely due
to excitonic resonance effects rather than surface-enhancement Raman scattering,

whereas here it more closely matched to a molecular SERS effect.

A comparison with the aggregated QDs was not possible, since at 785nm there
was no signal attributable to any Raman modes visible at any temperature. This
is understandable since there is no enhancement mechanism available to enhance

these weak Raman signals.

7.3.1.4. Anti-Stokes

For the anti-Stokes Raman scattering using 532nm excitation it is only possible
to see the LO(1) mode and no harmonics. The background signal in this region is
also absent since this spectral region lies outside the PL tail of QD emission. The
LO(1) intensity is far less than for Stokes-scattered light (as is usually expected) and
decreases to zero as the temperature is reduced, emptying the thermally occupied
vibrational levels. The lack of visibility of the harmonics on the anti-Stokes side
could be explained by the relatively low intensities and the reduced possibility of a

multi-phonon excited state spatially co-existing.

Comparing the ratio of the Stokes and anti-Stokes LO(1) intensities we see that the

ratio follows the normal intensity ratio expected due to population of thermal states.

In the anti-Stokes spectra at A, = 633nm (Fig.7.13), we see the LO(1) mode
and at high temperatures we can also see the 2LO(1) harmonic, which we did not
see at 532nm excitation and the LO(2) CdS mode. It is not clear why we see the
LO(2) mode here and not at 532nm where we would equally expect to see it. As
the temperature reduces all these modes disappear as the thermal occupation of
vibrational states decreases, consistent with the Maxwell-Boltzmann dependence.
However, for the \., = 633nm case, for temperatures > 200 K, the experimentally
observed LO(1) phonon height decreases, where it is expected to continue increasing

as the thermal occupation of phonon states continues to rise (see Fig.7.13).

7.4. Conclusion

In this section we have looked at the temperature-dependent properties of SERS of

a molecular system (BTh) and an inorganic system (QDs). In the molecular system
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Figure 7.13.: (a) Temperature dependence of anti-Stokes SERS of CdSe QDs on
Klarite at A\, = 633nm. LO(1) phonon modes are labelled. (b) Extracted anti-
Stokes LO(1) phonon height of (a) as a function of temperature shown alongside
extracted intensity of background (160 cm™!). Maxwell-Boltzmann fit (Theory) is
plotted as a dashed line alongside the experimental data.

the temperature-dependent properties agreed strongly with those seen previously
in the literature. The temperature dependence of the SERS background continuum
again highlighted similarities and differences in its origin compared to that of SERS
peaks. It showed some strong features which we attribute to annealing and more
gradually varying features of similar origin to the SERS peaks. It emphasises the
importance of pinpointing the various origins of the SERS background so that it

can be effectively controlled.

In the QD case, we saw very strongly wavelength dependent effects we attribute to
resonance Raman scattering via interaction with the excitonic transitions. At 785 nm
the case most resembles the molecular SERS, although the signals were too weak in
this case to effectively extract a temperature dependence. Temperature dependent
effects were dominated in the 633 nm case by the QD PL signal and we observed FLN
in this case, leading to intriguing spectral shapes at low temperature. At 532 nm,
again the background was dominated by a fluorescence tail and very strong phonon

harmonic modes were observed.
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8. Hybrid Klarite—nanoparticle

molecular junctions

HE relatively modest SERS enhancement factor given by the Klarite struc-
ture precludes its use in high-sensitivity applications where the detection
of ultra-low concentrations (towards single molecule) of analyte is nec-
essary. Increasing the SERS enhancement is desirable to further the use

of Klarite. Here we study how the addition of plasmonic nanoparticles (NPs) to
the Klarite surface can lead to enhancement (~ 100 x) of the SERS signal over the
case of bare Klarite. Using both gold and silver NPs, in addition to EM effects,
we also gain insight into the influence of potential chemical enhancement using an
analyte molecule, p-aminothiophenol (pATP), which has previously been shown to

be sensitive to charge transfer effects.

Gold and silver NPs can harbour localised surface plasmons (Sec. 2.1.6) causing local-
isation of electric field around them. If two such NPs are placed close together (closer
than the NP diameter) the induced plasmon modes can couple to each other in this
near-field zone. This leads to huge electric field enhancement in the interparticle-
gap between them. The enhancement of the electric field in this gap is strongly
distance dependent. [175, 176, 177] If a molecule is placed in the interparticle-gap
region a huge SERS enhancement can thus be observed, which correspondingly is
strongly gap distance-dependent. [178, 179] These ‘gap’ plasmons are the principal
enhancement mechanism in aggregated colloidal NPs and are responsible for the
large observed SERS enhancements in such systems. [180] They are also responsible
for highly variable and irreproducible hot spots with high SERS enhancements due

to the difficulty in experimentally controlling gap size.

NPs situated close to gold films have also shown localised electric fields in the re-
gion between the particle and the film. This is caused by coupling between the lo-

calised plasmon resonance on the particle and the surface plasmon polariton on the
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Chapter 8 Hybrid Klarite-nanoparticle molecular junctions

metal film. [181] The field enhancement, which is highly dependent on the particle-
film spacing has been used to demonstrate reproducible SERRS signals from dye-
molecules placed within the gap. [182] Recently, Huang and Speed et al. [177, 5] have
demonstrated electric field enhancements in the gap between silver NPs molecularly
bound to a nanovoid plasmonic substrate. They observed enhancements up to 90 %
stronger than those found in equivalent NP-dimers. They attributed this to coupling
between the localised plasmon on the NP and those of the nanovoid structure. As
well as these new gap plasmon modes, they also found that addition of NPs enhanced

coupling into the existing plasmonic modes of the void, acting like an antenna.

In this chapter we create a large increase, ~ 100 times. to the SERS enhancement
found on the Klarite nanostructure by using a molecular bridge to attach NPs of
gold (AuNPs) and silver (AgNPs) nanometre distances away from the Klarite sur-
face (Fig.8.1). The molecular bridge acts both as a NP binding agent and an analyte
molecule positioned in the enhanced field, from which SERS signals are collected.
As well as enhancement due to electric field localisation, we also see evidence, in
the case of AgNPs, of charge-transfer driven SERS enhancement or photo-induced
formation of 4,4’-dimercaptoaminobenzene (DMAB). We explore the wavelength de-
pendence of these hybrid plasmonic systems and compare to the case of a NP on a

rough gold surface.

8.1. Methods

Here we form a SAM of a para-aminothiophenol (pATP), known elsewhere as 4-
mercaptoaniline (4-MA) or 4-aminobenzenthiol (4-ABT), on the gold Klarite struc-
ture using standard thiol chemistry as described in Sec. 3.4. The pATP bonds to the
gold through the thiol linker, leaving the amine group, on the opposite side of the
phenol ring, pointing away from the surface. After a SAM has formed, the substrate
is removed from solution and rinsed in ethanol before being placed straight into a

dilute aqueous gold or silver colloid solution.

To form NPs, gold and silver colloidal solutions were made in-house by Dr. Graeme
McNay (Renishaw Diagnostics Ltd.), using a standard citrate-based methodology
based on the adapted method by Grabar et al.[183] for AuNPs and the Lee and
Meisel [184] method for AgNPs. TEM images (taken with the help of J. J. Rickard,
Cavendish Laboratory) confirmed the AgNPs had a mean diameter of 30 + 6 nm
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Figure 8.1.: Klarite nanostructure showing localised optical modes in the micron-
sized structure and expanded view showing possible AuNP interaction with Klarite
nanostructure via citrate and pATP molecular bridge. Highly localised electric
field hotspots between NP and Klarite surface are pictured in red in the expanded
view. [Not to scale]
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Figure 8.2.: Transmission electron micrographs of a selection of the NPs used in
this study: (a, c) Gold (Au) and (b, d) Silver (Ag). Contrasting sections of NPs
indicate differing crystal domain orientation.

with the AuNPs smaller at 19+ 2nm (Fig. 8.2). The AuNPs showed greater size ho-
mogeneity and less faceting than the AgNPs. The citrate used in the NP production
method stops further growth of the NPs and acts as a capping and stabilising agent.

The citrate-capped AuNPs and AgNPs can interact with the dangling amine group
on pATP, causing the NPs to be held close to the Klarite surface. It is also possible
that the amine can displace the citrate and bond directly to the metallic NP, espe-
cially in the AgNP case as evidenced by the strong change in relative SERS peak
heights.

Given the small size of the NPs and the Klarite geometry and surface roughness,
it is difficult to image the NPs on the Klarite structure to confirm their presence.
High-resolution SEM images (Hitachi S-5500 In-Lens FE SEM) of the pATP coated
structure where taken with and without NP attachment (Fig. 8.3), but there is little
evidence of the NPs. A similar study to this one has recently been performed by

Scholes et al. [185] They found very sparse coverage using dilute drops of NP solution.
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Figure 8.3.: High-Resolution SEMs of Klarite nanostructures after (a,d) pATP
monolayer coating (b,e) pATP monolayer and AuNPs (c,f) pATP monolayer
and AgNPs. Scale bars 100 nm.

Using a similar high resolution SEM they were able to observe small features they
attributed to NPs. We do see similar small structures in our SEMs, although we
only speculate that these are NPs. At the most, it confirms we have a very sparse
coverage of dots on the structure. Instead we confirm attachment by the changes in
peak height observed in the SERS spectra.

Raman measurements were taken using a Renishaw inVia Raman micro-
scope (Sec.3.2.2) at 532nm, 633 nm and 785 nm using a x 20 objective. All spectra
have been normalised to the laser intensity measured leaving the objective using a

wavelength calibrated LaserCheck (Coherent, Inc.) meter.

8.2. Results

SERS signals were observed across all wavelengths for a pATP monolayer on Klarite.
Addition of AuNPs or AgNPs enhanced the SERS signals on Klarite at all three Ra-
man excitation wavelengths due to charge-transfer enhancement as well as enhanced
coupling into Klarite plasmonic modes. The largest increase in SERS signal was ob-
served for \,, = 785 nm excitation, where modes were enhanced by around 2500 %
for AuNPs and around 1000% for AgNPs. The exact enhancement depended on

the Raman excitation wavelength and the particular vibrational mode. There were
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Au Ag AgNO;

Klarite || - A-dependent (fol- | - A-independent - SERS is equivalent
lows Klarite plasmon | - by  vibrational | to AgNP-case
modes) modes strongly

- all vibrational | enhanced
modes enhanced

Flat Gold || - no SERS observed | - A-independent - No SERS observed

- SERS with strong | (small  signal at

by vibrational modes | 532nm)

Table 8.1.: Tabular summary of key results of SERS enhancement after addition of
AuNPs, AgNPs and AgNOj to the Klarite nanostructure and the flat gold surface.

clear differences in the SERS spectra between the enhancements caused by AgNPs
compared to that of AuNPs (Fig.8.4), with different vibrational modes being en-
hanced in each case. In the AgNP case we saw enhancement which has previously
been attributed to charge transfer, which we also see on comparison to the addition
of AgNOj instead of AgNPs. A summary of the key observations in this chapter are
shown in Tab. 8.1.

Throughout this chapter, we assign vibrational modes based on those used by Osawa
et al. [33] using notation developed under the assumption of C,, symmetry of the
phenol group developed by Wilson. [186] The two main symmetry groups (a;) and
(by) will be frequently discussed. For reference, the main peaks have been labelled
in Fig.8.5. In Fig.8.5 the A\, = 785 nm spectra are background subtracted with
intensity normalised to the 7a peak. Here it is clear to see that in the AgNP case,
significant enhancement of the by peaks occurs relative to the a; peaks, whilst in the
AuNP case, the enhancement appears equivalent for all modes seen in the pATP
spectra. The relative enhancements over the pATP on Klarite without NPs at each
wavelength are shown in Fig.8.6. Below we discuss the AuNP and AgNP case in

more detail for each wavelength.

8.2.1. Gold nanoparticles on Klarite

At excitation wavelength \., = 785nm (Fig.8.4a and normalised in Fig.8.6): The
addition of AulNPs, to form a Klarite-pATP-AuNP bridge, resulted in a large
(R 25 x) increase in the SERS intensity across all visible vibrational modes (prin-

cipally the a; symmetry modes) in the pATP-Klarite spectra. New modes also
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Figure 8.4.: SERS measurements of pATP on Klarite (turquoise) and with addition
of AuNPs (orange) or AgNPs (blue). Different figures show response to differing
Raman excitation wavelengths at (a) 785 nm, (b) 633 nm and (c) 532 nm. Strong
dependence of vibrational mode enhancement and NP metal was observed. Raman
intensity has been normalised to laser power.
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Figure 8.5.: SERS measurements of Klarite-pATP only and with addition of AgNP
or AuNPs at A, = 785 nm as in Fig.8.4a but background removed using a cubic
spline and intensity normalised to the height of the 7a (a;) peak. Peaks labelled
according to symmetry-group assignments given by Osawa et al. [33]. ba-labels are
highlighted in dark blue.
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Figure 8.6.: Relative increase in SERS intensity for different pATP SERS peaks
on addition of AuNPs or AgNPs. Enhancement is relative to SERS on Klarite
without NPs for each corresponding wavelength. For the 8a peak, in the AgNP
cases (labelled ‘*’) the peak is shifted in wavelength such that it corresponds to
the 8b (bs), but for a comparison enhancement is calculated with respect to the
8a peak.
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emerged, such as 1144cm™! [9b (by)] and 1434cm™' [19b (by)]. Given the relative
low intensity of these emerging bo-type modes and the size of the enhancement
observed on the previously visible modes, these new modes are unresolvable from
the noise in the original Klarite-pATP only spectra. The observation is therefore

consistent with equal enhancement of all SERS modes on addition of AuNPs.

At Ao, = 633nm (Fig. 8.4b): The Klarite-pATP only spectrum at 633 nm is broadly
similar to that at 785 nm. The overall background continuum signal appears quite
different however, showing signs of a broad fluorescence-like signature. The peak to
peak intensity ratios are also roughly the same, but there is a noticeable presence
of by symmetry modes, which could not be seen at 785 nm, but are barely visible
in (Fig.8.4b). On addition of AuNPs, the SERS spectra is enhanced. The enhance-
ment of the a; modes is more modest than at 785 nm at around 10 x. However, the
b, modes are even more strongly enhanced than at 785 nm by 30 x. This in contrast
with what was observed at 785 nm with AuNPs. The 19b peak is 15 % of the inten-
sity of the Ta peak with Klarite-pATP only, rising to 40 % after addition of AuNPs
(compared to just 4 % in the 785 nm case).

At Aep = 532nm (Fig. 8.4¢): The Klarite-pATP Raman spectrum at 532 nm is poor
and rides above a large fluorescence-like background, only the 8a and 7a peaks are
clearly visible. On addition of AuNPs the enhancement of these two modes is minimal
at around 3 x. We do see the emergence of other low intensity modes including the
9a and 9b, but it is not possible to calculate the enhancement due to the lack of

modes in the pATP on Klarite only spectra.

8.2.2. Silver nanoparticles on Klarite

The addition of AgNPs instead of AuNPs presents a different story. At Ao, = 785 nm,
for most of the a; modes we see an enhancement of around 10 x after the addition of
AgNPs (Klarite-pATP-AgNPs). However, we now see a much larger enhancement of
the by modes which become enhanced to match the intensity of the a; modes, chang-
ing significantly from the original Klarite-pATP spectra (Fig.8.6). With AuNPs the
19b and 9b peaks are around 5% of the 7a peak intensity. With AgNPs they are
77 % and 62 % respectively. This means in the AgNP case the enhancement seen is
highly dependent on the vibrational mode, with the by modes being preferentially

enhanced.
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In the 633nm Klarite-pATP-AgNP case, the general mode enhancement is more
modest compared to the AuNP case (as in the 785nm for AgNPs) except again
for the by modes which show a very strong enhancement of 50 x compared to the
Klarite-pATP only case, making the 19b and 9b peaks around 110 % of the Ta
after NP addition. In the 532nm AgNP case, we again see a huge enhancement of
the b, modes including 9b and 19b which are 20 x and 35 x enhanced over the
Klarite-pATP only intensities. We also see enhancement of the a; modes by a more
modest &~ 5 x. Here the b, modes again dominate the spectrum over the a; modes,
with the 9b and 19b 180 % the intensity of the 7a mode.

From these measurements it is clear that there are differing enhancement processes
occurring after addition of Au and Ag NPs and there also appears to be wavelength
dependence to the measurements. Comparing the relative enhancements (Fig. 8.6),
the increase in enhancement after addition of AuNPs seems to be strongly wave-
length dependent, while the AgNP case seems broadly wavelength independent.
Proper comparison with the enhancement at \., = 532nm is not possible due to

the very low intensity of initial modes.

8.2.3. Gold and silver nanoparticles on rough flat surface

Previous studies have shown that AgNPs and AuNPs on gold surfaces can give SERS
enhancements by the coupling of plasmon modes on the NP and the surface. By us-
ing a rough gold surface (of same roughness as in the Klarite pit) we can compare
the SERS enhancement given by the NPs alone on rough gold to those in the Klar-
ite structure. For pATP alone on the rough surface we do not see a SERS signal at
any excitation wavelength (see Fig.8.7a). On addition of AuNPs to the surface the
signal does not appear to change significantly. This suggests that any plasmonic en-
hancement here is not strong enough to see SERS modes. Due to the small diameter
(~19nm) of the NPs, we expect dimer modes to be relatively weak and simulations
by Dr. Fumin Huang show it would be situated around A = 590 nm (for a nm gap).
Since we do not have any existing cavity mode (unlike in the Klarite case) we do
not expect enhancement at other wavelengths. On addition of AgNPs, however, a
well-defined SERS spectra appears at all excitation wavelengths (see Fig.8.7b). The
shape of the spectra is broadly similar for all wavelengths and similar to those seen on
the Klarite structure. For the AgNPs, any plasmonic resonance will be blue-shifted

compared to that of the Au, and we would expect a dimer mode to be situated near
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Figure 8.7.: Raman/SERS measurements on flat gold (with same nanoscale rough-
ness as Klarite) at various excitation Raman wavelengths (785 nm, 633 nm and
532nm) of pATP (a) On its own and with AuNPs showing no Raman signal and
(b) with AgNPs showing SERS enhancement.

A = 430 nm, which is far away from the excitation wavelengths we are using. This
strongly suggests that the enhancement seen for AgNPs must be a chemical change

or charge-transfer effect.

8.2.4. Silver nitrate as a substitute for AgNPs

To try to separate out the possible effects of charge transfer from electromagnetic
SERS enhancement we use silver nitrate (AgNO3) solution. After forming a pATP
SAM we put the Klarite and rough flat gold into 0.1 mM AgNOj solution. Looking
at the SERS spectra on the rough flat gold, we see that, unlike for the AgNPs, at
785 nm there is no enhancement in signal from the original pATP SAM (Fig. 8.8).
At 532nm there is some difference as we can see the appearance of very small peaks
associated with pATP, indicating an enhancement of these modes. On the Klarite
structure, there is a large enhancement of the modes, almost identical to that created
with AgNPs, except the Ta and 8a modes are not as enhanced as the other modes

at 785 nm excitation.

8.3. Discussion

There is a large debate as to the relative contributions of the EM and CT enhance-

ments seen in SERS. PATP is a molecule of significant interest for plasmonic systems
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Figure 8.8.: SERS measurements on (left) flat gold and (right) Klarite with a
pATP SAM on its own, with addition of AgNPs or after soaking in silver nitrate
solution (AgNQOj3). Raman excitation at (top)A.; = 785nm and (bottom)\., =
532 nm
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due to its thiol and amine groups that allow interaction and binding to noble metals
on both sides of the molecule. Systems with pATP and AuNPs or AgNPs have been
extensively studied. [187, 188, 189] It is widely believed that the by modes can be
strongly charge-transfer enhanced, whilst the a; modes appear less affected. [190, 29].
There is currently a large debate in the scientific community between the origin
of the by modes seen in SERS of pATP. Some groups contest that these modes
are not CT enhanced pATP modes but are due to 4,4’-dimercaptoaminobenzene
(DMAB) which is formed from the photo-induced bonding of pATP molecules on
silver. [189, 191, 192]. The problem arises since the SERS and Raman modes of pATP
are quite different with the former appearing very similar to those for DMAB. [193]
All pATP derivatives appear to share the by symmetric modes. A recent paper has
given convincing evidence supporting the CT nature of the b, modes with a careful
comparison of pATP and DMAB. [194] However, a more convincing study has very
recently been performed by Huang et al. [195] In this study they provide a thor-
ough overview of the field before providing systematic experimental and theoretical
evidence supporting the idea that the b, modes are indeed from the formation of

DMAB and not from charge-transfer effects.

Broadly speaking, there could be two charge-transfer situations occurring. The
pATP preferentially bonds to the gold and the sulphur group is electron donating.
Here we can expect a charge transfer process to occur if the excitation wavelength
is of sufficient energy as described in Sec.2.3.1. With addition of AuNPs, we ex-
pect the interaction to be principally via electrostatic attraction of the negatively
charged citrate capping molecule and the positively charged amine group. Little
charge transfer would be expected from this as there is no covalent bond between
the amine group and the gold. With AgNPs, the amine can bond directly to the
silver surface. This can lead to additional charge transfer effects with this complex.
The molecule now also acts like a bridge between the gold Klarite surface and the

AgNP and charge transfer between the metals is now possible.

Our results indicate that the principal enhancement at \., = 785 nm is EM in origin
on addition of AuNPs. Since there appears to be no preferential enhancement of a
particular group of modes (such as by) we believe any CT effects to be minimal
here. The excitation wavelength is too low in energy for the Klarite-molecule CT
process (as described in Sec.2.3.1) to occur. For AgNPs at this wavelength, the
relatively lower heights of the a; peaks suggest a smaller EM enhancement, which

could be explained by a change in plasmonic behaviour moving from Au to Ag, with
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any resonance tail of a dimer mode blue-shifted further away from the excitation
wavelength. The by-modes, however, are relatively strongly enhanced, with the 9b
mode 8 X higher in intensity than in the AuNP case. This could indicate activation
of CT effects due to bonding of the amine group to the AgNP. It could also mean
bonding to the AgNP has catalysed the production of DMAB from pATP, causing

a change in the relative peak heights as has been shown in other studies. [195]

At A\, = 633nm the case is somewhat different. After addition of AuNPs the spec-
trum is enhanced but this time we see preferential enhancement of the CT (by)
modes. The original spectrum (Klarite-pATP) without AuNPs also showed evidence
of by modes not present at 785 nm. Uetsuki et al. [29, 192] showed that for pATP
attached to a SERS active gold surface, CT resonance excitation was observed at
633 nm, this could explain the stronger presence of the by modes in this case com-
pared to ., = 785 nm. This could also explain the presence of the fluorescence-like
background due to excitation of electronic modes via charge transfer from the metal,
which may then decay through fluorescence. This CT resonance excitation seems to
be still further preferentially enhanced on addition of NPs. For AgNPs, the enhance-
ment is less for the a; modes than in the AuNP case, but the b, modes are further
enhanced providing strong evidence for a further CT enhancement of formation of
DMAB, above that seen for the ATP/ATP-AuNP cases.

At Az = 532nm the ATP on Klarite provides a very weak signal since we are far
away from any Klarite plasmonic resonance. The addition of AuNPs provides min-
imal enhancement to a; modes suggesting no CT and minimal EM enhancement.
AgNPs produced enhancement to both a; and by, modes. This suggests some EM
enhancement, which would be expected at lower wavelengths for silver coupled sys-
tems. The relative peak height change, with strong b, peaks, strongly supports again
a charge transfer effect, or perhaps more likely the formation of DMAB. The lack of
increase in SERS enhancement at any wavelength of AuNPs on flat gold, supports
the hypothesis that addition of AuNPs causes an increase in SERS signal via as-
sisting coupling into the existing plasmonic modes of Klarite, which do not exist on
flat gold. For AgNPs on flat gold all excitation wavelengths showed the appearance
of a; and by pATP modes with dominance of the latter. Interestingly, comparing
peak intensities here with those in the Klarite-pATP-AgNP structure, we see that a
and b peaks are further enhanced in the Klarite pit, but by similar amounts for all
wavelengths. The fact that the a; peaks are as strong here as the by peaks suggests

that the enhancement of b, peaks may indeed be due to formation of DMAB rather
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than CT effects. If it was purely a CT effect we would not expect the a; peaks to be
nearly as strong as the by ones on addition of AgNPs, in the case here, where there

was an absence of any peaks before colloid addition (see Fig.8.7).

In the case of silver nitrate we hope to attach a silver ion to the amine group of
the pATP. By doing this we reduce any possibility of further EM /plasmonic en-
hancement caused by the addition of NPs, whilst hopefully still observing a chem-
ical enhancement. It is probable that we form complexes with more than one sil-
ver ion per amine group. Earlier studies have shown small clusters of silver ions
(< 8ions) attached to molecules can give strong SERS enhancements, [196] whilst
time-dependent density functional theory calculations on a pyrazine molecule be-
tween two Agyy clusters predicted huge charge transfer Raman enhancements of
10°.[197] On Klarite, we see almost the same enhancement with AgNO3 as with
AgNPs. This suggests a large CT enhancement due to the silver ions, however,
on flat gold the enhancement with AgNOj3 is not observed (perhaps minimally at
Aez = 532nm). If the mechanism here were purely CT, we would also expect en-
hancement on flat gold, as we saw with AgNPs. This confirms that there is no
significant electromagnetic enhancement from the silver ions, suggesting they form
clusters too small for plasmonic resonances. A plausible theory requires both the
EM enhancement from the Klarite structure and a further enhancement from the
silver ions or more likely the silver ions could be driving the photo-induced change
of pATP into DMAB. It is unclear why enhancement of the silver ions is almost
identical to AgNPs in Klarite but not on the surface. It could suggest that forma-
tion of DMAB is stronger with silver ions than with AgNPs. Careful experiments
are needed to determine what state the silver nitrate is in on the surface to fully

understand these results.

8.4. Conclusions

The chemical enhancement effect can be strong and significantly alter observed SERS
spectra. The subtleties of CT enhancement or photo-induced catalytic change are

frequently overlooked in studies focusing on the EM enhancement.

Here we have shown that addition of 20nm AuNPs to a Klarite-analyte system can
increase the SERS signal observed by 3000 %. Given careful consideration of the

analyte, we have shown that at 785 nm the enhancement is principally electromag-
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netic in origin, enhancing coupling into the existing Klarite plasmon modes. This is
similar to that shown by Scholes et al. [185]

We have also shown that using 30 nm AgNPs leads to enhancement of the SERS
signal on Klarite, but in this case was principally caused by either charge transfer
or conversion of pATP into DMAB, leading to a huge change in the relative mode
intensities between the a; and by symmetry modes. Comparisons with AgNPs-pATP-
flatgold and AgNOs-pATP-flatgold provided evidence for the conversion of pATP
to DMAB, but it was not possible to identify the exact enhancement origins or to

rule out charge transfer completely.

Further work is needed to fully understand the pATP sandwich structures seen
here. Isolating the molecule from the metals using silica or a polymer coating on the
NPs and Klarite surface such as PVP [29] could help distinguish between chemical
and EM effects, since removing the contact between the molecule and the metal
should remove the enhancement of CT modes. This could prove difficult to form
uniform nm-sized, pin-hole free coatings. Comparisons with other para-substituted
molecules [192, 193] which do not have the amine group but instead have a methyl

group, for example, could also allow us to remove the extra CT activity.

A study with systematic variation in NP size could provide useful tracking of the EM
modes and the different roles of single particle, dimer and enhanced coupling into
Klarite modes. It would be desirable to use EM simulations and optical measure-
ments to track the wavelength dependence of the plasmonic modes. It is unlikely
that CT modes would be affected by NP size, whereas the EM modes should be
highly size-dependent.
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9. Conclusions and future work

HIS THESIS has investigated the nature of surface-enhanced Raman scat-
tering on plasmonic nanostructures, focussing on the commercially-
available Klarite nanostructure. I used and developed microscopic and
angularly-resolved spectroscopic techniques as well as boundary element

method modelling to aid understanding of the optical modes found on the Klarite
nanostructure. I established appropriate techniques to measure the Raman scatter-
ing from both organic and inorganic-based systems and studied their temperature
and time evolution after perturbation. This chapter briefly summarises the main

findings and presents possible future directions of study.

9.1. Summary

In Chapter 5, for the first-time, I observed surface-enhanced Raman scattering
of a sub-monolayer of CdSe core-only and CdSe/ZnS (core/shell) semiconducting
quantum dots. [1] Varying the wavelength highlighted the differences between res-
onant and non-resonant SERS as well as the importance of the plasmonic cavity
modes. This extends SERS to nanostructured spatially well-defined inorganic sys-

tems, paving the way for their use as robust SERS markers.

Using micron-sized COs crystals fired (snow jet) at SERS substrates in Chapter 6 I
have shown order of magnitude enhancements of the SERS peak signal on the gold
Klarite surface. [2] Via development of a novel measurement technique (MTVE), I
have been able to distinguish between effects affecting the SERS peak from those
affecting the SERS background continuum. The results support the hypothesis that
molecules are pushed into plasmonic hotspots located in surface-roughness features,
causing the enhancement, whilst changes to surface roughness appear to affect the
SERS background continuum. The different origins of the SERS background and
peak signals open the possibility for further control over the SERS spectra to reduce
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the SERS background and increase the peak intensity. This approach can be used

to further increase the sensitivity of SERS substrates.

Chapter 7 examined the temperature dependence (from room temperature to 10 K)
of SERS and resonant SERS in organic-molecular and inorganic-quantum dot sys-
tems. Intensity of SERS peaks and the SERS background continuum were observed
to increase with decreasing temperature. This was shown to be linked to the decrease
in damping in the metal as the temperature decreases. In the case of resonant SERS
more complicated temperature dependence was observed and the SERS background
was dominated by quantum dot fluorescence. At low temperatures (< 50K) and
pumping near the QD emission (A, = 633nm) I observed QD fluorescence line-
narrowing and a reduction in PL-phonon replica broadening resulting in significant
shape changes to the observed SERS spectra. Lowering the temperature provides
another route to increase the sensitivity of SERS as well as providing an interesting

platform to study inorganic QD systems.

Lastly in Chapter 8, coupling gold and silver nanoparticles using p-aminothiophenol
molecular junctions on the Klarite nanostructure, I observed EM enhancements to
the SERS signal of approximately 100x. In the case of silver nanoparticles, signifi-
cant changes to the relative peak heights further suggested either charge-transfer en-
hancement of specific SERS peaks or the formation of 4,4’-dimercaptoaminobenzene
due to photo-induced catalytic change was observed in addition to EM enhancement.
This result highlights the importance of both chemical and EM factors to the SERS
signal and thus the complexity necessary to obtain a full understanding of observed

SERS spectra on nanostructured plasmonic surfaces.

In the appendix (see Appendix A) can be found a new template-stripping fabrication
technique [3] T developed to produce near atomically flat gold using liquid glass and
mica. This technique is useful to a wide-range of applications including SERS where
it can be used to study the effect of surface roughness on novel SERS structures. It
was also used in Chapter 5 to allow a dispersed layer of sub-10nm quantum dots

to be imaged using atomic force microscopy.

9.2. Future experiments

As SERS research progresses the understanding of its origins is developing and it will

remain a strong area of interest for many years to come. Applications using SERS for
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medical diagnostics have emerged, such as the RenDx® (Renishaw Diagnostics) [198]
multiplex assay system currently undergoing medical trials. In the next decades, we
should look forward to expanded use of SERS in medical settings. The study has
added to the knowledge of SERS on plasmonic nanostructures, but many questions
still remain. In this chapter I outline some of the directions this research could take

heading forward.

9.2.1. The SERS background

Chapter 6 examined the SERS background and how it can be perturbed, although,
further investigation is needed to determine the full origin of this background.
In Chapter 5 we saw that in resonance systems the fluorescence signal can add
to and dominate the normal SERS background. Even in non-resonant systems, the
SERS background is strongly dependent on the excitation wavelength. Changing
the substrate temperature (Chapter 7) and firing carbon dioxide crystals at its sur-
face (Chapter 6) provide possible approaches to control the background and suggest
the background has different origin than SERS peak signals. Developing further con-
trol of the SERS background is necessary and will result from further experiments
to pinpoint the different processes contributing to the background signal. Possible

routes are:

1. Tracking different lifetimes of the SERS background features could reveal the
origin of the different processes. Fluorescence effects (such as two-photon metal
luminescence) would have longer lifetimes compared to the much faster SERS
signals. Using a gated SERS technique it may be possible to reduce the SERS
background by only collecting the short lifetime SERS light.

2. Using a tunable SERS system where the excitation wavelength can be tuned
through continuous wavelengths, it would be possible to clearly track the back-
ground continuum shape on and off plasmonic resonances of the system. This

may yield insight into the plasmonic nature of the background.

0.2.2. Plasmons on Klarite

The precise nature of the localised plasmons on the Klarite mesostructure remain

uncertain. As Klarite has both A\ and sub-A-scale structures, near-field diffraction
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and /or plasmonic standing waves could impact the plasmonic properties. The rough-

ness of the structure also plays a significant role potentially creating tightly localised

(~nm) hot spots within the larger pit resonances. Possible future directions include:

1. Experiments to see where the SERS enhancements originate from within the

pit: Where are the localised hot spots? These hot spots are difficult to see op-
tically as they are below the diffraction limit. Using tip-enhanced Raman scat-
tering (TERS) to locally increase SERS intensity whilst scanning the Klarite
nanostructure could yield high spatial resolution, although given the geometry

may be difficult to perform.

. Mapping the near-field optical response using photo-active polymers: The

various models in the literature for the Klarite plasmon mode location
(see Chapter 4) do not agree and experimentally mapping the near-field mode
distribution would do much to resolve the discrepancies. Such mapping could
perhaps be done using a photographic-like process to expose a photo-active
polymer. Electron microscopy of the developed polymer could reveal, in great

detail, the plasmonic near-field.

SERS marker placement: By placing SERS markers (such as QDs) into specific
positions on the pit, perhaps by nanoimprint lithography or nanopipetting, it
may be possible to track the SERS enhancement at different locations in the
pit. From this, it might be possible to construct an image of the electric field
intensity in the pit, shedding light on the nature of hot spots in the surface
roughness of the pit. However, this experiment would be very time-consuming,

and again, the geometry of the pit could pose an access problem.

9.2.3. Chemical effects

There remains a debate about the strength of the contribution to SERS from chem-

ical effects caused by the molecule interacting with the metallic SERS surfaces.

Hence:

1. Coating Klarite and nanoparticles with a silica or polymer film to selectively
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the attachment and nanoparticle-Klarite separation and the background SERS

signal may also be significantly affected in this case.

2. Using the temperature-controlled SERS measurements developed in this thesis,
it may be possible to confirm the charge transfer origin of the pATP modes.
Since the Fermi energy of the metals varies with temperature due to thermal
occupation of states, so should the CT resonance condition. Combining this
with a tunable SERS system could provide convincing evidence for C'T versus

EM enhancement of specific modes.

Out of the many possible experiments which could proceed out of this thesis, I have
highlighted a few possible routes to take forward. These routes would yield a wealth
of interesting results and help reveal some of the subtleties of the SERS effect on

plasmonic nanostructures.
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Appendix A.

Template-stripped gold

EMPLATING against atomically flat materials allows creation of smooth
metallic surfaces. The process of adding the backing (superstrate) to the
deposited metals has proved to be the most difficult part in producing
reliable, large-area, solvent resistant substrates and has been subject of

recent research. In this appendix we describe a simple and inexpensive liquid glass
template-stripping (1gTS) method for the fabrication of large area ultra-flat gold sur-
faces. [3] Using our 1gT'S method ultra-flat gold surfaces with normals aligned along
the (111) crystal plane and with a root-mean square roughness of 0.275nm (mea-
sured over 1 nm?) were created. The surfaces are fabricated on silica-based substrates
which are highly solvent resistant and electrically insulating using silicate precursor
solution (commonly known as ‘liquid glass’) and concomitant mild heat treatment.
We demonstrate the capabilities of such ultra-flat gold surfaces by imaging nanoscale
objects on top and fabricating microelectrodes as an example application. Due to
the simplicity and versatility of the fabrication process, 1gTS will have wide-ranging

application in imaging, catalysis, electrochemistry and surface science.

Metallic surfaces with near atomic roughness are increasingly essential to a plethora
of applications in surface and interface sciences. These surfaces have found many ap-
plications in biology, electrochemistry and electronics. [45, 199] Such surfaces used in
conjunction with scanning probe microscopies can facilitate imaging of biomolecules
such as lipids and proteins, and organic and inorganic colloids, such as quantum
dots. Gold is a highly inert metal with a high oxidation potential and therefore the
material of choice in many electrochemical applications. Crystalline surfaces enable
mechanistic studies at interfaces using electrochemistry and other surface science

techniques. Gold is also easily and robustly functionalized with thiol (-SH) termi-
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nated molecules. Such self-assembled monolayers of thiols on gold are one of the

prevalent tools in nanoscience where ultra-flat surfaces are extremely valuable.

Furthermore, gold is an important material at visible wavelengths in the increasingly
popular field of plasmonics. [200] Plasmonics has a wide range of applications includ-
ing surface-enhanced Raman scattering (SERS), where surface roughness plays a key

role in the million or more-fold signal enhancements commonly observed.

Ultraflat gold substrates have found use in confirming the effect of roughness [77]
and to quantify enhancement factors. In short, a simple, low cost route to ultraflat
gold which is compatible with commonly used solvents is enormously valuable to a

large range of disciplines.

Traditionally, deposition methods such as sputtering and evaporation are used to
obtain metal surfaces. However, these result in island formation leading to rough
surface finishes. A solution has been found by combining these techniques with
cleaved single crystals which reveal atomically flat planes. Metal deposition is carried
out directly on top, producing near-atomically flat gold surfaces at the interface.
After deposition and further processing to add a backing layer to the deposited
metal, the crystalline template is removed, revealing the ultraflat gold surface. This

is known as template-stripped gold (TSG).

A variety of TSG methods have been developed to add a backing layer to the ultra-
flat metal. Hegner et al.[201] use a mica film as the template and epoxy glue to
attach the gold to a silicon wafer superstrate. Whilst providing a simple and robust
method of TSG formation, the weakness of this method is the use of epoxy glue
which is sensitive to organic solvents, in which swelling causes distortion of the gold
surface. This system also suffers from trapped air bubbles and outgassing, which are
problems under vacuum. [202] The epoxy method has been improved by introducing
ceramic glues, which are not as severely plagued by organic solvent problems. [203]

These epoxies are still not entirely solvent resistant. [202]

A novel non-epoxy approach involves nickel superstrates formed by electroplating
onto the conductive gold surface. Nickel is conductive and not completely inert
limiting the application of such prepared surfaces in electronics. Gold often pre-
maturely delaminates from the mica surface during nickel electroplating. [204] Most
recently, solid-state bonding techniques have been developed which rely on gold dif-
fusion. [204, 199, 202] Two surfaces, a substrate (gold on mica) and a superstrate

(gold on glass), are bonded under pressure and/or heat. Gold ions diffuse between
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Figure A.1.: IgTSG fabrication schema (a) Gold (150nm) and chromium (5nm)
layers are thermally evaporated onto a freshly cleaved mica substrate. (b)
Chromium is hydrophillically functionalized by oxygen plasma. (c) Sodium sili-
cate solution (liquid glass) is drop cast onto the chromium surface. Plasma cleaned
glass slides can be placed on top of these droplets to form a sturdier backing. (d)
Heating in a two stage process balances water evaporation and transformation
to silica. (e) lgTSG can easily be removed by gently bending the mica. (f) The
process results in ultraflat gold backed onto a glass slide or a thin (300 pm) silica
sheet.

the two metal interfaces, fusing them together. As there is no glue, this method is not
affected by solvent induced swelling, but it suffers from several technical drawbacks.
Cold-welding [202] is highly sensitive to surface contamination, and is generally not
reliable over large areas. This is overcome by heating the gold surfaces during bond-
ing [204] which increases ion mobility, requiring temperatures above 300°C and pres-
sures up to 4000 psi. The increased mobility leads to significant gold re-organization,
which can cause delamination. The only solution is to deposit gold at a high tem-
perature, a capability not available in most evaporators. Although centimetre sized
films have been produced using solid-state bonding by distributing the load using
aluminium foil, [204] this advance requires significant optimization. Moreover pat-
terned designs, such as electrodes, are not possible with solid-state bonding methods
due to the difficulty in alignment of masks used to generate them. A final variation
on TSG to avoid substrate deformation by solvent swelling has been to use solder
as the bonding agent. Conventional solders melt around 200°C, which damages the
thin gold film, so low-melting (m.p.~ 70°C) solders are used. However, these are

highly toxic, limiting the ease of creation. [205]

The rest of this appendix will show a novel silica-based approach for fabricating
ultra-flat gold, called the liquid glass T'S (1gTS) method. [2] This process has several
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advantages over those described above. (1) It is solvent resistant and (2) consists
of very few simple steps which are highly reproducible. (3) It is compatible with
glass substrates, providing an insulating substrate. (4) It is able to create large-
area (>1cm?) substrates as well as (5) patterns with 100 pm-sized features. (6)
Many samples can be made in parallel and (7) the process requires only low cost
materials and no specialized evaporation or high pressure systems. Furthermore,
the silica-formed superstrate is transparent at visible wavelengths, and is therefore
compatible with systems requiring optical access to the back of the gold film. In our
process we deposit gold on freshly cleaved mica and then use a liquid silica precursor
as both the glue and superstrate. A simple hydrophilic chromium functionalization
of the gold surface, and gentle heating, allows this precursor to bond, and harden,
respectively. The resulting ultraflat gold is easy to remove from its mica substrate.
These procedures are not highly time-sensitive or intensive and do not require a

clean-room atmosphere.

A.1. Materials and methods

High grade ruby muscovite 20 cm? mica sheets (Agar Scientific), 99.99 % pure gold
pellets (Birmingham Metal Company), chromium plated tungsten rods (Agar Sci-
entific) and sodium silicate solution (Sigma-Aldrich 338443), also known as liquid
glass, were used as received. Evaporation was performed on a BOC Edwards Auto
306 resistance evaporator at 10~® mbar. Oxygen plasma treatment was performed
using a Diener Electronic Femto plasma system. The samples were dried in a Binder

FP programable oven at 2°C/min.

Cadmium Selenide QDs (Nanoco Technologies Ltd./Sigma-Aldrich Lumidots
662461) were used to show the imaging potential of the 1gTSG substrates. The so-
lutions were diluted further with toluene before use. Two varying density quantum
dot layers were produced: (1) A small drop of low concentration (5png /ml) solution
was drop cast onto the IlgTSG, giving rise to a low QD density. (2) A higher density
but still sub-monolayer coverage of QDs was created via SAM functionalization and

QD adsorption [1] as seen in Chapter 5.

AFM was performed using a Veeco Nanoscope IV, with an ultra-sharp tapping mode
tip (Nanosensors PPP-NCHR).
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Thermogravimetric analysis (TGA) was performed on a TA Instruments Q500, from
20°C to 200°C at a rate of 1°C/min under air.

Wide-angle x-ray diffraction was carried out using a Bruker D8 diffractometer with
a K, beam of A=1.5406 A. Spectra were taken with angular increments of 0.00914°

and a dwell time of 0.5s.

A.2. Fabrication

Facile fabrication of solvent resistant ultraflat gold is outlined in Fig. A.1. Gold
of 150nm was thermally evaporated onto freshly cleaved mica. Under continued
vacuum, 5nm of chromium was deposited on top of the gold surface. The use of
chromium as an adhesion layer is common between gold and silica surfaces and this
principle was successfully applied in our inverse geometry. All evaporation was done

at a rate of 0.2 As~!. Evaporation masks were used to pattern electrodes.

The chromium layer was exposed to an oxygen plasma for 5 minutes to increase the
thickness of the native surface oxide layer and thus increase hydrophilicity with av-
erage water contact angle decreasing from 65° to <3°. This allows the silica solution
to wet the surface, which ensures uniform drying, and prevents the trapping of air
bubbles during this process which can destroy the sample. The oxidized surface also
promotes adhesion of the silicate network through Si-O bonding. Two types of sam-
ples were created, with and without an additional glass slide backing. In the first
case, glass slides (1cm?) were cleaned and oxidized by oxygen plasma, to enhance
wetting. The slides were drop-coated with 20 pl of sodium silicate solution and im-
mediately inverted and placed onto the oxidized chromium surface. In the second
case, for samples without the backing, the sodium silicate solution was drop cast

directly onto the oxidized chromium surface.

Drying and conversion of liquid sodium silicate to a solid silicate network was then
achieved by controlled heating to ensure bubble-free and low solubility 1gTSG. Sam-
ples were heated in a two-stage process, first to 70°C and then 120°C, for 12 h each.
The lower temperature annealing removes the water from solution but does not pro-
vide enough energy to remove water locked into the silicate structure. The higher
temperature annealing frees this water, which lowers the hydration state and de-

creases the solubility of the solid sodium silicate network. The higher the fraction
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Figure A.2.: Thermogravimetric analysis (TGA) for sodium metasilicate. Two key
regions are identified (i) and (ii), corresponding to water loss from the crystal
structure at different temperatures. Heating to higher than 120 C is necessary to
ensure sufficient water is removed from the structure.

of removed water, the less soluble the silica network. [206, 207, 208] Using thermo-
gravimetric analysis (TGA) we obtained the drying profile shown in Fig. A.2 showing
two distinct drying regions. Region (i) corresponds to the area where water is fully
evaporated from the solution. Further water is released in region (ii), corresponding
to a change in the silica hydration state. It is necessary to perform the annealing
in two stages as direct heating to high temperatures leads to water boiling and the
formation of bubbles. The resulting samples can be stored indefinitely in anhydrous
conditions. 1gTSG samples are easily and quickly removed from the mica substrate

when needed by gently flexing the mica sheet.

A.3. Discussion

TSG roughness was characterized using tapping-mode AFM. We repeatably mea-
sured an average root-mean-squared (RMS) roughness to be 0.275nm over an
area, of a square micron, confirming the near atomic flatness of the samples.
This RMS value is equivalent to or better than values quoted in the litera-
ture. [204, 209, 210, 205, 211, 212, 201] Due to the ultra-smooth nature of 1gTSG

surfaces, it was possible to clearly image individual QDs, as shown in Fig. A.3. Ul-
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Figure A.3.: (a) AFM image of 6 nm CdSe quantum dots on a flat 1gTSG surface.
(b) cross-sections showing line height profiles across AFM image of a flat area (1)
and over a quantum dot(2). (c) Three-dimensional AFM image of quantum dots

on a lgTSG.

traflat gold is essential for such measurements because of the small (6 nm) diameter
of the QDs. When measured on standard evaporated gold, they are lost in the sur-
face roughness. The employed sample preparation procedure demonstrates one of
the advantages of 1gTSG, since standard TSG would swell and be destroyed by the

deposition of the QDs from toluene.

Oriented crystallinity at the interface is important for catalytic, electrochemical and
surface science studies as surface interactions are dependent on the crystal plane.
Hence x-ray diffraction (XRD) tests were performed (by Dr. Alex Finnemore) to
determine the crystallographic properties of the 1gTSG thin films. The spectrum
in Fig. A.4 is dominated by the gold (111) reflection peak. Contrary to that from
polycrystalline gold, the peaks corresponding to other gold planes are missing. [210]
Thus, the 1gTSG films consists of (111) co-aligned crystals.

Since crystalline surfaces are important in electrochemistry we demonstrate the ease
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Figure A.4.: 20 x-ray diffraction spectrum of TSG films showing the dominance of
the (111) crystallographic plane.

of patterning using the 1gTS process by fabricating micron-sized electrodes. An
lgTSG interdigitated electrode fabricated using an evaporation mask and the 1gTS
procedure is shown in Fig. A.5, illustrating the versatility of the IgTS technique.

a b

Figure A.5.: (a) Photograph of a 1cm? gold electrode as prepared using the 1gTS
process. (b) 5x Microscope image of the electrode, showing the 200 pm features.

Finally, we note that our 1gTS technique represents a simple and cost-effective route
to fabricate solvent resistant TSG. Sodium silicate solution is widely available and
inexpensive. Competing methods such as those requiring solid-state bonding require
specialized equipment and extensive calibration to achieve repeatable samples. The
Ig'TS method is able to repeatably produce reproducible surfaces and many samples

in parallel.
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A.4. Conclusions

A simple and inexpensive way of fabricating TSG has been developed, resulting
in metal surfaces with 0.275nm RMS surface roughness. The resulting substrate
is ultra-smooth, optically transparent and stable in a wide-variety of organic sol-
vents. The gold is crystallographically aligned in the (111) direction. This facilitates
easy handling in a chemical environment, often required for working with SAMs
and is therefore advantageous for widespread use in nanoscience. This technique
improves over existing methods in terms of sample preparation complexity, cost and
solvent instability, while retaining the same level of surface flatness. Furthermore,
we have demonstrated the utility of 1gTSG surfaces in imaging nanoscale objects
such as quantum dots. We have also shown the ability to pattern ultra-flat pm-sized
structures with the 1gTS process which should find widespread use in catalytic,

electrochemical and surface science studies.
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