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Abstract

In this thesis, the sensiily of a range of plasmonic gbnanostructures
to changes irambient electric potential hdmeen studiedising a high quality
objectivetype darkfield imaging spectrometer, which was capable of
measuringthe signal from single nanoparticles. fical respnse of the
nanostructure to the change of physiologically releyawtential has been
investigated experimentally antheoreticdly. Simulations to predictthe
sensitivity to potential changewere in good qualitative agreement with
experimental data.

The similar transies of scattering produced byotential cyclic
voltammetry and potential step for gold film and gold nanoprism indi¢htgd
the mechanism of potential perturbatiam the gold nanostructures was
independenof their morphologies. The rdlanship between the morphologies
of the gold nanostructureand their ability for voltage sensinghad been
investigated in detail The costeffective ultrathin gold film providesthe
highestvoltagesensitivityand appears to be extremely promisinghasbasis
for thedesignof anultrasensitive plasmonic nanostructure sensoelectrical

signak.
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Chapter 1  Introduction

1.1 Motivation

Noble metal nanoparticles have attracted considerable shtuwe to their
remarkable optical properties, which are dominated by the phenomenon of
localised surface pasmonresonance (LSPR). Nanoparticles are capable of
confining the interaction of metal conduction band electrons and incident light
within extremey small dimensions. The resonant photons dramatically
enhance the electromagnetic field at the parsaléaceand lead to the particle
characteristicradiative and nonraditive properties of wavelength dependent
photon scattering and absorptidr3].

The manifestation of localised plasmon resonance is dependent on the
particle® size, shape, and composition. Study of the geordefgndent
resonance is encouraged by rapid progress in synthesis strategies defglope
the creation of nanobjects. Both dop-downd lithography anddottomupd
selfassembly techniques have provided various kinds of nanoparticle of
controlled size, shape and material, from the most simple geometries of
nanospheres and nanorods, tecaigold nanoshells and exotic structures such
as nanorices and nanocrescgatS]. By tailoring the particleésgeometry, their
resonant frequency can bened across the whole visible and riefirared

spectrum. A powerful attribute of the surface plasmon resonance frequency is



Chapter 1 Introduction

that it is strongly dependent on tligelectric constantof the surrounding
environment. For example, increasing the refractiveexndf the ambient
medium shifts the LSPR wavelength towards the red. This provides great
opportunities to monitor changes of the environment and renders particles as
suitable candidates for chemical and biological sensing applicdépn3he
LSPR is dependent on thmarticle size, shape, the dielectric constant of the
metal and the surrounding medium because all of these factors have an effect
on the electron density at the particle surfékce

Extracellularand intracellular neural recording are the prie@hniques to
access the neuraetwork in order to try to monitoand understand neural
activity. Traditionally, direct electrical access to nerve tisaugtro andin vivo
is achieved by the patallampmethod, where sensors ranging from metal wire
to micropipettes are inserted directly into the nerf89]. However,
simultaneousrecording the activities of even a small number of cellsr
extended periods of timequires astraegicinnovationto replace the invasive
microelectrode method. To this end, voltagmsitive fluorescence dyes have
been developed as a noninvasmethodto optically record the neural signal.
Fluorescence probes the change in membratenpal andtransducs it as a
change in itsemissionintensity or spectrumBut fluorescent dyé@sinherent
drawbacks of photobleaching and phototoxicity, severely restrict their
applications[10]. The pasmon frequency of noble metal nanostructure is

determined by its electron density. An increase in the electron density results in

2



Chapter 1 Introduction

an increase of thelagsmonfrequency, and leads to a blue shift of tiesmon
band,as demonstrated ®ither adding chemical reductdtt] or with the aid
of an electrode to transfer electrons to partid2]. The existence of an
electron density dependent LSPR response opens a new possible application
for metal particles in monitoring the neural activities. The nanosized dimension
of the nanoparticles makes them coneehito be incorporated into biological
systems, while the intensity of the light scattered by particles can be higher
than that emitted by dye molecules which potentially makes them suitable for
optical imaging andabeling of biological cells. The wide sgtral tunability
could allow a choice of incident wavelength to suit the bioapplicafitwe.
fluorescent dyebleachingcould therefore beliminatedby using photostable
metal nanopatrticles so that longer probing time becomes polgible

The study of nanopatrticles directed towards recording cellular activity is
encouraged by these advantages. The cellular electrical sigeatréesnely
small and fast. A neural action potential has a maximumitardpl of around
150 mV[13-14], in contrast to most previous studigbich used muchigher
potentials, where the contrast is dramatically increased by chemical activity
that does not occur at action potentifl®-16]. A high sensitivity of the
plasmonresonance scattering or absorption band in response to the cellular
activity is the fundamental factor to determine the success of the sehiseng.
prime objective of this thesis is to investigate tlodtage sensitivity of gold

nanocrysta to physiologia@lly relevant voltages ofa wide range of

3



Chapter 1 Introduction

morphologes The tunable nanostructure geometry not only offers ldempon
resonance tunability, but provides a handle to discover hagmonsensitivity
without reducingthe particle volumg6, 10], and hence retaining sufficient
signal strength for optical observation.

In order to observe the performance of single Au nanocrystals under
potential control, reflected light dafleld illumination was chosen for the
optical microscope, as it has been demonstrated as an efficient single particle
technique and allows free access to one side of the sataplepply
complementarytechniques.The magnitude of potential applied on these Au
nanostructures was limited to be withireithdouble layer charging region.
Therefore, the optical signals recorded henty reflect pure electron transport
to and from the particles without interference from the redox reaction.

A customobijectivetype darkfield imaging spectrometewas desigad,
constructed and uséd simultaneously acquire ds and spectral information
from Au nanostructure. Instead of measuring the spectral shift girebt
existence of potentialas dtected as the alteration of scattering aarefully
optimisedsingle wavelength. The scattering response of Au nanostructure to a
series of modulated potential|as measuredo quantify the capability of Au
nanostructure to sense potential. Time dependent scatiwaagtudied to
understand the response time of Augstructure to dynamic potential.

The design of the LSPR sensing experiment and the morphology of the Au

nanostructurewere considered as two posibroutesto enhance the Au

4



Chapter 1 Introduction

nanostructurMdddeldemgi tofvi tAwy. nanostruc
potental was also usetb investigate the influence of these two factors. The
behaviourmpredicted bythe simulatios not only improve the understanding of

the optical properties oAu nanostructure but also indicates tiieection in

whichto design andlevelopplasmonic nanoparticle based potential sesasor

1.2 Thesis outline

Extensive research of nanoparticles has been propelled by the need for
progress in understanding the nanopart@lgsysical properties and their
promising potential for sensing applicas. The deeper the understanding of
the ranoparticles, the better pretions canbe made to advance the utility of
these plasmonic nanoparticles in monitoring, for example, cellular activity.
Chapter 2 presents an overview of the recentrapd upsuge in the research
of nanostructure carried out to purse ultrasensitive plasmonic sensors.
Nanoparticle8sensitivity to changes in dielectric and charge transport has been
exploited by tuning their morphologies to find the besihfiguration to
enhance ta sensitivity, which is supported by tkephisticatechanoparticle
synthetic methods.

In chapter 3, size and aggregation effects on the dielectric constant of gold
nanostructure, together with the impact of charge transport are described.

Chapter 4 outhes the design and construction of the objeetype
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darkfield imaging spectrometenvhich is capable of investigating single
nanocrystals under potential control. The experimemtaparation and
procedure for the measurement of Au nanostructureslsoalascribed in this
chapter.

Chapters 5, 6 and 7 present the optical responses oBAastructure to
potential. The rekonship between theirvoltage sensitivity and their
morphologies is investigated and used to propose rules to select the type of
particle and design sensitive LSPR based sensors.

Finally, a summary of the work in this thesis and recommendations for

future work are stated in chapter 8.



Chapter 2  Literature review: Optical properties of

noble metalsubjectedto an applied potential

Exploration of the propertie®f noble metal narsiructureis one of the
most exciting contemporary nanosciences. The precious and uojdicel
properties exhibited by te nanostructures promote the exploitation and
applcations of noble metal systamThe manipulation of lightwith noble
metak is a utilisation ofthe phenomenorf surface plasmoresonance (SPR)
the cdierent oscillation of electrons inthe conduction bandexcited by
electromagnetic radiatiof?, 17]. Surface plasmon polaritons are generatgd b
coupling of the free electrons with arlectromagnetic field near the
metatdielectric interface They are generated aand propagatealong the
metaltdielectric interfacfl8]. However the electron motioms also dependent
on the space accessible for its movem@ftienbulk noble metal is redied to
the nanedimensiors, the resonantlectrors are confined within & small size
and a localised surface plasmon oscillation of conduction band electrons is
induced, known as localised surface plasmon reson@dr®eR) or particle
plasmonresonancdl]. The intense scattery and absorption of light from
noble metal nanopartidés the result of itsiniqueinteraction with the ioident
light.

Due to theextremesensitivity to the refractive index of the dielectric
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medium, surface plasmon resonance has betansvely used as aanalytical
technology in bothchemical and biological sensing/lost of the widely
employed optical surface plasmon remoce biosensors are based on surface
plasmon pdaritons excited on thin metal fisnHowever, the advancement of
biotecmology towards nanoscale desigand the need for high spatial
resolution give rise to new requirements for thelevelopment of
nancebiosensas. Localised surface plasmdpiosensors are expected to match
this new trend.Plasmonic metallic nanostructurese capable of being
incorporated into biological systerbecause ofheir nanometer scalf’]. The
shorter EMfield-decay length in the vicinity othe nanoparticle surface
relative to film supporte@PR, can providegreater sensitivityo shortrange
changes in the refractive index due to the molecular adsorption1®jeHigh
throughput and labelffree analysis in diagnostics are feasible to be
implementedsimultaneously withLSPR based sensof20-21]. Moreover,

varioussynthesis techniques halieendeveloped over recent decadie®rder

to manipulate and optimisthen ano st r u c t ality. 8g varyiiguhect i on

paticleé size, shape armbmposition, the LSPRavelengths able to be tuned
throughout the visible, neamfrared, and even the infrared region, whids
extremdy usefulto optimise the design of LSPR serssand maximise the
biosensing respon$&9, 21]

Systematically exploring the optical propertiesf noble metal

nanoparticle provides themeansto predicta nanopar taviour.e 6s

8
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Functionalising nanopartideto achieve high sensitivityselectivity, rapidity
and simplicityfor biosensingmotivates researcheto rationally design the
nanostruture on the samscaleasthebiological systenj22].

Rather han choosing specific applicatioto suit the characteristg of
nanoparticls that arecurrently available the ability to selectnaroparticles
based on theequirements ohew applicatiors gives more flexibilityto attain
desirable properties and expandthe utility of nanoparticle [17]. The
development ofnew synthesis methods makéunable plasmon resance
achievable and allows the appropriate nanostructure to be selected for
expectant bio-applications. The emerging understandingof the diverse
properties ofnanoparticle has driven interestin enhanmg nanoparti cl e
ability to probe and modify the dliogical systera This chapter is a review of
the recent advances in the stuad noble metal nanoparticdén order to design

and develop ultrasensitive LSRRsed sensing device.

2.1 Surface plasmonon a planar metal-dielectric interface

Surface plamors, also known as surface plasmon polaritoass an
electromagnetic wave coupled with a metal film and a dielectric to raise
resonance at their interface. The electromagnetic wave not only propagates in a
direction parallel to the interface, but itslfientensity decays exponentially in
both media at a direction normal to the surfaseshown in Fig. 2.1By

absorbing incident light under certain conditions, free electrons of the metal are

9
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converted into surface plasmon waves localised at the viohitige surface.

Due to substantial enhancement of the electric field and the corresponding
extremely short length of penetration, surfatasmons are highly sensiivo

the refractive index of the dielectric adjacent to the metal surface. This
advantageas property is exploited tdetect andransfer a change of local
environment to an optical signal for not only binding events, for example, but
also binding kinetic§20, 2324].

ZA

Dielectric

AQAEA

IVARR S V IVARRS ¢

Metal

m

Figure 2.1Propagation ofsurface plasmon wave

2.1.1 Surface plasmors

Surface plasmaon are coupledoscillatiors of electrons and the
electromagnetic field at the mewiklectric interface. The frequency dependent

surface plasma@wave vector kg, is given by23]

ee.
k, =k, [——2 2.7
sp 0 6’1+6'2 ( )

where k, =w/cis the freespace wave vector. At optical wavelengths,

10
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because of the complex permittivity of metal,(n, =/, ,e =€, +ig ), and

the dielectric materiale, (n, :\/?2), this condition enables the surface

plasmors waveto propagatealong the surface buttenuate gradually due to
absoption in the metal.

Moreover, the surface plasmon field decayponentiallyinto both sides
of the media. On the dielectric side, the penetration depth is several hundreds
of nanometres whereas the penetration depth at the metal side is determined by
the wavelength butonly has about 20 nni25]. The sensing properties of
surface plasmons are dependent on the strong wmwatien of the

electromagnetic field due to this penetrati@b-27].

—

air

n

— N
plasmon

Energe(eV)
o] () F-9

—
T

=]

4 6 8 10
£ m’”) x 10

=]
%]

Figure2.2 Dispersion of plasmamat a gold-air interface

Considering the dispersion of surface plasswainthe goldair intaface
compared to the dispersion of a plane electromagnetic wave in air shown in

Fig. 2.2, the momentum of the surface plasmgork, ., is larger than that of a

sp?
plane wave>k,, but they do not intersect, so surfacespiars cannot be

excited by a freely propagating plane wayedetailed description of the

surface plasmon resonance can be found in Appendix A.1.

11
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2.1.2 Excitation of surface plasmons

In order to excite surface plasmons, it is necessary to enhance the
momentum ofthe incident light which also means théte dispersion line of
the plane electromagnetic wave in air shown in Eig.is to intersect that of
the surface plasman Generally speaking, this can be achieved either by
placing a grating on the nadlic surface or by introducing a dielectric with
high refractive index such as a pri§d3-26]. The latter configuration is widely
applied and there are two arrangements available as depicted R3-ighe
first setup is known as the Ottmnfiguration. A very small separation is
present between the dielectric and metal surface.ederythe requirement to
mai ntain a spacing of | ess than 1 &gm
choice of the KreschmarRaether configuration, a thin metal layer is formed
on a dielectric substrate. The correct thickness of metal layeneaideémt angle
allow an evanescent field to couple into the resonance mode of the metal layer

and excite surface plasmons.

Air Surface plasmon
/ Prism \ / Prism
Light Light
(a) Ottoconfiguration (b) KreschmantRaether configuration

Figure2.3 Configurations for excitation of surface plasm resonance

12
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2.2 Plasmon resonances) noble metal nanoparticles

When the size of a noble metal particle is reduced to be comparable to the
illumination wavelengththe oscillating electric field leathe freeelectrons in
the metal to oscillate cohetén as representedn Fig. 2.4 [7, 19, 28] The
electron clouds displaced with respect to the positive nucleus, arabt@ring
force arigng from Coulombic interaction driveethe electrons to oscillate in
resonace with the light frequencylfhe metal nanoparticlexposed tolight
resonant with its surface plasmon oscillations strongly absorbs the light and
rapidly converts it into heat or scattered photons. The oscillation frequamcy
be determined fronthe absaption and scattering spectroscopy and is found to
be dependent on the parti@esize, shape, materiahterparticle spacingnd

theproperties of thesurroundingmedium[7, 28-29].

Electric Field

Figure24 Plasmon ostlations surrounding a sphere

13
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2.2.1 Excitation of electrons

s-p conduction bands

Interband

d-bands

Figure2.5 Electron transition. Electrons are excited within the conduction band or from the

upperd-bands to the conduction band.

On the atomic level of a noble metahclelectron isaccommodated in its
orbital according to its rotational energy. The equilibrium of a free atom is
disrupted by the perturbation of an electromagnetic wave. Radiant energy
absorbed by the atom thermally excites the electrons to undergo intraband and
interband transitionsSmall energy absorption promotes intraband transition so
that onductionbandelectrons oscillate at their original state. Absorbed energy
larger than the energy gap excites the electron to jump from the dyerd
to the partially filled conduction bandn the noble metal (Fig.2.5) [30-34].

During aninterband transition, the electrons may jump to the conduction band
either in a direct process with a creation of a hole at its original orbital or a
indirect way needing the assistance of a phonon to satisfy the requirement of

conversation of wave vect{B5].
14
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2.2.2 Energy release of excited electrons

Virtual state Virtual state Virtual state

D I PV I

hv, |4 | hv, |4 4 hv, hv, |4 I v,
e s

Vitrational state Vibrational state Vibrational state

Ground state Ground state Ground sgte
AE =0
AE = hv, — hv, AE =hv, —hv,

(a) (b) (©)
Figure2.6  Different mechanisms of scatterin@) Rayleigh scattering: emission of a photon
(b) Stokes Raman scattering: emission of a photon and a phgnamtic Stokes Raman

scattering: emission of a pton and absorption of a phonon

Electrons in the excited state releaseirthabsorbed energy over
femtosecond to nanosecond time scales and spontaneously return to a lower
energy stat¢36-37]. The energy is either converted to heat due to interatomic
collisions, which is the origin of light absorption, or is emitted as scattered
photons in any direction (Fig-6). The majority of light is emitted at the same
frequency as the incident light, such as Rayleigh scattering. This is referred to
as elasticscattering, because the electron releases the same energy as it has
briefly absorbed. Another possibility is inelastic scattering where the outgoing
light has a different frequency from the incident, such as Raman scattering.

Here, the polarisability of tnatom changes during the release of energy with
15



Chapter 2 Literature review: Optical properties of noble metal subgkot
an applied potential

the creation or the elimination of a phonon. In the cas¢ tthe outgoing
photon mssesse$ess energy than the incoming photon, associated with the
emission of a phonon, it is referred to as a Stokesiti@msThe other case is
an AntiStokes transition when the photon emits as a higher energy by

absorbing a phonon.

2.3 Optical Properties of metal nanopatrticles

The intriguing optical properties of noble metal nanoparticles contributed
by the localisedsurface plasmonsare due to the dynamic response of its
conduction bandelectronsto incident light. The rangeof nanoparticles
provided by thanodernsynthesisechniquesallows the possibiliy of insight
into the LSPRdependent on thearticle size, shap topology and the
properties othe meal andits surrounding medium, whicall ultimately affect
the electron densiftfly at the particleds

Spectroscopic measuremeimiecommony adoped to observehe LSPR,
thatis tunable fromthe ultraviolet to the visible andnearinfrared regiong3],
while TEM and SEM are usedas the complementarydls to monitor their
morphologes [38]. The absorption of nanoparticles is usually measured in
transmission spectrometry, effeanensemblef nanoparticles are dispersed in
solution or immobilised om substrée. Darkfield spectroscopy improves the

characterisation method to enable the detection of the scattering of single

16
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particles [39].

The bright colous exhibited by colloidalgold attractedearly pioneersn
the 19" century, epecially Faraday, Zsigmond$yedbergRayleigh, Mieand
Gans, toexperimentally and theoreticalstudy the properties of noble metal
colloids [40]. Mi e and Ges rare Ghe tmbse popular and simple
analytical methoslto understand the scattering and absorption of noble metal
particles. Various numerical methodsve beendeveloped to solve the
interaction between the light atite complex nanostructure. Among theme th
discrete dipole approximation (DDA), finite element and finite difference time

domain methods (FEM and FDTRhdT-matrix arewidely applied[39-40] .

2.3.1 The effect of aspect ratio

The spectra of gold narmis are characterised by a strong longitudinal

resonance at longer wavelength and a relatively weak transverse resonance

band ata shorter wavelength. The pretlic on fr om Gans6é t heo
changes in the longitudinal plasmon modeuld be causedby the small

changes irthe nanorodaspect ratio wamodelledby El-Sayed et al[41]. The
consequences of i ncreasi ngarddbhdted nanor
longitudinal and a blueshifted transverse wavelength (Fig.7)2. The
pronounced longitudinal wavelength usually the objecbf interest to be

observed since it can be tuned owerwide wavelength range. A linear

17
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relationship between the absorption maximurtheflongitudinal mode (., ),
the aspect ratioAR=lengthwidth) and the mediundielectric constant &)

deduced and correct§dl] by them is

/... =(5371AR- 4229)e. +49514 (22)

Pileni and ceworkers prepared Au narads with aspect ratsovarying
from 2.2 to 4.0 bythe seedmediated growth method. They measured the
longitudinal waelength of gold nanorods isolvent from their absorption
spectra, and compared the experimental wavelength positions with the

absorption #iciency using the DDA methof3], as shown in Fig. 8.
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t
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absorbance (a.u.)

400 ’ 500 ‘ 600 ) 700 I 800 I Q00
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Figure 27 Calculated absorption spectra of elongated ellipsoids withngagpect ratio

accordingt?Gans 6 t heory. The dielectric constant
shows the longitudinal wavelength peaks as a function of aspect ratio. Thereoigdilinear
fit to the five calculated peak wavelengths (square) and the dotted line is the plot oR2Eq. (2.
[41]
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The longitudinal wavelength peaks undergo-sbdt when the gold
nanorods aspect ratio increases. The linear variation for the maximum of
longitudinal wavelength with respecto the nanorod aspect ratioas
/ox =9372AR+3926 from the experimental data, which is close to the

/..« =96AR+418 obtained by the DDA method, assuming ttielectric

constanbf thesolventwasconstant at 1.77.

1300
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900
800+
700
600
500

4000 ——————+—+—+— 4+ + .~ + . |
o 1 2 3 4 S5 6 7 8

Aspect Ratio (AR)

Position of the A, (nm)

Figure 28 The longitudinal wavelength peaks versus the aspect ratio of Au nanorods. DDA
calculation results (black circles) and the corresponding fit (straight line). Experimental data
from the work of AtSayed et al.(diamonds), Péduste et alisquares) and M.P.Pileni et al

(crosses)|43]

2.3.2 The effect of the rdractive index of the surrounding medium

The spectrum o& nanoparticle is expected to shift when its surrounding
environment is changebecause ofthe varying refractive indexq4l, 44}

A

El-Sayed et al[4l]] emp | oy ed Gans 0 that the absoyption 0 s h «

19



Chapter 2 Literature review: Optical properties of noble metal subgkot
an applied potential

maximum of the longitudinal wavelength depsrmuh the refractie index of
surrounding medium in a linear fashion for aefibaspect ratio nanorod (Fig.
29). The absorption of this nanorod (aspect ratio: 3.3) sshdt longer
wavelengtl and the intensity increas&ith the increasing dielectric constant

of the surrounding medium.

absorbance (a.u.)

400 500 600 700 800 900
wavelength 1/ nm

Figure2.9 Calculated absorption spectra of elongated ellipsoids with different refractive
index medau s i n g hédey.Mised@spect rativas 3.3 The inset shows the longitudinal
wavelength peaks as a function of dielectric ¢tamis The solid line is a linear fit to the five

calculated peak wavelengths (square) and the dotted line is the plot ofZ:d41.
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Figure 210 The absorption maxima of longitudinal plasmon bands of Au nanorods in different
solvents withtherefrdiv e i ndex varied from 1.328 to 1.501.

were 5.2 and 4.6 respectively. The lines are drimweyeguiding.[45]

Wang et al. conducted the experimental measurement for the refractive
index dependentbsorptionof two types of nanorods, with aspect ratid 5.2
and 4.6 respectivelld5]. The Au nanorods immobilised @yglass slide were
exposed to different solvesivhose refractive indesincreased from 1.328 to
1.501. Asarestut of the increased refractive index, the longitudinal plasmon
band of Au nanorods wasgd-shifted, illustrated in Fig. 2.0 as the measured

longitudinal peak wavelength agunction oftherefractive index.

2.3.3 The shapedependent refractive index sasitivity of nanoparticles

The localised surface plasmon resonance of noble metal nanopasticles
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SPR wavelength (nm)

highly dependent on the refractive index of the surrounding environameht

has attracted a great deal of interest because of its potential to be emiployed

the biological sensing applicatisri6, 46]. The binding of organic ral

biological molecules on the surface ahanoparticle leadt achange othe
nanoparticl eds | @wmmséquerchange rofthe SBRas an d
monitored from its scattering or absorption. The magnituderob nopar t i cl e
spectral response toeHocal environmenvaries according toits properties,

which are determined bis size, shape and composition.
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Figure 211 Sensitivity of nanosphere and nanorod deduced from DDA simul#tip8ize
dependence of the SPR wavelength response to the change in the refractive index of the
surrounding medium from 1.34 to 1.7. (b) The aspect ratio dependence of the SPR wavelength

response to a medium refractive index change from 1.34 t§5].7.

In recentdeades, the sensitivity of nanopartgleas been investigated

for realsing an ultrasensitive plasmonic sensor. The dependence of the SPR
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sensitivity for Au nanospheres and nanorod had been discussed by Lee and
El-Sayed6]. The aspect ratio of nanorods plays an ingrdrtole to determine

their sensitivity. Enlarging the size afnanosphere (Fig. 21 a) or changing

the nanoparticle froma spheical to a rod-like shape significantly improwthe
magnitude of wavelengtbhift of thelong wavelength SPR band under aegiv
change in the refractive index. Therefore, the sensitivity of nanorods, estimated
from the slope of the linear plot, increases with increasing aspect ratio through
the shape factor, as demonstrated by the DDA simulation of Au nanorods in Fig.
211b.

Miller and Lazaridesnvestigated the plasmon resonance wavelength
dependent sensitivity of nanopartidevarious sizes and shapes, including Au
nanocylinders, nanodiscs and nanoshdig using the discrete dipole
approximation (DDA)[47-48]. The extinction and scattering sgteal peak
wavelengthsof these nanoparticlegndergoa redshift as the agect ratio
increass and theirsensitivity tothe bulk refractive index othe surrounding
medium also increass. A linear analytic expressionfor the sensitivity of
nanoparticlecorrelated to thelopeof thereal part othe noble metal dielectric

function can beexpressed as

ﬂ :E +EB (2_3)
dn n nm
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where /° andn are the peak wavelength and refractive indeshefmedium,
mandb are two parameters used itireearisationfor the real part ofhe noble

metal dielectricconstantas a function of wavelengtii derived from the

Drude model,e ° n/ +b, is used for companrg the sensitiviy deermined

by the DDA method.
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Figure 212 Sensitivity ofplasmon resonance to bulk refractive index as a function of peak
wavelength. (a) is the extinction sensitivity for Au nanocylinders (circles) ahodisks
(squares) and hollow nanoshells (diamonds, larger diamonds). Solid nanoshells (triangles) are
linear except for larger particles (larger triangles). (b) is the scattering sensitivity for Au
nanocylinders (dashes), nanodiscs (open squares) anw/mahoshells (open circles). The
solid lines show the analytical fit of Eq. 82 usingthe parameters for gold thevisible range.
The daskdot line in (b) is a quadratic approximatibased oratrue Drudemetalwhich is less

accurate than the predtaan provided by Eq. (3). (a) [47] (b) [48]

Both the sensitivit of extinction and scattering plasmon resonanca as

function of peak wavelength for different sizes and shapes of Au nanoparticles
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derived from electrodynamic calculat®and the analytic approximationEq.
(2.3) are illustrated in Fig. 22. The linear description matches lim@ith the
trend of the sensitivity of nanoparticles determined by the DDA method. The
sensitivities of extinction and scattering also have a gmpdement with each
other and both of them increase linearly with treorant wavelength

The sensitivity of nanoparticles increases withirthasmon resonance
wavelength ands relationship with theurvatureof particles wassummarised
by Wangand o-workers when they compate¢he sensitiviy of nanoparticles
measuredby theirgroupando t h p19].dtse refractive index based sensityvit
for Au nanosphereand Au nanorods oplasmonwavelength 527 nm, 653 nm,
728 nm and 846 nm are 44 nm/RIU, 195 Ri/, 224 nm/RIU and 288
nm/RIU respectively while the sensitivity of Au nanobranches of plasmon
wavelength at 1141 nm and Au nanocrescents of plasmon wavesri2fid0
nm approach 703 nm/RIU and 801 nm/RIU respectiy&)y50]. In order to
distinguish the effect of plasmon resonance wavéheagdnanoparticleshape
on the sensitivitythey prepared seven different shapes of Au nanoparticie
exhibited the same longitudinal wavelength nearly 730 nm. Thextinction
spectraof Au nanoparticle suspended irthe waterglycerol mixture were
red-shiftedas the result ahcreasingherefractive indexof this liquid mixture
from 1.33 to 1.46The sensitivity ofthe large Au nanorodléngth = 108 nm,
diameter = 44 nmaspect ratic= 2.5) wasthe highestwithin the seven shape

categories aB826 nm/RIU, while the small Aunanorod(length = 26 nm,
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diameter = 10 nnmaspect ratie= 2.6) hal thelowestsensitivityof 156 nm/RIU

(Fig. 213).
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Figure 213 Sensitivity of large and small Au nanorods.

133 136 139 1.42 145
Refractive index

The lines are lineaf48%.

Sensitivity (hnm/RIU)

a

b

1 1

Cc

0 50

100
Volume (1000 nm3)

150

1 " 1 1 1
0.05 0.10 0.15 0.20
Curvature (1/nm)

1000

3000

Intensity enhancement

5000

Sensitivity (nm/RIU)

-
[4.]
o

d

e

2 )

o1
ol

—o—i

f

120 150 180

90
|E|/|E,| x decay length (nm)

" 1 M
4 8 12
Polarizability (108 nm?)

1 "
200

400

600

Polari. x curva. (10° nm?)

Figure 214 Relationship between the refractive index sensitivity and different

parameters of the Au nanocrystals: (a) nanocrystal volume; (b) end curyatumaximum

electric field intensity enhancement; (d) product of the maximum field enhancement and the

decay length of théeld intensity enhancement along the central length axis of the Au

nanocrystals; (e) polarisability; (f) product of the polarisapdind the end curvaturpl9]
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The effect of six parameters of Au nanoparticles, including nanoparticle
volume, the curvature, maximum electric field intensttyhancement, the
product of the maximum field enhancement and the decay length, the
polarisability and the product of polarisability and local curvature on the
sensitivity was carried out in FDTD simulatioNone ofthe factors ha any
positive correlatiorwith the index sensitivity except thatter (Fig. 214). The
sensitivity increases approximbtdinearly with the polarisabilitycurvature
product.

The consequence aficreasing medium refractive index asdecreasing
surface plasmon resonance frequendyich is equivalent ta red-shift of the
plasmon wavelengtin physical termsthe Coulombic restoring force acting
on the electrons cloud ahepar t i cl eds swhitefthe electricd e cr e a
dipole momenbf the particle increasesas a result of theincreasing medium
refractive indeX49, 51] Thegreater thescreening othe Coulombic restoring
forceis, the lesghedisplacement ofhe electroncloud with respect to thienic
core of the nanoparticleand thegreaterthe reduction of surface plasmon
resonance energyoduced Therefore, the refractive index based sensitivity of
a nanoparticle is determined by the degred@iv eady the electroncloudis
displacedoy the medium change. The easias to move the free electronsan
noble metal nanoparticlethe higher the refractive index changkased
sensitivity is. Higher eéctron density presenting aharp curvatures o&

nanoparticleenhancethe electric field around itgp andwill alsocontributeto
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the net polarisability whi ch i s known §5853fiTakinght ni n¢
the polarsability andthe shape into consideratiohgpth of them play important

roles in determining then a n 0 p a sangiticity @ntulkaneously which is

supported from the linear relationship between the sensitivity and the

polarisabilitycurvature product.

24 Electrochemical reacton of Au nanostructure

Electrochemistry deak with the transfer of electnic charge. The
application of potentiato the electrolyte solution is generally accompanied by
the formation ofan electrical double Iger at theelectrode surface where the
electrors and iors transferbetween the neighbouring phasedselectrode and
electrolyte solutionA wide range of noble metal nanoparticles with different
morphologiescan be synthesised and organised a desired p#ern by
assembly methods, which provide abundantvariety of conditions in which
to investigate the charge transport taking place on particles immersed in
solution.

Traditional techniques of studying electrochemical process are to measure
the current, ptential, charge and capacitanddée requirement of acquiring
surface structure information of a geometric, electronic and vibronic nature
stimulates the incorporation of namvasive optical method alongside

conventional electrochemical techniques[54-55]. Surface plasmon
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spectroscopyof the noble metal nanocryssals a versatile technique for
studying the electrochemical process. The absorption and scattering resonance
depending on the electron density of metal nanocs/gialform as the

essential elements study thecharge transfereaction on nanoparticde

24.1 Surface plasmon resonancéor the investigation of electrochemistry
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Figure 215 SPR positiorassociated with theotential. (a) Potential of Au film versus time
(open circles). Change in SRRsition versus time (solid circles). (b) Relative charge
oscillation with time (solid line) compared to chang¢hi@SPR position (solid circles). The

open circles are the same SPR data shifted by[bé]s.

Surface plasmon resonance is a sensitive technique to monitor the change
of environment adjacent to the metal surface, sedlby measuring the

reflectivity of light from the metal surface either as a function of
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angleof-incidence at a constant wavelengthadunction ofwavelength for a
fixed incident anglg19]. The electrochemical reactions taking place at the
metal surface promotes the development of electrocherS8ieR (ECSPR).
The ion adsorption/desorptioand charge redistribution inhe double layer

and metal film, have been studied by using $FR59].
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& 673 3 2
FPhosphate buffer
67.26 === |
-0.4 -0.2 0 0.2
(a) Potential vs Ag/AgCl [V] (b) Potential vs Ag/AgCI [V]
Figure 2.5 Comparison of CV, SPR angle shift and time diff¢éisdrSPR resonance
angle. a) El ectrochemical SPR voltammogram of

pH 7 (background). (b) Cyclic voltammogram and potential dependenégpf Dt for MB

(solid line) and phosphate buffer (dashed lifiéle $an rate was 10 mVs[60]

M.J.Jory et al. employedn acoustaptic tunable filter (AOTF) to tune
the incident wavelength at a fixed incident aregdelrecorcedthe SPR position.
Theapplicationof potentialusingcyclic voltammetry (CV) on Au film resulte
in the SPR position oscillay with the potentl cycles[56]. The 14 secord
delay between the SPR oscillations and the potentialpswas determined by
shifting the charge oscillation curve to match the SPR response (E&). 2.

Lioubimov et al also observed th hysteresis phenomenon between the SPR
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angle shift and the potential scan between 1.5 V-arsl V [61]. The slow
chemical oxidatiorreduction processccounted for fits behaviour. Anodic
polarisation exceeding 1.35 V producead Au,O3; oxide layer on the Au
surface. The time dependent diffusion of the oxide near the Au surfate led
the retardation athe SPR angle shift.

Time differential SPR resonance angles baen ged to characterise the
el ectrochemical reaction of 17.
3.7-Bis(dimethylaminojphenothiazirb-ium chloride) in 0.1 M phosphate
buffer (PH 7), instead of only relying on the SPR angle and[&)Y. The
cathodic potential scan indutéhe reduction of MB in the bulk solution and
the adsorption of raced MB onthe Au surface. The anodic potential scan
causeddesorption othe MB film from the Au surface. The SPR angle shift in
the presence of only phosphate buffexsthereforeobviously smaller than the
SPR angle shift when the MBaspresent. The @ox reaction of MB hadbeen
observed not only from the SPR angle shift, but the exhibition of two
pronounced peakis Dg/Dt corresponding to the redox reaction, whighs
not easily identified from the current peak in the CV graph (Fitg)2The
time differential SPR data providegualitative diagnostic information as useful
as the conventional CV. Whenighfeature was not legible from the CV,

Dg/Dt actuallyprovided better information.
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24.2 Potential controlled absorption

Most surface plasmon absorption bands are obsernvedrticles larger
than 10 nm because tlextremelyweak signalexhibited by small particles
corstrains observation. Potential dependent plasmon absorption bands have
beenreportedboth from Agand Au nanospheredissolved in an aqueous

solution[62-63] and AgandAu nanospheeimmobilised onanITO electrode

[12, 6465].
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Figure 2.7 The absorptiospectraof Au nanospheres on a modified ITO electrode at
three different potentials. The potensialere 0.6 V (solid line, a), 0.0 V (thick broken line, b)

and-0.9 V (c). Line d represents the absorption spectrum of the Au colloidal so[a&n.

The spectral shift is niay attributed to the chargingnd discharging of the
particles.The application of potentidb the electrode results in movement of
the electrons to and from the particles via the double layken the electrons

are transferred to the particle in the case of negative potential, thisdeands
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increase of the electron density of the particle lzentethe plasmon frequency.

As a result, the plasmon absorption is enhanced bdnelshifted On the
contrary, positive potenti al degpl et es
plasmon absorption reshift.

The spectral shift induced by the potential can be seen in Fig, 2.1
measured from 11 nm citrate capped Au nanospheres immobilised on
aminetermiated siloxane (ABSiIO) modified ITO electrode. The plasmon
absorption peak was about 530 nm at 0.0 V. After the application of potential at
0.6 V, the absorption spectrum red shifted to a new position with a maximum
around 534 nm. When the potential wapdte-0.9 V, the absorption spectrum

blue shifted to about 520 nm.

24.3 Particle morphology dependentcharge transport

The shift of absorption spectrunaccompanyingpotential application
indicates that metal nanoparticles experience charge transportheit
electrified interface.The amount oftransferredelectrons regulated by the
potential controlis determined by the double layer capacitance tha
nanoparticle. Varying nanoparticle sizes and shmes produce different
capadanes and electron densiés which aresensitive to their morphologs
The accumulation and depletionap ar t i c| e 6 s toalwidecdegree ns | e

of alternationof the p a r t plasinan drequency and resultsita different
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magnitude okpectral change.

The ssize effect orthe capacianceof Au nanephers wasinvestigatedy
Toyota and Sagara usirelectrochemicaimethod[66]. Citratestabilised Au
nanospheres with five different diameters (3.7, 11.0, 11.5, 21.7 and 40.8 nm)
were immobilised onan ABSIO-ITO electrode.Potential step coulometry
measurementsvere conductedo obtain the equilibrium charge at constant
potentials. The potentiaE; was steppedrom -0.4 V to 0.6 V at 0.02 V
intervalsasa potential stedor a durationof 1 s[12]. Thechargeq(t) at each
stepwas obtained by the integratiah currentwith time. Within the potential
step,q(t) waslinear att > 0.8 s regardless of the potential. The intercept to the
time zero line of the straight line fit gft) in 0.81.0 s was equad to Q(E, ),
ensuring as thamount ofcharge to reach a new equilibrium state. The charge
at each potential steplative tothe charget the initial potentiabf -0.4 Vwas

DQ(E; ), whichwaspresumably equal to thehange ofelectrons to chargie

particleand the space charge layer of the ff@n thatat-0.4 V.

The graph of DQ(E, ) before and after the immobilisation 1.7 nmAu
nanospheresn an identicalABSIiO-ITO electrode is illustrated in Fi@.18 a.
DQ(E;) was greater in the presence of the particlése change of total
charge on the particddor 23 % (5.6<10° particles crif) and 34 %(8.2x.0™°
particle cnf) coveragewere5 8 & €axmd 8 772 respectively, which
were equated to thedifference of DQ(0.6V) before and after the

immobilisation of particlesThe number of electrong transfered at each
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particle was estimatedt 6.5x10° electrons V* particle’, and this valuevas

equal to a capafaradinglepartele.of 70 € Fcm
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Figure 218 (a) Plot of relative chargeDQ(E; ) = Q(E; ) - Q(- 0.4V) obtained by the
potential step coulometry asfunction of E for 21.7 nm Au nanospheres. Line a (solid square,
T)bbef ore immobilisation of the particles. Line
after the immobilisation of Au nanospheres of 5.6%articles crif and 8.2:40™ particles
cm? respectively. The potential sequeneas E, =- 0.4V +n3 0.02/ with n= 1-50. (b)
The number of electrons per particle transferred when a 1.0 V potential step coulometry was
implemented aa function of particle diameter. The immoliition densities for 3.7 nm
particleswere 1.1 and 1.3x1% particles cnf, for 11.0 nm particlewere 3.0 and 3.6x6
particles crif, for 11.5 nm particlewere 2.0 and 2.8x18 particles cnf, for 21.7 nm particle
were 5.6 and 8.2x1 particles crif, andfor 40.8 nm particlewere 3.5 and 7.1x%particles

cm’. [66]
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Potential step coulometry fror0.4 V to 06 V was implemented on the
otherfour particles with differentliameters The electrong obtainedfor each
type of particle was proportional to the square die particle dameter, as
shown in Fig. 218 b as a loglog plot. This indicaté thatthe amount of
electron transporndcapacitance per unsurfaceareawasindependent of the
particl eoand whi6@tin@ t efFjo the range of 3:40.8 nm
diameter

The absorption spectral shift of these five kinds of Au nanospheres
induced by the potential changing in the range-@8 V to 0.6 V was
quantified by using spectroelectrochemical methddhat theabsorptim peak
wavelengthwas located ata shorter wavelength when the potential was
negative andhifted toa longer wavelength when the potential becanae
positive wasobservedn a | | the particlesd measur e me
D/ which is the difference of peak wavelengths at 0.6 V @hd V was
greater for small particles. 3.7 nm Au nanospherdsbited38 nm shifts while
40.8 nm particlesadonly a9 nm shifts due to the changepaftentialof 0.9 V.

Toyota and Sasq the qudston fwluch article has the
largestp eak wavel ength shift witUngeaialt he c
proposeda relationship between the spectral shift and the change of particle

charge amount according to the Mdeude theory62],
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/
/

- N

, 16CV,DE
d F

=1

(2.4)

- N

whereC is the double layer capacitanger unit aredFm], /. [nm]and /.
[nm] are the plasmon peak wavelengths at initial [V] and final
E; =E +DE(DE >0) [V] potential,d [m] is the diameter ofhe nanosphere,

F is the Faraday constarf 96487 Cmot, andV;, [m®mol™?] is molar volume.
At constant DE and certainC irrespective of particle diameter,? //? is
proportional to the reciprocal dof This predicts that the spectral shift is greater
for smaller nanosphesat a givenDE [66].

Beside nanosphese there are severabther shaps of nanocrysta
available to be used under potential contrdWlulvaney el al. deducea
relationship between the surface plasmon resonance §Hift and the
altemation of the nanoparticd electron density DN within the dipole

approximation67],

_ DN,
2N

D/ = p\/en +(%- e, (25

HereN is the electron density of thenchargednetal, e, is the high frequency
contribution from interbad transitions, e, is the dielectric constant of the

medium, / is the bulk plasmon wavelengthndL is the nanoparticle shape

factor.

The number of electrons transpaiat the metal nanopartickdectrolyte
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interface is determined by the potential &meldouble layer capacitance, which
is proportional to the surface areatbé particle while the electron density is
inversay proportional to the volume othe particle [65]. Therefore, high
surfaceareato-volume ratio particls where the large surface providetarge
number of electrons transferredaismall volume, experienadrastic change in
the electron densityDN and greater peak wavelength shifEquation (%)
predicts that for a constant valueDM, the wavelength shift is larger for the
particle with small depolarisation factbrresulted from the large aspect ratio

such as nanorad
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Figure 219 Sensitivity ofthe surface plasmon resonance bandtanges in electrotiensity
for different shaped gold nanocrystals. The dielectric constagheafiediumwas?2.25,L is the

depolarisation factor describing the nanocrystal morphol68y.

The spectral shift of gold particles as a function of change in electron
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density is shownn Fig. 219 calculated from Eq. (8) [68]. All the Au
particles whatever the shapexperience peak wavelengtiue shift when
more electrons are injected. At a given relative electron density, spherical
particle exhibitsthe smallest shift, whereas the wdnd other needldike

particles with smaller depolarisation factor exhibit higher spectrabshift

24.4 Electron-transfer study of single nanoparticles

Electrontransfer to and from particle have beenstudied on large
ensemble of metal nanopatrticleby usingthe spectroelectrochemical method.
Adding soluble reductant to the colldid inject electrons into particles is one
way to change the particle chargd, 6768]. Another approach is to apply a
potential on a electrodeimmersed in the solution to transfer electrons to the
particlesas described in the previous sectj@g, 62, 69] The study of single
metal particle can avoid the inhomogen#y problens which occur in the
ensemble measuremensuch aghe distribution of size, shape and structural
defect during theparticle synthesis process The interaction between particles
when they arein close proximity can also be eliminatedas well [70].
Dark-field microscopy is the most common technique to image single metal
particles, using either darkeld illumination or total internal reflectiofy1-74].

All of these methods aim to detect the scatldight from metal particle

Rayleigh scattering decreasesth the sixth power of particle diametego
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particles with sizes larger than 40 nm can bigpicaly usedin darkfield
microscopy[71, 73]

Because the size and shape are important factors to determine the
particleds optical a n d -fieddl mecooscopy is re mi ¢ a |
elegant technique toneetthis challenge to investigate the electrochemical

reaction on single metal particle.

Scattering (a.u.)

= T T T T s =
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Figure 220 Scattering spectra of a gold decahedron before and at 1, 2, 3 and 60 minutes after

electron injection by ascorbate i0f88]

Direct observation of gold deleadracatalysed oxidation of ascorbic acid
was achieved by Novo et alsing a darkfield microscope[68]. The gold
nanocrysta in the solution acts an electron reservoir in the presence of
oxidation of ascorbic acid followed by the reduction of oxygen to water.
Oxidated ascorbic acid transferred the electronstive@u nanocrystal and the

conseguence wasblue-shift of the surface plasmdwmand. The SP barshifted
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Scattering (a.u.)

almost 20 nm duringatalysis from 620 nm to 600 nm. When the scattering of
this single Au nanagstal became dsltde after 3 minutes of electramjection, it
shifted back to its initial position at longer wavelength region (Fig. 22).
According to Eqg. (&), a 7 % increase in the electron density is required to
achieve 20 nm shifts, which is egalent to 8300 electrons transped in

the 3 minutesor 4,600 electrons per second.
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Figure 221 Normalised scattering spectra of the gold nanorod (a) shown in the SEM impages (b
before and aftecharging. Thepotential was varied from 0 V td.4 V. The solid lines are

Lorentzian fits to the spectra. The granular structure is ITO surface. Scale bars= 108 nm.

The process of electron injection inta single Au nanoparticle
immohlised onan ITO coakd glass slide byhe electrochemical method can
also be monitored using dafield microscopy[75]. In a comparison of aAu
nanosphereanAu trigonal prism anénAu nanorodthe Au nanorod exhibited

the largest scattering spectral bklgft of 11 nm as the result giotential
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applied from 0 V to-1.4 V. Reversing the bias potential back to 0 V made the
scattering peak wavelength rehift backto its original position (Fig. 21 a).

The observation of SEM images on the Au nanoparticle beforeafedthe
potential application indicated that there was no significant change in the
particl eds mo2ilp)hGonsidgripng thHe Fpeogqetry & this Au
nanorod, 11 nm blushift resulted fromthe application of 1.4 V, 85000
electrons were estimate to have transporéd implying a double layer

cpacitance 20f 150 eFcm

245 Biosensor gplications of electrontransport in nanoparticles

Because the surface plasmon resonance frequeficyoble metal
nanoparticls is highly dependent on the dielectric constant of the surrounding
medium, either the wavelength shifts in the absorpticscatering, or the
absorption/scattering intensity change at a single wavelepgbijde great
opportunities to detect thedsorbatéenducedchange in the local environment
of nanoparticld1-2, 7677].

In addition, metal particles perfomg as electrorrelays to catalyse the
electrontransfer in the redeactive speciesvas directly monitored by surface
plasmon spectroscopyll, 6768, 71, 78] The alteation of absorption and
scatteringis able to be achievedly the electrochemical methodll of these

experiments raisthe possibilities that metal particle coydbvide a potential
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route to the detection of electron trandfgropical method.

(a) ' ' ' (b)
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Figure 222  Differential scattering signal of neural activity) &single spike activity. (b)A

burst of spikesEach trace represents a single shot recording from a single neurg]cell.

The taditional techniqudor recording cellularelectrical activity is to
inserta sensor electrode iothe cellular medium/tissue to measure the voltage
generated from cells and their response to electrical ch§@gedhis very
invasive method i®ften replaced bylessinvasive optical labéhg method.

The most commonly used labels are voltagasitive dyes, which change their
optical properties in responge the cellular membrane potential. Although
they are capable of detecting the cellular electrical activity, the drawbacks of
photobleaching anthe resultantoxicity inherent to fluorescent markelimit

their application[9, 73]. The advantage of ngphotobleaching possessed by
the noble metal nanopartisland its optical properties related to the interaction
between metal conduction electrons and the electric field across rcellula

membranes make the particdepotential substitué for fluorescent dyes to
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record the cellular electrical activity.

The optical detection of brain cell activity using Au particles atray
beenreported by Zhang and eworkers[9]. An array of gold particke of 160
nm diameter and 40 nireight was fabricated on ITO coated glass by electron
beam lithography. This high density Au nanoparticle substrate was used for the
growth of hippocampal neural celand as anelectrical to optical signal
transducerA laser with wavelength of 850 nm, where thighest gradient
presented in the transmissispectrum of this particle array, was chosen as the
probe wavelength in the neursensing experiment. The hippocampal neuron
rested on the particle array was stimulated by the injection of glutamate into
t h e nsesurmounding mediurof artificial cerebospinal fluidto generate
spontaneous microsecond duration buodtslectrical activity The neural cell
activity triggered by the injection of glutamate is shown in Big2. A single
spike and a burst of spikes from two different neurons are identitied this
graph. The successful recording of neural spiking activity in real time proves
the capability of nanoparticdean biosensing applicatiaiand encourages the

extensive study of metal nanoparticle in tletection of neuron activities
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Recent advances in technology have enabled the fabrication of various
noble metallic nanostructures. This has raised interest in characterising the
optical properties of such nanostructures becausieeofpotential applications
in many diverse fields. Distinctive optical features have been revealed as their
dimensions have been scaled down from the micron to the submicron region
[79] and their shape modified from spherical to nonspherical, for example
rodlike or triangular[44, 8082]. Among a wide range of techniques available
to study nanostructure, optical methods are often preferred because of their
nondestructive naturf28, 79] Optical measurements are able to operate from
the near field to the far field, which giwe& wide degree of flexibility and
allows insight into the nanostructure.

Although optical measurement and imaging can be implemented in
several ways, the understanding of nanostructure through optical methods
involves investigating the dielectric function of noble metals to determine its
optical response. The range of optical featescorrelated to the geometry
and size of nanostructure implg morphology elated effects on the propedie
of the material that are absent from the bulk metal. The discontinuous
structures presenting on metal film surfaces prepared by thermal ev@porat

consist of metal nanocrystals intersecting with the surrounding dielectric. This
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metatdielectric composite supports a drastic change in its optical response, as
compared to the bulk material, attributed to the interface with an aggregate
particletopology[83-84]. The dielectric function of noble metal is dependent
on itsfree electron density. The application of paotial to asubmersednetal
induces charge transport between the metal and the surrounding electrolyte
solution. The change in the electron
dielectric constant, and consequently its optical propd&ids

The purpose of this chapter is to understand the dielectric function of gold.
The dielectric function of bulk gold will be briefly described. Then, small
metal particles will be explained followed by the dadtic function of an
effective medium aa roughmetal film surface that consists of interlaced metal
and dielectric particles. Dielectric function adjustments for small particles and
the surface of gold films are applied to that of bulk gold. Finally,alteration
of gol ddés properties by the presence

this chapter.

3.1 The dielectric function of gold

It is well known that the polarisability of a material is proportional to its
dielectric function. An apple electric field driving the electrons to oscillate
with the atomic nuclein the mattemwas thought of as a harmonic oscillator by

H. A. Lorentz. Each oscillator driven by the time harmonic electric field
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contributes to theoverall induced dipole momenin the material[85]. The
perception of matter and its interaction with light has been developed by
guantum mechaos. The photorabsorbed in the matter releases its energy and
produces quantum excitation, which has unique quantised energy and
momentum.The energy of an electros maltered by the effects of optical and
thermal excitation. Understanding of the energy states of thetrais

improves the prediction of dielectric functigi].

3.1.1 Dielectric function for bulk gold

Conduction band

--Femri-bevel----}Eg --Feimi-leuel---} Eg «-«Fermilevel--

Valence band
Valence band Valence band

(a) (b) (©)
Figure 3.1  Diagrams of the electronic band structure of (a) an iosylat a semiconductor

and (c) a metal.

The electrorspins around the atomic nucleurs discrete energy levels. A
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solid is composed of a large number of atoms as a periodic crystal lattice. In a
solid, the difference between energy levels become snalkérthese energy
levels form broad and continuous bands as shown in Fig. 3.1. For the cases of
insulators and semiconductors, the valence band is completely filled and the
conduction band is empty of electrons. There is an energyEjagetween

these two bands that forbids the electron to transit at absolute zero temperature.
If excited by absorbing energy, electrons tend to transfer from a lower to a
higher energy level. The probability of an electron transferring from the
valence totie conduction band is determined by the size of energy gap and the
absorbed energy. The large band gap in insulators deters the electron from
completing this transition. No current flow can be caused by applying an
electric field. The energy gap in semmciuctors is smaller than that of
insulators. By absorbing energy greater than the energy gap, an electron in the
valence band is able to move to the conduction band as a charge [G&frier

85].

The band structure of a noble metal is different from that of either
insulators or semiconductors. The valance band is partially filled with electrons.
It overlaps n energy with the conduction band. An applied electromagnetic
field distorts the distribution of electrons in the metal and induces electrons to

experience intrabande

intra

(w) and interband e, (W) transitions, which

contributeto its wavelength dependent dielectric constanw) ,
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er (M/) = eintra(m + einter (M/) (31)

An intraband transition can occur when electrons at the Fermi level are
excited by photons of very small energies, usuatlthe neamfrared region,
to achieve collective free movement in the conduction band. The Drude model
empirically explains the dielectric function contribution from the collective

oscillation of free electrons.

W

Era(W) =6, - W(TigD)

(3.2)

where wis theangular frequency of light [ras], e, is the dimensionless
high frequency limit contributed from the interband transition of electrons and
has the value of unity if only feee | ect ron osci |l |l ati on
metal), andg, =1/t [Hz] is the damping coefficient due to the dispersion
of the electrons where is the relaxation time [s].

The plasmon frequencyy, is given by

(3.3)

whereN [m™¥] is the free electron densig[C] is the charge of an electrorg,

[Fm™] is the permittivity of vacuum andn’ [kg] is the effective mass of an
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electron. Sincem’ in the gold conduction band is approximately the same as
m,, the mass of an electrd86], the figure 9.109% 10" kg is used in the
following calculations.

However, noble metals also exhibit strong absorption in the visible and
ultraviolet, as well as the nemfrared region, and this is attributed to the
el ectronds 1 n iNede metats have a distingtrid high energy.
gap between theoccupied highest point in the-band andthe lowest
unoccupied level of-p conductian band An interband transition occurs when
an electron jumps frora state below the Fermi surfacette conduction band
when it is excited by energy of more than the interband transition threshold.
For the case of gold, electrons transfer fromrtheowand flatd-bands 5¢ to
the Fermi level (63, which is the only band participating in the interband
transition[32, 34, 87] The first interband excitation occurs frahbands in the
X point of the first Brilloun zone to the conduction band, with an energy of 1.7
eV. The second interband transition threshold hgawint of the Brillouin zone
is about 2.5 e\{31, 33, 8890]. To extend the model of the relative permittivity
of gold from the neainfrared into the visible range by taking the contribution
of interband transitions into account, the permittivity of gold can be better

estimated by introducing one Lorentz oscillator into the Drude njédgl

W D

=6 gy (WP - W) +iGw

(3.4)

50



Chapter 3 Optical properties of goldnd its local environment

where W, [Hz] and G [Hz] are respectively the strength and spectral width

of the Lorentz oscillator andeis a weight factor.

The real, e, and imaginary parte , of thedielectric function of gold

for wavelengths of 500 nm to 1000 nm is illustrated in Fig. 3.2.

Photon energy{eV)
o 24 22 z

Photon energy{ev)
1.8 1.6 1.4 45 24 2.2 2 1.8 1.6 14

Re(c,,)

500 600
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. ) g
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1000
Wavelength{nm)

(@) (b)

Figure 3.2 The real (a) and imaginary (b) part of the dielectric function of gold from 500 nm to

1000 nm

For gold at low frequency (long wavelength®, is large and negative.
Its magnitude increases monoitally with increasing frequency (reducing
wavelength). &', which isrelated to the energy lagsresents a parabolic curve
and has consistently positive value between the low and high frequency
regions illustrated.
One of the inteesting optical properties of noble metals is their optical
reflectivity. The plasmon frequency determined from the electron intraband and

interband transitions is defined as where 0. In the spectral region below
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the plasmon frequencyhg infrared and visible), the metal presents as opaque
due to the high reflectivity. Above the plasmon frequency into the ultraviolet

region, the sign ofe changesHere, the metal is highly transmitting since the

reflectivity approahes zer¢35, 85]

3.1.2 Size effects on the dielectric function

Due to the Paulexclusion principle and screening of coulomb
interactions, conduction band electrons in a bulk metal move freely for a
certain distance/, before they experience a collisioeyen if they are
crowdedtogether[35]. The scattering of the electrons by other electrons,
phonons, lattice defects and impurities is described by the damping coefficient

g, - In a bulk metal,

9 = (35)

where v, is the electron velocity at the Fermi surface finand /, is the
mean free path foelectrons in the bulk metal [nThe mean free path of the
electrons in gold is of the order of-50 nm[92].

For a particle whose size is comparable to or smaller tharthe mean
free pathof electron becomes dominated by collisions with the particle

boundary[85]. The smaller the pécle, the faster the electron reaches the
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particle surface. Surface scattering leads to a reduced effective mean free

path L and an increased damping tergy, (the inverse of the collision

time) in the Drude modéo account for these additional surface collisiohs.

a conseqguence, the resonance | inewidtHh
measure of the damping process for the collective plasmon oscillation, has

been shown heoretically and experimentallyhat it is relaive to the

nanoparticles with various geometr[82-93]. g, can be written as

— Ane
geff _gD + L

(3.6)

eff

where g, is the bulk netal damping constant [Hz]y. is the electron
velocity at the Fermi surface [ffisand L. is the effective mean free path for
collisions with the boundary [m]. A is a dimensionless parameter related to
the detailsof the scattering processes. It is nearly unity assuming that
conduction electron scattering at the surface is totally inelastic. Surface
scattering compels the electrons to move randomly at the Fermi velocity by an
average chord length until the nextfage collision. The chord length between

the two points on the surface where the electron loses its energy is the effective

mean free pathL, . In terms of the volume&/ and surface are& of an

arbitrary shape particl®4],
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Ly =— (3.7)

The dielectric function of small gold particlewith consideration of

intraband and interband transitions and the size effect, is given by

enm=e, - — o Do
T Mwtigy) (W - WE)+iGw
= e, (W +—0 w (3.8)

Mw+ig,) WMw+igy)

In Chapter 6the investigation of small Au nanospheres and Au nanorods
is carried out. e dielectric function of goldncluding the size effectis

employedfor the calculatiorof theirdielectic functionsin that Chapter

3.1.3 Aggregation effecs

Thermal evaporation of bulk gold onto a substrate such as glass, mica or
quartz, can be used to fabricate gold films of varying thickness. Initially, bulk
gold at high temperature is ionised. Charged and neutral clusters nucleate in the
gas phas95]. These Al clusters initially land on the bare substrate as isolated
0i sl andsé to form a di scontinuous
experience Brownian coagulation to form particles while Coulomb force is

repulsive for charged clusters with similar sizeg changes to be attractive
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when their size difference is large. The attachment of several clusters

constructs larger clusters. As evaporation continues, a percolation threshold is
approached due to the continuous growth of both the cluster size and its
distribution on the substrate. Gold islands coalesce on the substrate and
eventually create a continuous and electrically conductive film. The size of the

Au islands increases with the nominal thickness of the film and their presence
becomes less distingtiagble in thicker films as compared to thin ofte4.

The metallic nangslands at the surface of a film embedded in the
surrounding ambient medium (which is typically insulating) can be regarded as
a composite systef@6-97]. When the ratallic islands are much smaller than
the incident wavelength, this inhomogeneous medium can be approximated as
a quasihomogeneous effectiv@edium material, whose dielectric function has
contributions from both the insulating medium and the metallicgbest

The MaxweltGarnett (MG) theory is one of the earliest and most well
known approximations that can be used to interpret the properties of such an
inhomogeneous medium. Assuming the local electric field generated by the

interaction of the metallicgrticle and the external electric field is of Lorentz

type [83], the effective dielectric constarg,, of the composite is related to

those of the metal particles, and the insulating mediung as

€t - € ep -6
= fp (3.9)
Lpeeff +(1- Lp)ei Lpep +(1- Lp)ei
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where L is the depolarisation factor determined by the shape and orientation
of the particles andf is the volume fraction of metal particles within the
film. (The depolarisation factol , will be describd in detail in Sec. 6.1.1. For

a spherical particle,L, =1/3).

MG theory is applicable when there are only a small proportion of metal
particles which are widely separated. For the situation of a high particle
volume fraction, Bruggeman qvided the effective dielectric constant of a
random mixture of two component materials that is expressed as

ep - Cott

e-e
; + i eff
Cett +(ep - eeff)Lp

Eett +(e| - eeff)Lp

- f,) =0 (3.10)

€, can be solved g98]

& o sl JsP-2(f, +L, - 2f L )s+(L, - f,)°
p

e =
2(1- L) s s ]

(3.11)

wheres has the forme /(g - €,). One branch in the solutions of Eq. (3.11)

which has positive values in the imaginary part is chosen as the effective

dielectric functiore, .
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Figure 3.3 Evolution of the real (a) and imaginary part (b) of the dielectric constant of a
gold-water mixture as a function of the volume fraction of gold particles. The solid red, dotted
blue and dashed green lines represent the dielectric constaft@n5550 nm and 750 nm

respectively.

The dielectric constant of an effective medium formed by gold and water

(n=1.33) as a function of volume fraction is shown in Fig. 3¢3.ande” vary
in a nommonotonic fashin as the volume ratio of gold is increased.

Considering the volume fractiorf ; extending beyond 0.8¢ decreases and
e increases quaginearly with f_.

Au film fabricated on a coverslip byhermal evaporatiois investigated in
Chapter 5,and the effective medium theorys employed tocalculatethe
dielectric constanof the interface between thgold surface and the ambient

environmenin that Chapter
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3.2 The electrical double layer

Pol arising an electrode alters the
movement of electrons at the metal surface. The charged surface attracts
opposite charges towards the neighbourhood of the electrode and sets up an
electrical double Iger at the metasolution interface. The different Fermi
levels between the metal and the ions and neutral molecules in the electrolyte
solution are balanced by the convection of electrons through the double layer.
Many natural phenomena, such as biologinembranes, crystal growth and
colloid stability, are related to the construction of the double [@yeb5].

Helmholtz was the first pione@b4-55, 99]to think about the distribution
of charges on the metal surface. He raised the concept of the double layer to
explain the corequence of opposite charges residing on the surface of metals
separated by distances of molecular order. The charges approaching the metal
are regarded as point charges by Gouy and Chapman and are distributed in a
diffuse layer as the result of electridatce competing with thermal diffusive
force. A high concentration of electrolyte causes excess charge to align at the
region near the metal surface, while charges are distributed further from the
surface of the metal in the case of lower concentratiorce she electrostatic
force I S weaker. Stern combi ned t he
GouyChapmandés explanations for the doub
having finite size. He also proposed a more elaborate theory for the electrical

double layer
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Emerging theoretical models have begun to account for thepeaific
behaviour and the assumption of ions as hard spfiE#6<.02] to improve the
double I ayer theory. Ho we woreis ysediamthet hi s
primary modelto investigatethe electrical double layaronstructed aan Au
film-electrolyte interfacein Chapter 5 andan Au nanoparticleslectrolyte

interface inChapter @espectively

3.2.1 Gouy-Chapman-Stern (GCS) model

Inner Helmholtz plane

\ /Outer Helmholtz plane

0*1 Xz

Figure 3.4 GCS model of the double layer under the condition of anions specifically adsorbed

on the electrode

The GouyChapmarStern model gives a general description of the
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electrical double layer. The behaviour of the electrode and theroijeet
solution resembles a capacitor that can accumulate and release charges at the
electrodesolution interface. At a given potential, the charges existing on the
metal electrode induce an equal quantity but opposite sign of ions to reside in
the vicinity of the metalkolution interfacial region together with the presence

of oriented molecule dipoles. A schematic representation of the GCS model is
illustrated in Fig. 3.4.

The electrical double layer consists of three regions, the inner Helmholtz
layer, tre outer Helmholtz layer and the diffuse lay@03-104]. Solvent
molecules together with some specially adsorbed anions adsorb on the surface
of the electrode through Coulombic and van der Waals interactions. Because
anions are less strongly hydrated than cations,dhejyormednore commonly
as the spefic adsorption ions. The orientation of the solvent dipole is
dependent on the polarisation of the electrode and the adsorbed anions. The
solvent molecules and the anions adsorb firmly on the metallic surface, to form
an inner layer called the compactédayThe locus of the centre of this layer at
x, is called the inner Helmholtz plane. Meanwhile, additional hydrated cations
are attracted by the metal surface. Water molecules have a strong dipole
moment so they prefer to bind to iorespecially cations. The locus of the
centre at x, of these norspecially adsorbed ions with closest approach to the
electrode surface is called the outer Helmholtz plane. These excess hydrated

cations are repelled by the outer Helmhdhyer as well as by competition
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from other cations moving towards the electrode. Thermal motion makes these
ions distribute in a three dimensional region called the diffuse layer to achieve
equilibrium. The diffuse layer extends from the outer Helmhaktine x, into
the bulk of the solution.

The capacitance of this electrical double laygs is made up of two
capacitors in series, the capacitance ofHbémholtz planeC, at 0<x<Xx,
and the capacitance of the diffuse lay@y, extending fromx, into the
bulk solution. In the assumption that there are no specially adsorbed ions on the

metal electrode, the double layer capacitai@e [Fm?] for a symmetrical

z: z electrolyte with the bulk concentration® [mol-L™] is given a§103]

c, =& (3.12a)
XZ

2.2 0

C,. :J 26,6 7€ 10N (1 EY 2y (3101

kKT 2kT
Ci:Ci-l-Cl =L+ 2.2 31 0 (3.12¢)
i € er
D H diff 0 \/Zeoerzelo NN Cosh(zg/z)
kT 2kT

where g, is the permittivity d vacuum, e, is the relative static permittivity

of the medium andx, is the closest distance that the counterion can approach
the metallic surface. A molecular thickness of 5 A is used [@eN, is

Av ogadr o 03 isthavaldneerof the ioreis the electron charge [(4,

i s Bol t zman n'PpBis thecabssluteatemperafurck Kénd v, [V]
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is the electrical potential at positiegn

Considering that specially adsorbed ions are absent inregen
0¢ x ¢ x,, the charge density is zero. The electric fielgt /dx is constant
and the potential varies linearly in théelmholtz layer from the electrode

surface, where the potential j5,[V], to the potential y , at position X, ,

d
Yo=V,- (C]V)xzx2 X, (313)
X

¥, can be solved graphicalgndsubstituing it into Eq. (3.12}o obtain C, .
Therefore, the total capacitanc€, is lower than that of eitheC, or
C.i - The potential alters linearly from the electrode surfgge 0) to the
outer Helmholtz plane(x=x,). Then, the potential exponentially changes
from the outer Helmholtz plane to the interior of the electroljtederivation
of the double layer capacitanisadescribed in detail in Appendix 2.
The reciprocal 06 is the Debye length uséd characterise the thickness

of the double layer [m],

(3.14)

(= |2 10°N,n°z%€?
ge kT

and is dependent on the concentration of electrofyte

The capacitance profile for a 1:1 electrolyte is shown in Fig.A& lower
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electrolyte concentration, the capacitanCg is dominated by the diffuse

capacitanc€,, indicated by the presence of a parabolic curve. At larger

electrolyte concentration, the double layer is comgesand the increased

C. is comparable toC,. The constanHelmholtz capacitancéegins to

dominate the overall double layer capacitance.

| =——0.1M
0.3M
0.5/ ——0.6M
— 0.9M

0.2 0.1 0 0.1 0.2
E(V)

Figure 3.5  Double layer capacitam@d as a function of potential and electrolyte

concentration. The electrolyte is assumed as a 1:1 electrolyte, such as NaCl.

The minimum capacitance is observed at 0 V, which is assumed as the
point of zero charge (PZC) in this calculation. Solvents in contact thvéh
electrode surface may have preferential orientation in the presence of specially
adsorbed cations or anions. The applied potential on the electrode is adjusted to
be the point of zero charge to achieve the condition that no free excess charges
exist an the metal electrode surface, where the charge density of cations is

equalised to that of anionBecause the GCS model treats the ions as
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dimensionless and does not account for the specificities angpaaificities of
ions, the saturation effect of tledectrical double layer from the finite size of

the ions is not considered by this approfdi-102, 105]

3.2.2 Charge transfer process

The equilibrium potential may be achieved when the metal is immersed in
an electrolyte. The electrochemical potentials in the metal and the electrolyte,
depending on their Fermi energy, govern the direction of electron transfer.
Initially, the Fermi levels of the metal and electrolyte are different. Electrons
will transfer fromthe substance with a higher to that of a lower Fermi level
through the quantum tunnelling effect to overcome the work function.
Releasing electrons from the metal into the electrolyte generates a cathodic
current while removing electrons from the electtelio the metal generates an
anodic current. The potential between the metal and electrolyte caused by the
electron flow creates a double layer at their interface to counterbalance the
cathodic and anodic reaction. Eventually, the net current approachesszbe
balanced result of the cathodic and anodic reaction. At the equilibrium state,

equal Fermi energy of the two phases is attajhed104].
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Electrode states [Solution states

-3 =

C
-4—

A

Electron energy (eV)

-5 = Eequilibrium

Figure 3.6  Relationships of the electronic energy states between a metal electrode and an
electrolyte solution containing one oxidised and mwthiced speciesD (/,E) and Dg(/,E)
are the energy state distributions for the oxidised and reduced species respectively, which are

determined by the reorganisation energwand the electron enerdgy

Considering an electrochemical experiment with one redive couple
employing a threelectrode system, where the potential of the working
electrode is controlled with rpeact to the reference electrodlee measurement
of current generated by su@ng the potential gives useful information about
the nature of the reaction in the solution. Overpotential applied on the working
electrode either accelerates the anodic reaction rate and slow down the cathodic
reaction rate or vice versa, depending be tirection of overpotential. If

driving the electrode to a positive potential, the Fermi level of atoms in the
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electrode is decreased. An anodic process takes place where the electron is
transferred from an occupied state of the ion or neutral moleoedieided
species) in the double layer, or adsorbed on the electrode surface to an
unoccupied state in the conduction band of the metal electrode. Conversely, a
cathodic reaction occurs at negative potential and the Fermi level of atoms in
the metal is elewad as a consequence. An electron is transferred from the
conduction band of the metal electrode to an unoccupied state of the ion or
neutral molecule in solution (oxidised species).

Suppos the initial potential on the working electrode is at the equulibr
potential located between the Fermi levels of the reduced and oxidised species,
as shown in Fig. 3,&riving the potential in a positive directioA)(induces
the Fermi level of the metal electrode towards a lower energy level, but
unoccupied statesnadhe electrode do not match the Fermi level of the reduced
species. The current flow at this condition is only to charge the electrical
double layer. When the potential is continually incread®dtq satisfy the
requirement of overlapping the Fermi lewadl the electrode and that of the
reduced species, oxidation is activated effectively in that electrons are
transferred from the reduced species to the electrode. A sharply rising faradaic
current dominates the currgmbtential curve at this moment. Whehe
potential is negatively scanned, the anodic reaction is decelerated and the
Fermi level of the electrode is raised. When the overpotential is reduced to

point C where the Fermi level of the electrode is lower than that of the oxidised
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species, a chanmyg current is observed in the curr@mtential curve. Increased
negative potentiall¥) effectively boosts the Fermi level of the electrode to
overlap that of the oxidised species and enable electrons to transfer from the
metal electrode to the oxidisedesjies

The thermodynamic potentials for deposition of Idad evolution of Cl
are-2.911 V vs. Ag/AgCI (sat. NaCl) and 1.161 V vs. Ag/AgCI (sat. NaCl)
respectively[103-104]. Both of them lie appreciably below and above the
potentials required to evolve oxygen and hydrogen. If aqueous NaCl is used as
the supporting electrolyte, it improves the conductivity of the solution and

meanwhile avoids the redox reaction taking place ohaNd Cl.

3.3 The space charge region

The electron density of the metal electrode adjusts in the presence of an
external etctric field. The induced electric field caused by the separated equal
density of electrons and holes in the space charge region near the metal surface
neutralises the effect of the external electric field to approach the equilibrium
state[103, 106]

The plasmon frequency determining the dielectric constant of noble
metal 5 dependent on the electron density. Adjustment of the electron density
in the space charge region consequent |

in this region as the result of electric fieltherefore, thenodelingin Chapter
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5 and 6 related to ¢hinvestigation of the influence of potential on Au film and
Au nanoparticle has employed the space charge region to take account of the

change in the gofid dielectric constartaused by the potential

3.3.1 Electron screening

Potential applied to thenetal electrode perturbs the initial equilibrium.
Creation of the electrical double layer at the mstdlition interface intensifies
the external electric field. An excess of electrons move towards the bulk metal
in the case of a positive potential on thetal electrode. Remaining holes act
as positive charges and flow towards the metal surface. Excess electrons and
holes distributed at the space charge region develop the induced electric field to
decrease the influence of the external electric field. ré€kaltant electric field
affects the energy of electrons in the space charge region but its effect is
negligible beyond this layer. The Fermi level at the metal surface decreases due
to the accumulation of positive charges as compared to the bulk miegal. T
energy band is bent upward. In the case of a negative potential applied on the
electrode, electrons flow to the surface in the opposite direction to the external
electric field, whilst the holes move towards the bulk metal. Their movement is
confined tothe surface space charge region. The band energy at the metal
surface is bent downward because of the positive energy level at the surface

compared to the field free bulk metal.

68



Chapter 3 Optical properties of goldnd its local environment

The interaction of electron screening was elucidated in the ThBaras
appoximation. The external electric field is able to penetrate but exponentially
decays into the metal, characterised by, the Thomad-ermi screening
length. Beyond this screening distance, the absence of an external electric field
enadles the electrons move freely in the metal.

The Thomagermi screening length/ ;- is given by{107]

N

ae? o)
/TF = _Dm(eF)8
GE =
1
= % (3p2N) s (3.15)
e m

where g, is the permittivity of vacuume is the electron chargeD, (e:) is

the density of states for the energy of an electron at the Fermi level,
>=h/(2p), wherehisP| a n c k 6 s mis thennsassaohelectron amdis

the free electron density. Usually, this screening length, which is the
penetration depth of the electric field into the metal, is extremely short,

typically less than 1A.

3.3.2 The effect of potental on the dielectric function

As described above, an applied potential on the metal electrode results in

an electrical double layer at the metalution interface and the space charge
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region inside the metal. The vegynallthickness of the space charggion as
compared to the thickness of the electrical double layer at a-sudthion
interface makes the contribution of capacitance from the space charge region to
the overall capacitance negligible compared to the capacitance of the electrical
double lger since they are in serj@83]. Most of the potential drops on the
solution side across the double layeheatthan across the space charge region.

When a noble metal electrode is electrochemically polarised, the
modification of the dielectric function was considered by McInfad. The
perturbation caused hifie potential induces impurity atoms and ions to adsorb
on the metal surface via the bridge of the electrical double layer in solution
phase. The electrons in the valence and conduction energy band in the metal
self adapt according to the electric fieldheTpenetration of the electric field is
confined to the space charge region as the result of screening. The electronic
band structure of the bulk metal retains its original configuration.

The distribution of electrolyte ions with different charges in dbeble

layer is compensated by the electronic charges localised at the metal surface
dependent on the capacitance of the electrical double layer.

An applied potentialy [V] decaying from the metal surface into the
bulk electrolyte slution induces a surface charge dens@fCm? at the

metalsurface,

Q=Cyy (3.16)
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where C, is the capacitance [Ffhof the double layer.
The electron densi [m™] in the space charge region within the
ThomasFermi screening length is adapted according to these excess charges

residing on the metal surface,

DN = /i (3.17)

The adjustment of electron density the conduction band leads the

plasmon frequency of the noble metal to be

2
Wy = w (318)
- \ m €&,

whereN is the unperturbed free electron density.
The tuned plasmon frequency results in the potential induced dielectri

function of bulk metal in the space charge region as

ey Dew;
WMw+igs) (W - W) +iGw

e v(W) =6, (3.19)

Substituting Egs. (3.18) and (3.19) into Egs. (3.8) and (3.11) can obtain

the dielectric function of nansized particle and composite system at metal
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film surfaces respectively.

3.4 Summary

The dielectric constant of noble metals in the infrared region is described
well by the Drude model by accounting for electron intraband transitions.
Considering the contribution of electron interband transitionghén visible
region, one Lorentz oscillator is added to the Drude model to improve the
anal ysis of the dispersion of the nobl

The adjustments to the dielectric function of metal caused by the size
effect and aggregation are difications to their bulk counterpart. The
consequence of scaling down a metallic
is an increase in surface scattering. As a result, the electron collision rate
increases significantly. Islands resembling metallitigas reside on the metal
surface as a result of the fabrication process. The interaction of these metallic
nanaislands with incident light was treated by Bruggeman. Both the metal
nanaislands and the surrounding insulating medium contribute to theabpt
properties of the metdalielectric interface.

The electric field resulting from the potential applied to the metal
electrode is eliminated at the vicinity of the metal surface by the electrical
double layer in the electrolyte solution and the spatarge region in the metal.

The charges accumulated by the electrical double layer capacitor at the
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metatelectrolyte interface are compensated by the induced charges distributed
in the space charge region near the metal surface. The penetration d&pth of
external electric field into the metal is limited to the ThofRasmi screening
length because of the screening effect. The change in the dielectric function of
a metal electrode affected by potential due to the adjustment of electron density

is confired to the space charge region.
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spectrometer and experimental methods

Noble metal nanostructures have been studied for several decades due to
their unique optical properties related to the phenomenon afided surface
plasmon resonance (LSPR)08]. Light scattemg and absorption by the
particles are dominated by this resonance as the result of the collective
oscillation of conduction electror{d09]. Charge transport on the surface of
noble metal particles has dramationsequence on their optical properties
[11-12, 110] The potentialapplication of noble metal nanopales designed
as chemical and biological sensors for the electrochemical reactions can be
accessed bgpectroelectrochemical technigughich can providea definitive
description of the metalolution interface and breadth of information on the
reactions occurring at the interfacial region. The explorationthefperturbed
optical signalfrom nanostructure maintained under potential control provides
complementary compositional and structural information to investigate the
electrical influence with convetional electrochemical techniga®5, 103]

Traditional absorption spectroscopy of colloids collects information from
an ensembleof many patrticles, and is therefore affected by fluctuations in
particle size and shape. This limitation is circumvented by gekdvantage of
single particle technologies. The development of spatial modulation

spectroscopyl11] and the photothermal interference contrast mefidp
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allow the absorption of single particle smaller than 40 nm to be examined.
However, most absorptidmased techniques need to scan theoparticle in
the focal plane, which is complex and thim@nsuming. In the work presented
in this thesis, objectivgype darkfield illumination is used, which achieves
high contrast to allow detection of single particles under potential cpntrol
while allowing full access to the sample from above

In this chapter, the main experimental methods used in this work are
introduced .Firstly, the primary instrument, a custoobjectivetype dark-field
imaging spectrometer is described. Several metal nanostrusteregprepared
for study, including gold filmsand gold nanoparticle®f variousshapes and
sizes. The fabrication of Au film by thermal evaporation and Au nanoparticles
arrays by nanosphere lithography (NSL) will be introduced before the
drop-casting of @ld nanoparticle suspens®ion substrate The preparation
and procedure dheelectrochemical experiment are presentadardsthe end

of this chapter.

4.1 The eptilluminated dark -field imaging spectrometer

On impinging an object, an illuminatingeam produces two resultant
components. The first is an undeviated (zamer) wave, which only passes
through the object without any interaction with it. The second is the deviated

wave (diffracted wave) that is scattered by the object in many directions
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Dark-field microscopy is a sensitive technique because the nondiffracted rays
are removed and the image formation is based solely on the diffracted wave
component. By illuminating the object at an oblique angle, only the diffracted
light from the specime is collected by the objective lens whereas the
nondiffracted rays are excluded. The visibility of the object is enhanced as the
result of the absence of nondiffracted background [Dt2].

The nvestigaibn of single noble metal nanocrystal has been performed by
collecting its scattered light using ddikld illumination [50, 108] where the
zeraorder, unscatteredght is blocked and only the higher orders of diffracted
light are collected. Thus the scattering from nanocrystals is detected in the
presence of a low background. The observation of single nanoparticles under
the perturbation of potential whose magnitudelimited to be within the
nanocrystaks double layer charging region gives rise to the challenge to extract
the weak scattered light produced by the potential.

The custom darkfield spectrometerwas developed to study the
nanoparticles under the potemht@ntrol. A linear variable interference filter
was integratednto a darkfield microscopehat used epilumination through
the objective lenswith two CCD cameras asnaging and referencgeensors
respectively Only the scatteretight from the nanogystal is collected by the
imaging camera. The reference camera is used to diracthjtor the stability
of light from the light sourceA micromotion stagdranslate the interference

filter to scan thallumination wavelength, and quasionochromatic imges
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were acquirecat many different wavelengthénalysis of regions of interest
from these imageswas used to calculat¢he scattering speetrof the

nancobjecs.

4.1.1 Wavelength calibration of the interference filter

A HG-1 Mercury Argon source (OceaDptics) was used as a calibration
source for tk linear variable interference filter (VINIR 200, Edmund Optics,
with a 400 nm to 1000 nm spectral randgpgandwidths from 4®&5 nn) to
characterise a dispersion curve that describes the positiaheofertral

wavelength with respect to the filter position, whaan be expressexs

/,=LD3 X+B  (4.1)

where /, [nm]is the transmission wavelength corresponding to the position
X [mm] on the filter,LD [nm/mm] is the linear dispersion, intercépfnm] is
the offset wavelength at the beginning of the filter.
The filter was mounted on a motorised stage (8MT42M, Standa)
directly between th calibration source and a CCD camera (SXMF,
Starlight Xpressp i x e | si ze: 8.2 eml8.4 &m, i mag
Hg and Ar spectral linewere available from the calibration source. The filter

wastranslatedrom its initial positionat0 mmalong the full range c200 mm,
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so that separated emission linesrg sequentially projected tonthe CCD
cameraBy recording two positions on the filter whetre emission peaks were
the strongest,namely 546.08 nm (measured a63.6 mm), and 763.51 nm
(measured afl12.8 mm), the linear dispersidtD was determined as.4R
nm/mm. The slight variation from the linear dispersion of-3.6 nm/mm

provided bymanufacturewas considered acceptable

1000+
900+
800+
700+

A{nm)

600
500+

400+

0 50 100 150 200
Pasition {mm)

Figure 4.1 Relatioship betweertransmission wavelength atite position ofthelinear

variable interference filter

Subgituting the linear dispersionLD and one pair of position and

wavelength into Eq. (4.1) can evaluate the dispersion curve for this filter,

/, =442X +265 (4.2)

A graph ofthedispersion curve for this filter is shown in Fg1l.
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4.1.2 Sampling and magnification requirements

The central componertf the spectrometer is a Zeiss objective, NA=1.25,
100x oikimmersion. The back apertuBA [m] of this objective is written as
[113]

F_mo= F tube

(4.3a)

BA=23 F_mo® NA  (4.3b)

whereF_moandF_tubearethe focal length of the microscope objective and
the tube lensrespediely [m], NA is the numerical aperturand M is the
magnification. This infinity corrected objective lenssigecified fora 165 mm
tube |l ens, so the diameter of this
mm.

The spatialresolution or the mininum distancehat twoadjacentpoints
on a sample can be distinguished by the objective,lénglefinedby the

Rayleigh criterioras

06V

d Rayleigh — m

(4.4)

NyquistShaino n 6 s t h e o thataminmineuo ofiwo mxels onthe

CCD are usedto correctly samplethe smallest resolvable feature tme
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specimen. Taking theertical scan line into account, the48 mheightof one
pixel should represent22 nm in object spacefor the case of visible lighdt
500 nm. The focal length of ¢hobjective used wasl.65 mm. Thereforea
minimum magnificatiorof approximately69x wasrequired, that is a minimum
tubes lendocal length 0fl13 mm, to ensure adequaspatialsampling. A lens
with 125 mm focal length was selected as the tube lens for this micrascope

satisfy thismagnificationrequirement

4.1.3 Dark-field and total internal reflection epi-illumination

Consideing light propaganhg to the sample plane through a glass

coverslip, the critical angle for total internal reflection (TIR) is given by

g =sin*(2)  (45)

2

where n; and n, are the refractive indes of the samplemedium and the
coveslip respectively.

A coverslip with refractive index, = 1.517 at 550 nm was used which
gaveacritical angle of 41.23°fora glassair interface(n; = 1.0) and 61.25for
aglasswater interfacer(; = 1.33).

The maximum illumination angley,, that the light emerging from the

objectivecanimpingeon the sample plane depends on the numerical aperture
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NA of the objective,

NA=n,sing,, (4.6)

For the objective used55.48°is the maximum illuminatio angle and
thereforeTIR illumination can be implemented oam glassair interface(Fig.
4.2 a). Exclusion of light below the critical angf@oducesa hollow cone of
supercriti@al angle light in the 41.2385.48°angularrangewhich convergs on

the samp plane, and creates an evanescent wave at the interface.

BFP of the objective —

Opaque disk Diffracted light

Nondiffracted light —

Field stopo_

(a) (b)

Figure 4.2 (a) Dielectric interface (b) Illustration of th@iellumination dark-field

microscopyscheme

Dark-field microsc@y is capable of studying single metal nanoparticles,
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and an epillumination darkfield scheme permits thworking electrode with
immobilised nanoparticleso be arranged in th#éhreeelectrodecell, so the
reference and countexlectrodescan be configued aboveit (see Sec. 4.3
below). The key element of daikkeld microscopy design is to isolate the
nondiffracted and diffracted rays emerging from the object so that they locate
at different regions in the diffraction plane at the back aperture of teetmig)
lens.In order to achieve datffield eptillumination through theobjectivelens

the centrgl on-axis regionof the illuminationbeam istypically blockedat the
back focal plane (BFP)so that only obliqueays can strike the specimen
[114-115]. The angle blight emerging from the objective to the immersion oll
and coverslip is dependent on the radial position of the beam with respect to
the optical axis when it transmits through the back focal platieeodbjective.
Placing an opaque disif a certain diameter at the back focal plane exdude
the subcritial rays The back focal plané locatedinside the objectivéens

and thereforénaccessibleso a conjugate planeasused An aluminium disk

of 3.3 mm diameter washosen and located at one conjugate plante
illumination path so that the beam emerging from the objective was designed
to have a 44minimum incident angleWhen the specimen is exed by the
illumination light, part ofthe nondiffacted wave which does not interact with

it is reflected andfocused as a bright ring in the back focal plane of the
objective the diffraction plane). The diffracted lighteflected from the

specimenoccupies various locations across the entire back wapedf the
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objective leng112]. Since the nondiffracted and diffracted light are spatially
separated at the diffraction plane, an aperture stop whose sizestnitahof
the aluminium disk was placed at one conjugate plane at the imaging path to

select the diffracted rays and form the daekd image(Fig. 4.2b).

4.1.4 Dark-field spectrometer optical arrangement

Sample Potlntios-tat

Opaque Objective
) disk
Mirr - B Reference
L4 L5 L6 poamera
L3 L7
ce filter
L2
L8
L1
Fieldstop(l)
Ha en L9 L10
sodfce M3 f.---- c3
PC Imaging
| caTera

Figure 43  Dark-field imaging spetrometer shematic L1-achromatic lens (f = 200 mm).

L2-achromatic lensf(= 100 mm). L3achromatic lens (f = 50 mm). Léchromatic lens (f =

200 mm). L5 achromatic lens (f = 160 mm). L&chromatic lens (f = 160 mm). kachromatic

lens (f = 160 mm). L&chromatic lens (f = 160 mm). L&chromatic lens (f = 125 mm). L10

achromatic lens (f = 50 mm). €E8amera. BSPelliclebeamsplitter (R/T ratio: 45/5%).

ND-Neutral density filter. M3Mirror.
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The darkfield spectrometeutilises the microscogie objetive for both
the illumination and the imagingf the sampleA schematic and photagyraph
of the darkfield spectrometer are shown in Eigd.3 and 44 respectively
White light illumination was provided by a halogen lamp. The soureges
imaged as an apmximatdy 1 mm diameter spot by a pair of lgiid, L2) onto
the linear variable interference filteThe filter wasmounted ona motorised
stage and positioned atplane conjugatéo theback focal to the microscope

objective lens.

Figure 44  Photograph of objectiveypedarkfield imaging spectrometer. Part numbers of

elements are corresponding to thisgeelledin Fig. (43)

A secondpair of lenseqL3, L4) magnifiad the illumination source fowfold
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andreimaged the spectrally filtered ligt ontothe 3.3 mm diametapaque disk
located ata second conjugate back focal plafiéis disk blocled the central
portion of the beam from entering the objective lens. The annulus of rays
created by this diswas direcied into the back focal plane dfe objectiveby a
third pair of lens (L5, L6) ancé beam splitte(BS). Light scattered by the
sampleandreturredto the objective pasgdthroughthe beam splitter, and was
directed by the fourth pair of lens (L7, L8)do aperturestop placed at a thr
conjugate back focal plane the imaging pathOnly highorderbackscattered
light was allowed to pass through the centre of the field stop and the leas L9
produce a darkield image at the imaging CCD came#sthough the field
stop reduced the effdave NA of the objective to be approximately 1.0, this
was considered an acceptable traffeto achieve darield imaging through
the objective. Mirror M3 and lens L10 were used to image the back focal plane
of the objective on the camera C3 when thidgswiecessary for alignment
purposes.

The transmittedlumination beam from the beam splitterasrecorded by
a second CCD camera and used eference to monitor thatensitystability
at eachwavelengthand thereforeminimised the effect of anyfluctuations in

the light source.
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4.1.5 Imaging and processing of the recorded spectra

The motorised stage translated the variable interference filter to scan
across the spectral ranges, sequentially illuminating the sampla watige of
wavelengts. Theimaging CCD camera recorded an image corresponding to
each wavelengtiband Thesequasimonochromatic, high resolutionimages
were stored asmaimagestack for posprocessinglmages of a spectrally flat
standard (WSL-SL, Ocean Optics) were also collecteith this system to
characterise the spectrum of the lar8mce tle spectrometer was imaging the
sample at many wavelengths, chromatic aberrdtazhtobe overcomeén order
to maintain high spatial resolution throughout the spectrlnthis end, the
sanple was mounted on a motorisedtage(Physik Instrumentjor automated
fine focussing The empirical relationship between the focus positions of the
sample at each illumination wavelength was used to generate a mapping table
for refocusing.Therefore, tk image of the sample was recorded after it was
refocused at each wavelength automatically. Software written in C++ language
was used to control the imaging process.

Figure 4.5 illustrates the technique used to acquire the resonant scattering
spectrum ofsingle Au nanoparticles facilitated by an image processing
program written in MatlabThe scattered light was calculated by integrating
the gray intensity values in a small region containing the object of interest. An
adjacent empty regioaf substrateof the same dimensions watso analysed

for background subtraction. The background corrected spectrum was
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normalised to the light source spectrum to yield the final scattering spectrum.

The spectrum wasmoothed andypically fittedto a thirdorder polynomal to

determine its peak wavelendif¥, 116118].

@) (b)
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Figure 45 Image pocessingto calculatehe spectrum. DarKield images of Au cylinder
particlesimmersed in silicone oil at (a) 556.72 nm, (b) 653.96 nm, (c) 751.2 nm and (d) 839.6
nm. The Au particlef interest identified by the white box had an elliptical basis. The axes of

the ellipse were 120 nm and 60 nm respectiielyLamp spectrum used for the normalisation
of the scattering spectrum (f) Raw scattering spectrum of Au particle of infgr&ectrum

of Au particle of interest with a peakatteringvavelengthof 828.5 nm
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4.1.6 Procedure for the detection of potentiaihduced scattering

The scatterig strength of the nanostructunender potential control
depends on both the intensity ofetlight source and theagnitude of the
applied potentialConsidering the transformation from electrical effects to the
optical signal, thepotentialis transferred as scatégflight but the signal is
weak and imposed on a strong background. It is dasémtreduce the noise
coming from several sources, especially from fluctuations of the lamp.

Due to the small magnitude of potential applied to the nanocryistaias
extremely difficult to observe the spectral shift directly by scanning scattering
strength consecutively at several wavelengths under different poterials.
observe the influence of potential on the Au nanostructure, recording the
scattering strength at a single wavelength was preferred. The synchronised
imaging camera, reference camaral potentiostat began to record images and
apply potential simultaneouslyhe beam from the lamp was divided into two
at the beamsplitter. The sample beam was utilised to illuminate the
nanostructure to obtain scattering The refeence beam was diverted for the
reference recording &s. The imaging camera and reference camera were
triggered simultaneously to ensure accurate calibration. Division of the
scattering from the@anocrystalnd the reference recordingd./I, , was used

to extract the synchronised scattering component edsdavith thepotential
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4.2 Sample preparation

Noble metal nanostructures exhibit localised surface resonance, which
strongly depends on their geometric size ahdpe. Advances in nanoparticle
synthesis techniqugwovidea wide range of nanostructure, such as nanorods,
nanocubes, nanobranchfs0]. The wide choices of fabrication techniques
have boosted research efforts to investigate nanopabiielésusproperties.

Two sts of gold films with nominal thicknesd 16 nm and 50 nrnwvere
prepared in a thermal evaporation systeitlh control of the deposition rate
and pressure

Nanosphere lithography creates regionge@fiodic highly monodisperse
nanostructure. The Au narmggms with 16 nm and 50 nm heights were
fabricated onindium tin oxide (ITO) coated coverslips by nanosphere
lithography.

Colloidal suspensions of Au nanospheres and nanosodistion were
diluted to deposithesenanoparticles on ITO coated coverslipspectively A
low concentration of Au particleuspensionvas usedo ensure that single Au
particles could be resolved and isolatedn the ITO substrate andnalysed

individually.

4.2.1 Materials

Polystyrene pol ymer 2 & murchdsedafromt e r
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Invitrogen Detection Technologies. THensityof nanospherein the supplied
suspasionwas 2% by volume

100 nm gold sphere colladi suspension was purchased from
BBInternationalThe ceefficient of shape variation was less than 8 %.

Two types ofcetyltrimethylammonium bromidéCTAB) stabilisedgold
nanorods with length = 60 nm, widthd = 25 nm and. = 73 nm,d =25 nm
were purchased in colloidal solution from Nanopaite. The shape
monodispersity was greater than 95 %.

ITO coated cowsslips (surface resistivity 283 0 q / s gUpplied dy e
Structure Probe, Inc.

The water was purified throughaMilh 18 Mg cm system.

4.2.2 Thermal evaporation of Au films

Au films with nominal thickness of 16 nm and 50 nm were evaporated on
glass coverslips atan evaporation rate of 0:1.5 nm/s. Evaporation was
performed under high vacuum with a base pressure of &2:00° Torr. The
gold wire (99.99% purity, Advent Research Materials Dtavas heated up to
fusion. The samplesvere mounted on analuminium plate having four
regularly spaced 24 mm diameter apertuaed placed about 200 mm above
the source. The evaporation rate and the thicknestheofAu film were

monitored using an Edwards FFMfilm thickness monitor. The thickness of
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the Au film was measured by a Rank Taylor HabsBalystep surface

profilometer. SEM images dheAu filmsare shown in Fig. 8.

(@) (b)

Figure 46 SEM images of (a) 16 nm Au film and (b) 50 nm Au film

4.2.3 Nanosphere lithography

Nanosphere lithography is an inexpensive, flexible and-thighughput
technique to fabricate nanoparticles array with controlled shape, size and
interparticle spaaog [44, 119120].

The ITO coated coverskpwere cleaned by immersing in acetone and
isopropanol for 5 minutes each in an ultrasonic bath and then rinsed copiously
with water. This procedure was repeated at least three times and then the
coverslips were dried at room temperature.

The nanoprism fabication processis shown in Fig. 4. 2t o %&f ¢ |
nanosphere suspensi on ofadsionised water ferd wi t

di | ut i on of thE migtureSwasecdrogcoated onto the substrate. The
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nanospheredispersed freely across the substedlewing self assembly into a
closepacked, heagonal 2D colloidal crystal on the substrate. Doendary
region of the droplet of diluted nanosphere suspension genedslyosited
multiple layers of nanosphere During solvent evaporation, capillary force
drew the nanospheresthin the dropletogeter to crystallise as a single mask
inside the droplet boundary. Tretze of the resultantelatively defectfree

monolayer domaimwas usually 24 mnt.

(@) (b)

Y vy
A A A A 4

(©) (d)
Figure 47 Schemadits ofthe nanosphere lithograph fabrication process. (a) Exaating ofthe
polystyrenenanospherg(b) Nanosphere monolayer mask (c) Deposition of Au metéi®n

nanosphere mask (d) Removatloé polystyrenenanosphere
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16 nm and 50 nm thickness Ailms were thermally evaporated ovre
nanosphere maskAfter gold deposition, the mask was removedeave the
gold nanostructureéoy ultrasonicating the sample in ethan®he in-plane
particle lengtha, defined as th@erpendicular bisector of tHargest inscribed
equilateraltriangularand the interparticle spacirmrelative to the nanosphere

diameteD aregiven by[120]

_3 1.~_
a-E(\/é- 1- E)D =0.23D (4.79)
d=L -057m (4.7b)
V3 '

@ (b)
Figure 48 SEM images of nanosphere lithography fabricated nanoparticiptanelength~

466 nm, interparticle spacing 1.1em, height~ (a) 16 nm, (b0 nm

The density of triangular nanopartislevhose iaplane lengthwas ~466

nm, interparticle spacing wasl.1 ¢ mand out of plane heightere~16 and
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~50 nm respectively,was roughly 693x10° mm? SEM images of

nanoparticles with triangular structure are shown in F&). 4.

4.24 Immobilisation of Au nanoparticles on a substrate

Commercialy obtainednanoparticles were stored in agueous suspension.
The colloidal solution was dilutedh ideionised water to a concentration of
approximately 2.6x18 nanoparticlesper millilitre. The ITO coated coverslips
were cleaned as described in Sec. 4.2.3. A drop of diluted colloidal suspension
was placed on the cestiof thecoatedcoverslip andallowed to dryat room
temperaturelTO is a highly degenerate-type semiconductor and the gold
nanoparticle surface is positively charged because ofCIR&B capping
molecules The gold nanoparticteare immobised on the ITO coated coverslip
via the electrstatic interactionFigure 49 shows SEM images of spherical and
rod-shaped nanoparticlesOn the basis of the measurement of -80
nangarticles for each type, the sizesnaharticles have an average diameter
100 nm, with a standard deviatior!®in Fig. 4.9 (a), length of 60 nm with a
standard deviation 1% and width of 25 nm with a standard deviation’a
Fig. 4.9 (b), length of 73 nm with a standard deviatior®d&nd width of 25

nm with a standard deviation %6in Fig. 4.9 (c) respectively.
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(©

Figure 49 SEM image of (a) nanosphergés 100 nm (b) nanorods = 60 nm,d = 25 nm (c)

nanorodd. = 73 nm,d = 25 nm.

(a) (b)

Figure 410 SEM images of nanopatrticle distribution. (a) High nanopatrticle density at

boundary (b) Individual particles
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A larger number of particles accumulated at the boundary of the dried pattern
but individwal particles could be identified within the boundaries which
permited the implementation of single particle measuremenhe pattern of

particle distribution is illustrated in Fig. 1.

4.3 Spectroelectrochemical experiments

Control
amplifier
Input
signal \
/ cE
RE 4
Voltage + \
Electro$—|
WE
2o
Current
Voltage to current
converter

Figure4.11 Basic potentiostatic circuit. CEounter electrode. RE: reference electrode.

WE: working electrode

The electrochemistry is applied to study ttieemical reaction taking
place at the interface of the working electrode and the electrolyte, which is

driven by an external potential to generate the charge transport process at the
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interfacial region. Unambiguous information provided by careful control and
accurate measurementof electric potential and current is an essential
requirement for the investigation thfe electrons movement.

Modern electrochemistry takes advantage of potentiostats to hold the
potential between the working and reference electrodes at a constant value by
adjusting the current through a counter (auxiliary) electr@dg. 4.11). In
orderto maintain a stable potential of the working electrode with respect to the
reference electrode, no current is permitted to pass through the reference
electrode. Otherwise, this electrode will be polarised and its potential wyll var
with the current. Therimary electronic component of the potentiostat is an
operational amplifier. Under normal operation, the working electrode is
maintained at ground potential. A preset potential between ground and the
reference electrode is connected to the two inputeeobperational amplifier.

Due to the high input impedance, there is very little current flow through the

reference electrode. The output of the operational amplifier is connected to a
counter electrode. Current is forced to flow between the counter elecra

the working electrode and it acts as a feedback signal in the potentiostat
circuitry to counteract the difference between the working electrode potential

and the desired potenti@d03].

In this study, he Au nanostructure wasrrangedas a threeelectrode
systemand its potential was controlled by a potentiosfai films and Au

nanoparticles prepared ohQ coated coverslipgsdescribed in the last section
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were used athe working electrode. Ag/AgCl wire and coiled Au wire were
employed as reference and counter electrode respectivelgldttrochemical

cell was integrated into the dafield imaging spetrometer. Monochromatic

light tuned over large wavelength ranges illuminated the objects of interest on
the working electrode to produce scattered light. The change in scattered light
from the Au nanostructure induced by modulated potential together tivéh
electrochemical measuremefrom the potentiostat providd the required
information to analyse the reactions at the metal nanostructswhition

interface.

4.3.1 The potential of the Ag/AgCI electrode

An ideal nonpolarisable electrode is prefge asthereference electrode,
whose potential does not change significantly eeam small current passes
through the metadolution interface. The constant composition of the reference
electrode determines its fixed potential.

The potential ofa standardhydrogen electrode (SHE) is defined as zero.
The potential ofpractical reference electrode can be derived on the SHE scale
and is quoted as the reference for measurement. Silver chlorideis widely
usel as reference electrosléThe standard poteat E° of Ag/AgCl is 0.2223
V with respect to SHE in aqueous solution at 25[fD3]. The equilibrium

potential of Ag/AgCI during the reversible reaction
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AgCl+e = Ag+CI (4.8

is determined byheNernst equation

_go _RT, [a(Ag)a(Cl )]

E -
= [a(AgCl)]

(4.9)

Ag- AgCl

where Ej .o IS the standard potential 0.2223R is the gas constant
8.31447 Jmetk™, T is the absolute temperature [K],is the Farady constant
9.64853x10 C, n is the number of electrons exchandddin this reactioj
[a(Ag)], [a(CI)] and [a(AgCl] are the activities of Ag, Cland AgCl
respectively. Since Ag and AgCl are solids, their activities are unity.

At 25 € (298.15K), the calculation of equilibrium potential can be

simplified according taheion concentration,

Epy ager = 0.2223- 00590g[n(ClI)]  (4.10)

which indicates the potential of Ag/AgCl is dependent on the concentration of
ClI' [mol-L™"]. The potential ofthe Ag/AgCl electrode will rise as the

concentration of Cldecreases.
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4.3.2 Construction of the Ag/AgCl reference electrode

Silver wire (0.5 mm diamete®9.99% purity, Advent Research Materials
Ltd) was used to prepare the Ag/AgCl electrode. Theesilvas cleaned by
immersing in 0.IM HNOs for a few seconds to remove oxifitem the surface
and thoroughly rinsed with deionised water. One end of the silver wire was
heated toform a small ead and was anodised in 1.0 rhdl HCI solution
overnight to catwith a layer of silver chloride.

3 % wt. agar was added to a saturated NaCl solution. The mixture was
boiled until the agar dissolved. The agar solution was then sucked into a plastic
tube. After the agar mixture was cool and solidified, the ertiedilver wire
coated with silver chloride was inserted into the plastic tube filled with the gel
electrolyte[121-125].

In order to characterise the constructed Ag/AgCl electrode, its potential
was measured against commercial Ag/AgCl electrode (Reichert). Both
electrodes were placed in a beaker containing saturated NaCl solution. The
potential difference wasbetween 8and 11 mV, which was considered

acceptable.

4.3.3 The electrochemical cell

The electrode configation is shown in Fig. 42. The electrochemical

measurements were controlled by a VersaSTAT 3 potenti¢Bratceton
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Applied Research)The Au film or ITO coated coverslip with immobilised
nanoparticls (working electrode) was sealed by silicon rubdsethe bottom of
a plastic well to prevent leage This reducedhe surface area ohe working
electrode to about-B mnf. Conductingaluminium adhesive tape was used to
ensure a good electrical connection to the working electrode.

The resistance in aolition with a given geometry under a uniform

current flow condition i$103]

R=— (4.12)

wherel is the distance ahe current path [m]Sis the surface area at one end

of the domaifm? , and G i s udtidite[Sn]oTheiresistance i o n d
thereforeproportional to the distancélencethe Ag/AgCl reference electrode

was placed close to the working electrademinimise the uncompensated
resistance. The compact coiled Au counter electrode had-tkdishape with

a diameterof approximatey 20 mm. The large surface area ofhe counter

electrale compared to that ahe working electrode is assumed to distribute

current uniformly around the working electrode and the contributiothef
counter el ectrodebds capacit fllo3c¥6]t o t h
The supporting electrolyte was 0.1M NaCl, which is also the basi®lbf c

culture media.
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L D .

WE CE RE
Potentiostat

100x

NA=1.25

WE: working electrode
CE: counter electrode
RE: reference electrode

Figure 412 Electrochemical cell

4.3.4 Potential modulation

A potential modulation mode denoted bipolar mode A (BMA) was applied
to the working electrode with immobilised nanostructure. The potenties
200 mV and-200 mV. The polarities are defined as positive and negative
voltage applied to the working electrode. A square wawe200 mV as shown
in Fig. 4.13 was applied whilehe imaging and referenceamera recorded
three images during the apgation of eachhalf periodfor the purposes of
imaging and calibration respectively. The exposure time was dependent on the
scattering strength of the Au nanostructure so the duration of each potential

wasadjusted according to each particular situation
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Figure 4.B  Square wave of bipolar mode 200mV and-200mVwereapplied sequentially

to theworking ekctrodefor 20 cycles

Besides BMA, several other modes wensed to measurethe Au
nanostruct ur e Gapplied pptentiab. Msee modes @dralenoted
BMB, BMC, BMD, BME, BMF and BMG and have the same potential
modulation sequence as that of BMA, but magnisuedetl 50, £100, 150, 25,

+10mV and 0 V respectively.

4.4 Summary

An objectivetype darkfield imaging spectrometer wadesgned and
constructedo collect spectral scattering information from Au nanostrusture
arranged in the electrochemical ¢elfhich not only visualis# the spatial
distribuion of nanoscale objects but enabblbe analysis of individual objects

under potetial control
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Several types of Au nanostructuneere prepared for measuremefithe

thermal evaporation techniqweas used taconstruct 16 nm and 50 nm Au
films on glass coverslgp 2 & m wergubed m &ISL to make triangular
nanoparticle array A commercialy obtained nanoparticle suspension was
diluted so that nanopartidecould be separately deposited on ITO coated
coverslips to allow optical measurement on single, isatatenopaicles The
morphologies of all samples were evaluated by SEM.

The investigation of Au nanostructure under potential control was
implemented by both conventional electrochemical techsiqaed by
darkfield imaging spectromet. Modulated potendil wasapplied tothe Au
nanostructureA rangeof monochromatic lighivavelengthsvas used aghe
probeto detectthe electrochemical reactions taking place at or rtearAu
nanostructur eds s uredlight iaducedChy thé gotential o n
from Au nanostructure simultaneously with the electrical signal gathered from
electrochemical measurement endbdmalysis of the consequence asfarge

transportotheAu nanostructureds surface.
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The uniqueproperties of surface plasmon resonance which depend on the
propertes of metal and dielectric mied), have been utilised for the
development of sensing technology during the last two decades for physical,
chemical and biological application®3, 127130} The combination of
electrochemical methods and surface plasmon resonance techniques has
provided a powerful tool to detect the electrochemical reactions taking place in
the vicinity of noble metal films, and is teh implemented using the
KretchmannRaether configuratiofil31-133]. Interactions of electromagnetic
radiation with ultrathin metal islands in film exhibit localised surface plasmon
resonance due to the confinemehtollective oscillation of the free electrons
in these nandgslands, and results in enhanced light scattef@dg 97] The
colledion of scattered light fromultrathin metal film using darkeld
microscopy provides a relatively convenient technique detect the
electrochemical reactions in a similar way to the electrochemical SPR

technique.

In this chapter, the capability of Au film for sensing potential is
investigated. Au film supported on a substrate is illuminated by an incident
beam. This structer is composed of several layered materials, so the

calculation of the reflected and transmitted beams from a multilayer planar
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structure by usi ng Fresnel 06s equati or

experimental comparison of the wavelength dependerttesog contrast
induced by potential from very thin (~16 nm) and thicker (~50 nm) Au films is
presented, followed by an investigation of the influence of potential cycling
and potential steps on thin Au film (~16 nm) in which a single wavelength was
usedwith a darkfield imaging spectrometer. A commercial SPR system was
also employed to explore the effects of potential on thicker gold film (~50 nm)
although little response to potential from this thicker gold film was found in the
measurements taken by tHerkfield spectrometer. Finally, modelling related
to sensing potential by using the Au film integrated in a multilayer structure

which represents the experimental conditions is presented.

5.1 Reflection and transmission of light in a multilayer plana
structure

Light propagates in space as an electromagnetic wave. When s
polarised light transmits from medium 1 with refractive index to medium 2
of refractive indexn,, the interface of these two isghio media produces a

reflected and transmitted beam from the incoming beam. Linearly polarised
light will retain its polarisation during reflection and transmission. The electric
field amplitude relationships of incident, reflected and transmitted light ar

given by Frel8hel 6s equations
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_Eo_s _ncosq - n cosg,

o s = (Sla)
= Ey_, N cOSg +n, cosg

¢ _ Eo s _ 2n, cosg, (5.1b)

s Es_s N COSg +n, cosq, .

- Eor » _ N, Cosg; - N, cosg, (5.1¢)

P E, , N cosg, +n, cosg,

) _ Eo » _ 2n, cosq, (5.1d)

P E, , N cosg, +n, Cosg

where E; (,E Ey s, andg E E. , are the incident, reflected

or s o prEor po
and transmitted electric fields of and p polarised light respectively,g and
g, aretheincdent and refracted angle at t he
law.

The reflectancer and transmittancd for s and p polarised light are

defined as the ratio of reflected and transmitted to the incident light power

respectively, which are

R=r? (5.2a)

7=z (5 5p)
n, Cosg,

When a incident beam strikes a structure consisting of several parallel
l ayer s ( med, aé)embedlled beBween & seminite substrate
(medium 0) anda semiinfinite ambient medium (mediumt1), with the

assumption that all media are homogeneous and isotropic (Fig. 5.1), it produces
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a reflected beam in the substrate and a transmitted beam in the ambient
medium, whose amplitudes depend upon the multigllections suffered by
the beam inside the layered medi[i84].

Each of the individual interface matricds;,;, and layer matrices.
cha@cterising the reflection and transmission of light in this structure produce

a 2X2 scattering matristo connect the wave in medium 0 ant¢ll

S=1,L1,L, (j_l)j Ll @ | sy (9-3)

z

Im(m+1)

I{(m-1)m

I{m-2)(m-1)

liGi+1)

1G-1i

123

112

lo1 X

Figure 5.1 Propagation of light in a multilayer plananctire

The interface matrixl ;;,;, characterising the-(j+1) interface is given

el Iljjnd
e t L
TN - (L TCE Y 54
J(J+1) erj(]"'l) 1 l:l ( )
At t l;l
eligsn  Yiga g
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where t; ., and r;,, are the Fresnel reflection and transmission

coefficients of thg-(j+1) interface.

The layer matrixL; for thejth layer is

where b, =(2p//)d;n; cosg; is the phase shift experienced by the light

when it travels at angley; in a layer of thicknessd; with a refractive index

Substituting Fr e s and Ippblarisee tightaat eachn s
interface into the interface matrixand multiplying by each layematrix L
forms the final scattering matr&for s- and ppolarised light respectively. The
energetic coefficients of reflected and transmitted light from the multilayer

structure are

R= (—zzi)2 (5.6a)
1

T=()° 5.6b

(311) (5.6b)

A detailed description othe derivations of the scattering matrix S is

presented in Appendix A.3.

110

0]



Chapter 5 Sensing potential with gold films

5.2 The effect of pptential on Au film

Dark-field imaging spectrometry can detect the scattéged from small
objects in a wide wavelengths range. The visibility of the object is enhanced by
darkfield microscopy as the bright background is suppreséeglying a
potential generates an electrical double layer on the gold film which allows
electraons to be transferred to and from the gold film and modify its relative
permittivity. Consequently, scattered light from the surface of the gold film can

be recorded to observe this change arising from potential.

5.2.1 Scattering spectra of Au film

(@) (b)
Figure 5.2  Optical images of Au film taken at a wavelength of 707 nm. The mass thickness

of Au film was (a) 16 nm and (b) 50 nm respectively.

The deposition of gold onto awerslip was described in Sec. 4.2T&vo
thicknesses of gold film of approximately 16 nm and 50 nm were used to

compare their sensitivity to potential. Scattering from gold film was recorded
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with the reflected light darkield imaging spectrometer. Images$ gold film

taken at a wavelength of 707 nm are shown in Fig. 5.2. It is possible to visually
distinguish the films of thickness 16 and 50 nm. As can be seen, the sdrface o
the thinner Au film isvisibly rougher than the thicker one.

Scattering spectraf gold films immersed in aqueous 0.1M NaCl without
voltage application are shown in Fig. 5.3. The scattering strength continued to
increase with wavelength across the whole instrument range, indicating that the
resonance peak was in the IR part of thecspen. The thinner Au film

scattered more strongly than the thicker one due to its ensgiface.

15000

=16 nm Au film
=50 nm Au film

S 10000}

5000 e R

Scattering {(a.u.)

D00 600 700 800
Wavelength{nm)

Figure 5.3 Scattering spectra of Au films. Red line is the spectrum of a 16 nm Au film and

the blue line is a 50 nm film

5.2.2 Cyclic voltammetry of the Au film -solution interface

Figure 5.4 depicts the cyclic voltammetry curve of the 16 nm gold film
in 0.1 M NacCl. Within the0.6 V to 1 V potential window (Fig. 5.4a), the gold
film experienced an oxidation peak at 0.4 V due to the formatidrydrated

AuOH and AuO in the positivgoing potential scaf135]
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Au+2H,0Y A u O HQHH+e (5.7a)
AuUOHYAuUB&H (5.7b)
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Figure 5.4 Cyclic voltammetry of 16 nm Au film in 0.1 M NaCl with a potential scan rate 0.05
V/s. The oxidation peak and the reduction peak can be observed in (a). The curve of CV in (b)
indicates that potentials between 2200 mV are in the electrical double layer region for this gold

film.

Potentialgreaterthan 0.8 V activated oxygen evolutiohhe reduction
peak at 0.6 V during the cathodic potential scan arose from the reverse reaction
of the above mentioned process. At a potential lower #anV, the hydrogen
evolution reaction began. The faradaic reactions can be essentially eliminated
by limiting the potential window. The approximately rectangular loop of the
CV plot indicated there was no faradic process between 2200 mV (Fig. 5.4b).
The observed current here was due to the movement of charges taking place in

the electrical double layamsulting in current displacement.
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5.2.3 Potential modulated wavelengthdependent scattering of Au film

The scattering modulated by bipolar voltage mode A (2200 mV) from the
thin Au film at wavelength 618 nm is shown in Fig. 5.5. A sequence of 120
images was acquired with 60 corresponding to 200 mV and 60 corresponding
to -200 mV. The acquisition time for each image was 3.6 s. In the image of the
Au film, eight regions, each corresponding to a sample area of approximately

0 . 52werenselected to invegtite their response to potential.
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Figure 5.5  Potential modulated scattering from 16 nm Au film. Red stars and blue triangles
represent scattering at potergiaf 200 mV and200 mV respectively. The cyan line connects
the time. (a) and (b) are the scattering strengths of regions 1 and 2. (c) is the ensemble

scattering from all 8 regions.
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Modulating the applied potential caused change of the scattering
strergth. Initially, 200 mV maintained a steady scattering strength of about
2.07x10 arbitrary unis (AU) for about 11 s. The application €00 mV made
the scattering strength rise to 2.12%X18U and sustained it for a further 11 s.
Then the return of poteat from -200 mV to 200 mV reduced the scattering
strength back to 2.07xf0AU again. This modulation of scattering associated

with the potential continued throughout the 120 frame sequence.
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Figure 5.6Control experimentirregular scattering tracgasdue to the absence of

potential

Control experimentgFig. 5.6) conducted under the same experimental
conditions but in the absence of potenshbw that there were no any regular
features can be distinghed, indicating that theegular change of the

scatteringshown in Fig. 5.5vas exclusively caused by the modulated potential.
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Figure 57 Scattering contrast of Au film under the potential applied as bipolar mode A.
(a) and (c) are the individual scattering contrasts from the 8 regions for the 16 nm and 50 nm
film. (b) and (d) are the ensemble scattering contrfall 8 regions for 16 nm and 50 nm

thickness

To characterise the optical response to potential on the Au film, a measure

of contrast, C is used, defined as the ratio between the difference and

scattering?

the sum of the scattering at eadiemtial,
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S0 50
a Ihigher_i - a IIower_i
Coatonng= -2 = (5.8)

scattering — 60 60

a Ihigher_i + a IIower_i
i=1 i=1

~and |

where Ihigher i

are theith scattering intensity recorded at the

lower_i
higher potential and the lower potential respectively.

During the scattered light collectiomgeess, the power of scattered light
from a region of interesh [m? with a irradianceE [Wm™] is converted to the

digital signal valud of the CCD sensor, which can be expresd 36|

| = EQOADRMEC
FWCO @

(5.9)
wheret is the exposure time [SPR is the maximum white value of the CCD
[count], QE is the quantum efficiency of the CCB.js the wavelength of the
scattered lightFWCis full well capaciy (€), h is Planck constant [Js], aeds
the speed of light in vacuum [ifis In a particular measurement, the digital
signal valud with an arbitrary ungis only proportional t&€ @OA. The use of
Eq. (5.8) allows the characterisatiof different samples by one standard, their
irradiationE modulated by the potential. Errors due to different exposure times
and sample surface areas are eliminated.

In order to determine the maximum scattering contrast that the Au film
can produce thrgghout its spectrum, scattering contrasts corresponding to a
series of individual wavelengths were investigated. To ensure that the measured

scattering contrast was consistent and stable, the scattering intensity of the Au
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film was recorded four times aaeh wavelength.

Their individual and ensemble scattering contrasts are shown in Fig. 5.
The maximum ensemble scattericantrast of thin Au film is1x1072 (-1 %)at
about 600 nm. The trend of individual scattering contrast against wavelength
was similarin each regionalthough there were distinct differences between
each otherThe low resistivity of goldneans it isa good choice to be used as
an electrical conductor. The potential applied on the working electrode was
therefore constant across the agd of the Au film. In practice, each individual
region containgnanygold clusters. The slightly different scattering contrasts
of these 8 regions arose from the collective contributions of these various gold
clusters evaporated on the surface of golde Tiegative polarity sign of the
scattering contrast across the whole measured spectrum implies that scattering
intensity was suppressed by a positive potential while it was enhanced by a
negative potential, which is also shown in Fig. 5.5. It shows a qiaduie
direction for the change of the scattered intensity of Au film in this spectral
region. The spectrum of gold will either be reduced in scattering intensity or
redshifted under the condition of positive potential or vice versa under the
condition of negative potential. Comparing with the potential dependent
scattering contrast from the thin Au film, the response to potential from the
thick film, where thepolarisation ofincident beam and its angle are unspecific,

is much reduced.

5.2.4 \Voltage sensitivity of Au film
The scattering contrast of the 16 nm Au film across the spectral range of
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the dark field spectrometer had been determined. In order to find out its
sensitivity to small potentials, it was necessary to measure its scattering
contrast atlower voltages. Potential modulation modes, BMB, BMC, BMD,
BME, BMF, and BMG were used for the test of thin Au film with BMA. The
magnitudes of the potential in each mode were 2200 mV, £150 mV, 100 mV,
150 mV, £5 mV, £10 mV and 0 V respectively. The sttaring contrast of the
16 nm Au film resulting from these 7 modulation modes measured at a
wavelength of 618 nm is shown in Fig85.

The relationship between the scattering contrast and the potential was

fitted to

C(V) = AV® (5.10)

whereA is the parameteto scale the fitting valueV is the absolute potential
used in each mode, awrds the power to determine the nbmearity. The best
fit of (A, ¢) was €0.1227, 1.319) and is shown in Fig.%.The fact hat the
valueofci s | arger than uni t gscdtteridgicontaste s t h
decreased faster than the potential decreased.

Taking the nodinear capacitance of the electrical double layer into
account, the scattered light reflects the amadirtharge stored on the surface
of Au film. The nonlinear capacitance accumulates a nonlinear quantity of
charges as a function of poteh, reflected by the voltagsensitivity of Au

film as the accelerated decline in contrast with reducing potential.
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Scattering contrast
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Figure 58 Scattering contrast of 16 nm Au film at several potential modulation modes. The
potential was decreased from 2200 mV to 0 V. The individual scattering contrasts from 8

regions areshown in (a) and the ensemble contrast is shown in (b).
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Figure 59 Experimental scattering contragt16 nm Au film (red squareshdthe

corresponding fit (blue circles).

5.2.5 Scattering during cyclic voltammetry

During a lineapotential sveep betweer).2 Vto 0.2 V and back teD.2 V,
the potential scan rates were set to 0.0112 V/s, 0.0056 V/s and 0.0028 V/s

allowing 10, 20 and 40 images to be taken in one linear scan.
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Scattering (a.u.)

x10
27!
5 2.68;
8
o
£ 2.66
5
I
S 2.64
2.62
0 100 200 300 400
Time(s)
(b)

%10
2.7 i TUUUY | I IR S  JU
2.68|
2.66
2.64]
0 50 100 150 200
Time(s)
(@
2.728
2.7}
5
3 268
2 2,66
2 264
[y

400
Time(s)

(©)

600 800

Figure 510 Dynamic response of the scattering from 16 nm Au film during cyclic voltammetry.

The initial potentials for red squares and blue circles were 0.2 W0a2 respectively. The

potential scan rates used in (a), (b) and (c) wergl@.%/s, 0.0056 V/s and 0.0028 V/s.

The averaged

taken at 2=618

rate, a gradually increasing rate of change in scattering during each linear scan

scattering i‘otAefimity

nlM No rsattes Whahwdirectiom and-Scam .

was clearly observed. Deisining the rate of change of the scattering within

the 200 mV potential linear sweep was achieved by differentiating the

measured samples in these linear potential scans, shown in Fig.Thd

scattering transients were fittedttee equation
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t
Di(t)=a(l- e ‘)+b  (5.11)

wherea is the change of scattering at the final steady stais, the initial

change of scattering after the application of the potential sweep,the

durdg i on time and U is the time constant
110
000 501
60}
o ; : ; : : 20¢
30 i . ; . H i 10 i i ; i H ;
0 5 10 15 20 25 30 35 0 10 20 30 40 50 60 70
Time(s) Time(s)
@ (b)
35 r T
30t
25+
> 20+
15}
10t
50 5IU 160 150
Time(s)
(c)

Figure 5.1  The rate of change of scattering in response to the potential scans of 200 mV
at 0.0112 V/s (a), 0.0056 V/s (b) and 0.0028 V/s (c), caledlhy subtracting thie-1th
scattered intensity from théh. The change rate of scattering is represented by red squares lines,

the blue circles are the a fitted curve using Eq. (5.11)

The red solid squares and blselid circles lines in Fig 511are he

experimenth differentid scattering and their corresponding fitting curves
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respectively. The values od,(o,U) f or the scan rates of
and 0.0028 V/s were (101.6, 14.56, 17.54 s), (53.65, 6.695, 33.87 s), (28.47,
4.628, 76.15 s) respectively. It is noticeable that the ratio of the three time
constants, 17.54:33.87:76.15=1:1.93:4.34, clossyches the reciprocal ratio

of the corresponding scan rates 0.0112:0.0056:0.0028=1:1/2:1/4.

The correlation between the time constants and the potential scan rates
indicates the rate of change in scattering is able to reflect the rate of charge
transferwhich is determined by the potential scan rate. At the beginning of the
potential application, the accumulation of counterions outside the gold surface
and the assembly of excess charges inside the gold surface construct the double
layer at the metadlectolyte interface. An external electric field induced by the
presence of the double layer tends to penetrate into the gold. Meanwhile, an
i nternal electric field is created by
space charge region to resist theluahce of the external electric field.
Equilibrium was achieved after a certain time depending on the potential scan
rate. The balanced interaction between the internal and the external electric
fields is reflected byhte scattered light, whosate ofchange ofintensity tends
to match the scan rate of the potential. The faster the potential scan rate is, the

earlier the equilibration is established and the smaller the time constant will be.

5.2.6 Effect of a potential step on Au film

The scattering fronthe thin gold film changing with time after the
application of different potdial steps is shown in Fig. 21The scattering was

measured ab=618 nm and the average scattering was calculated from 20
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regi ons 2 dHe sdattering kadnalmost no distinctive feature in the first
36 s application of O VAt 36 s, a potential step was applidthen after a
further180 s, the scattering was sualied by reversing the potential step from
positive to negative or negative to positivter another 180 s, the potential
was returned to zero for a final 36/As the potential step size increased, the

level of scattere light stabilised more quickly

The different scattering intensity at the initial and final applications of 0 V
was due to the slow relaxation of charge convection after the gold film suffered
a long application of potential, although the application time of the positive and
negative potatials was equal. The quantity of charge transferred was limited
by the surface area of the gold. Application of a larger potential leads to faster
allocation of large charges and an earlier achievement of a balanced electric
field at the golésolution inerface. Simultaneous measurements of charge in
response to potentials switched between 2200 mif #%90 mV are shown in
Fig. 5.13. The charge was calculated as the time integrated current.
Coinstantaneous transients of scattering and charge were synetiroitis the
potential. The plot of charge was similar to that of the corresponding scattering
(with a change in sign). The similarity of traits of scattering and charge was
interpreted as that both of them are potential dependent and the product of
potental. The charge associated with the current is the outcome of the
chargingdischarging process of the electrical double layer at the surface of the
gold. The electron transfer process caused the scattered light to be

synchronised with the potential appliedthe gold.
124



Scattering (a.u.)

Chapter 5

Sensing potential with gold

films

2.22 2.18
2.215
2 2475 ~40.05 ©
< - <
2.21 L3 =3
< S P
" 'd
2.205 > 2 a7 Jo 2
5§ s
s E 5
= 8 =
2.2 5 & 5
E 2165 {-0.05 8
o o
2195
219 i L i L 2.16 H i i 1
0 100 200 300 400 0 100 200 300 400
Time(s) Time(s}
(a) (b)
4 4
225%1%0 : : . 220571 : :
2.2 ' 1
048 2195 104 G
- €4 = <
E k5 ;. 219 LI 2
w w
g > 22185 188l 8
5 e % )
z 5 % 218 | =
o T 8 t
[ S o 5
t 2175 {018
o o
: 2.17 ......
2.15 i ‘ i i 2.165 i i i ‘
0 100 200 300 400 ) 100 200 300 400
Time(s) Time(s)
(c) (d)
2.25 22210 : : ,
2.24 10.15
2.23 9 218 1 g
3 £ 3 <
4222 g3 =
v w
g2 > Za16 o 2
5 z 5 )
£ a2 s B =
[<] - o =
] 5 o s
249} s 214} . £
o o
218 {-0.15
217 i i i 1 212 i i i 1
0 100 200 300 400 0 100 200 300 400
Time(s) Time(s)
(e) ®

125



Chapter 5 Sensing potential with gold films

2,22
2.1} :
: _ o 7]
3 & = S
S 218 € 8 o
v v
2217 ¢ 2 1o 8
5 S 5 )
E 246 . ‘ . s E S
B 2A5 b B 5 o 0.2 5
‘ s 2
214} : o o
243
212 I i i I 2.1 I i i I
0 100 200 300 400 0 100 200 300 400
Time(s) Time(s)
(9 (h)

Figure 5.2 The scattering in response to a potential step as the sequence in (a), (c), (e) and (g)

were 0/ 0.05Y -0.05Y 0V, OY 0.1Y -0.1Y 0V, OY 0.15Y -0.15Y 0V, OY 0.2Y -0.2Y 0V,

represented as red squares and lines. The potential sequences in (b), (d), (f) and (h) are revered
as 07 -0.05Y 0.05Y 0V, OY -0.1Y 0.1Y 0V, 0Y -0.15Y 0.15Y 0V, OY -0.2Y 0.2Y 0V,

represented as blwércles and lines.

The potential dependent scattering was not only reflected by the steadier
scattering at larger potential, but is also manifested by the size of scattering
changing at the transition of two differemtpntials, depicted in Fig. 54las
the differential scattering at each fixed exposure time during the potential
application. The rate of change in scattering was nearly smooth throughout the
total potential application time except for the sharp spikes at the transitions of
two potentialsThe different sizes of the spikes when the potential switched at
36 s and 396 s, while the approximately same size of sharp spikes presented at
216 s irrespective to the potenti al

adsorption of chloride ions.
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Figure 5.B Measurements of charge in response to the potential step. The sequences of

potential step for (a)fp), (c) and (d) are,¥ 0.1Y -0.1Y 0V, 0Y -0.1Y 0.1Y 0V,

oY 0.2Y -0.2Y 0V, OY -0.2Y 0.2Y O V.
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Figure 5.4 The rate of change of scattering from thin Au film during the application of a
potential step. The potential sequence of the red square lines in (a), (b), (c) and (d) are
OYO. 0066.YO5Y0 V,-00¥V0 1VW, -OYD5¥YGYV,-00X¥902¥ and t he
bluecice | ines in (a),0(6Y0(065Vanwo(@aYoanve 0V
OY0.15Y0. 1590 2¥,0.®W0 V. Each point il obtain

scattering sampling from thh scattering sampling.

The equivalent circuit of the electredelution interface containing the

specific adsorption proce$$37] is illustrated in Fig. 5.%. The capacitance
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contributed from the adsorption ions is represented by the series of adsorption

resistanceR,q adsorption capacitanc€,q and a Warburg impedancély,
related to the specific adsorption ions diffusion to the electsodiiace. The

total impedance and capacitance of this electrical circuit are given by

Z(W) =R+ ! (5.12a)
. 1
nCy +
R+ Sa0 1
‘ \/WV iWCad
and
C(w) 1 Cag (5.12b)

TimzZw)- R) = Ca "I+ s, Codiwt RyCoi

where Rs is the solution resistanceCy is the doubldayer capacitance,

s.4(iw) Y2 is the diffusional impedance with its coefficiest_ ,. Because the

adsorbing species Gt a major component of the electrolyte, it approaches the

electrode surface by migration instead of diffusion, so the diffusieleatent

W,q is negligible [138]. At high frequencies range, the total capacitance is

identified only asCy;, the doubldayer capacitance. But at low frequency and
DC, Cyt+ Cyis present as the total capacitance at the electoldéion
interface.

The anionCl" adsorbing at thegold surface in the case of positive

potential is stronger than the cation ‘Nedsorbing in the case of negative

potential. As a result, the application of positive potential induces larger
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capacitance than negative potential on the electrode surfaceserfed by the
larger differential scattering spikes at 36 s and 396 s when the potential was
altered between the positive and zero. Since the exchange quantity of chloride
and sodium ions adsorbed on the electrode suifatecedby the switch of
potentals at 216 sare almost equalthe same change in the magnitude of

adsorption capacitance results in the same size of spikes.

Rs

|

Rad Wad Cad

Figure 5.5 Equivalent circuit of the electroesolution interface in the presence of adsorption
ions.R; andR,q are the skution and adsorption resistanc€y, andC,q are the double layer and

adsorption capacitancedlyis the diffusional (Warburg) impedance.

As the potential step size increased, the size of these spikes at the switch
points increased significantly, wiiddemonstrate that the effect of potentials in
accordance with their magnitude again. The scattering tendency modulated by
the potential steps indicates that the scattering strength depends on both the

magnitude of potential and its application time.
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5.3 Detection of potentialwith a SPR platform

Potential detection from thin gold film measured by -eald
spectrometry and microscopy was demonstrated in the last section. At an
incident angle of 447 the voltagsensitivity of thin (~16 nm) gold film far
exceeds that of the thicker (=50 nm) film. In this section, a commercially
obtained SPR system (Reichert, SR7000DC) was employed to examine the
feasibility of potential detection from thicker gold films50 nm) illuminated
at the APR angle, which is inaessible to the custom dafikld instrument

Surface plasmons are the oscillation of free charges at the interface of a
noble metal and a dielectric and are inherently associated with an
electromagnetic field. Because of its extreme sensitivity, alberadf the
properties of either the dielectric or the metal leads to a significant change in
measurement. The configtion of this SPR system of 60°to 8hcident
angle and 78@im p-polarised illumination provides the correct arrangement to
raise surfacelasmon resonance propagating on a 50 nm thickness gold film.
Observation of the effects of potential on SPR was implemented by recording
the refractive index units (RIUs) as a function of the potential applied on the 50

nm gold film with about 2 mAsurface area.

5.3.1 Cyclic voltammetry of the Au film-solution interface on SPR system

Cyclic voltammetry from200 mV to 200 mV was applied to demonstrate
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that no redox reaction occurred in this pot@ntange in 0.1 M NaCl (Fig 56}
No reduction or midation current peak was observed in this potential window

and the presence of current was due to the electrical double layer charging.

0.5

=

Current{pA)
(=]

:W.

0.2 0.1 0 0.1 0.2
Potential(V) vs Ag/AgCI

Figure 5.5  Cyclic voltammetry of 50 nm Au film in 0.1 M NaCl at a scan rate of 0.1 V/s

5.3.2 Refractive index units as the function of potential

A seriesof potential modes from BMA (£200 mV) to BMF (10 mV)
and BMG (0 V) were applied to a 50 nm gold film deployed on this SPR
system. The electlgte was 0.1 M NaCl. Figure 571depicts the tendency in
RIU cawsed by these potentialhe higher and lower RIU induced by the two
polarised potentials clearly indicated that the positive and negative potentials
had opposite effect on the refractive index either in the gold film or its
surrounding medium. An increasé local refractive index in the vicinity of

gold surface is expected due to the adsorption of anions in the case of positive
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potential or cations in the case of negative poteajliedon the electrode
surface, which are to form the electrical doullger. Transport of charges via

this double layer changes the free electron density in the surface layer of gold.

2.268 %19 .
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2.266} ..s ..................................................................... ]
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Time(s)

Figure 5.7 Potential induced refractive index unit trace of 50 nm Au film. The sequence of
potential was 200 mV, £150 mV, £100 m\4A50 mV, £25 mV, £10 mV and 0 mV. The
sampling period was 0.5 s. 6 s duration of each pulse resulted in 12 samples. The red and blue
triangles represent positive and negative potentials respectively. The cyan line is drawn as an

eyeguide.

The electrordensity is increased under the condition of negative potential or
decreased by the application of positive poteniile dielectric function of
gold is dependent on its free electron densiyts change impolarity is altered
with that of the potentla. The symmetric trend of RIU with respect to its value
at 0 V indicatedhatthe RIU was predominantly affected by the change in the

dielectric functionof gold due tothe alteation of electron density rather than
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the increase dhe refractive indexof surrounding mediunof gold because of

the ions absorptionThe gradually increa&sl RIU in each potential mode,
especially apparent in higher potential modes, was accounted for the slow
relaxation of charges. In each potential mode, the opposite potdiatialbot
completely deplete the charge cumulated by its counterpart. The residual
charges pushed the RIU value to a greater level when the same potential was
applied again.

The response of Au film to the potential was characterised by its contrast

defined &
20 20
a RIUhigher_i -a RIUIower_i
RIUcontrast: I(:(])- IGZS (513)
é. RIUhigheri +a RIUIower i
i=1 T = B
where RIU,...; and RIU, . representith refractive index ungt value

measured at higher and lower potential respectively.

The RIU contrast of 50 nm Au film measured at a sené different
potential modes and its fitting curve employigg. (5.10) is shown in Fig. 381
The value of A, ¢) was (0.13 1.519). The value of, 1.519, indicates an
increased notinearity in the RIU contraswvhich was more severe than the
scatteing contrast as a function of potential of thin Au film measuredhiy

darkfield system in Sec.2.4, whose value afwas 1.319.
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Figure 5.B The red squares and line is the RIU contrast of 50 nm Au film resulted from
the multipotential males where the potential was reduced from £200 mV to 0 V. The blue

circles and line represents the fitting curve.

5.3.3 The effect of electrolyte concentration

The effect of the bulk NaCl concentration on the potential response of the
50 nm Au film isshown in Fig. 5.9. The contrast decreased from BMA (£200
mV) to BMB (150 mV) and BMC (x100 mV) as expected. However, at each
potential mode, the contrast value increased from low concentration to a

plateau at moderate concentration then decreasedlenaddy at even higher

concentration.
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Figure 5.8 Contrast of RIU dependent on the NaCl concentration at 0.1 M, 0.3 M, 0.6 M and

0.9 M. The red, green and blue represent contrast measured for BMA, BMB and BMC.

The electrical double layer captance C, comprises two individual
capacitances in series, the inner Helmholtz capacitafycewhose properties
are determined by a layer of solvent and water molecules in the vicinity of the
gold surface and théiffuse capacitanceC,, dependent on the concentration
of bulk electrolyte from the outer Helmholtz layer into bulk of soluti@}, is
therefore governed by the smaller of the two capacitances.

At low electrolyte cacentration, C,, dominates the total capacitance.
The charges accumulated in the electrical double layer insreagh
increasing electrolyte concentration. Consequently, the displacement of the
RIU value induced by two polarised potiafs increases with incread

concentration. The resultant RIU contrast follows the ascending trend of the
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electrolyte concentration. Meanwhile, high electrolyte concentration
compresses the thickness of electrical double layer. As one critical
concentrabn is approached, the determination of total capacitance becomes
dominated by the Helmholtz capacita@;e The presence of 0.9 M NacCl
provided abundant cations and anions to adsorb on the gold surface, together
with water molecules taealign the Helmholtz capacitance. The binding of
cations compensate the negative polarisation of gold while the anions
implement an alternate way to decrease the positive potential on the gold
surface. The repulsion of coion and attraction of counteénhance the
concentration of counterion, and thereby intensify the neutralisation of gold

surface and screen the electrostatic fp188].

5.3.4 Modulation of RIU during cyclic voltam metry

The RIU value related to the CVs of different potential scan rates, 0.01
V/s, 0.005 V/s, 0.001 V/s, in the presence of 0.1 M NaClshvn in Fig.
5.20. The potential applied was between 2200 mV. The trend of the RIU value

followed the same directn as the potential scan when it began from 200 mV.
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Figure 520 RIU traces obtained from cyclic voltammetry. The sampling period for each
RIU value was 2 s. The potential scan rate in (a) was 0.01 V/s, (b) was 0.005 V/s and (c) was

0.001 V/s. The potential began from 200 mV in each meamne

This behaviour of the RIU transient was strongly dependent on the
potential scan rate. Differentiation of the RIU between 200 mV as a function
of time gave the details of thigeansient as shown in Fig. 3.2The behaviour
was evaluated witkq. (5.11). The values o&,(b, U) were (8.305,
s) for 0.01 V/s, (4.058, 3.398, 17.71 s) for 0.005V/s and (1.009, 0.7626, 82.55 s)

for 0.001 V/s. The ratio of time constants 9.792:17.71:82.55=1:1.8:8.43 is
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proportional to the reciprocal ratio of potential scan rates

0.01:0005:0.001=1:1/2:1/10.
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@ (b)
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Figure 5.2 Rate of change of RIU by differentiation. The potential scan rate in (a), (b) and (c)

were 0.01 V/s, 0.005 V/s and 0.001 V/s. The red line is the differential value of experiment.

The blue line is a fit to Eq. (5.11).

The time constantsf the 50 nm Au film depending on the potential scan
rates detected by SPR system were the same as that found from thin Au film
measured by the dafield spectrometer. This result reveals that the
chargingdischarging process of Au film invoked by a lin@atential scan can

be represented by an exponential transition. The faster potential scan results in
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an earlier equilibrium achievement between Au film and electrolyte.

5.4 Model for electrical induction on gold film

The performance of the gold filmnder the influence of an applied
potenti al can be explained by applyin
structure as presented in Sec. 5.1. The Thdreasi layer induced by the
potential and the rough surface of the gold, both affect the relativatpety
of gold. Consequently, the reflected and transmitted light from the gold varies
according to the change in gold structure. Two standards including contrast and
signatto-shot noise ratio are presented to characterise the consequences of the
potential in terms of the wavelength and the incident angle of the illumination

beam.

5.4.1 Structure of five layer model

The planar gold film is sandwiched between the coverslip and the
electrolyte. Meanwhile, the external electric field creates an elactibuble
layer adjacent to the surface of the gold film. The induced alignment of charges
alters the relative permittivity of gold but only extends for a few Angstrin
from the top surface due to the shield reaction created by the Tiamnas
layer, as dscribed in Sec. 3.3. This multilayer model of the experiment is
shown schematically in Fig. 22The bottom domain is glass (BKY= 1.517).
The gold is deposited onto the glass and the top domain of electrolyte is 0.1 M
NaCl (h=1.33). The gold film emprises three layers, namely a pure bulk gold
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layer, an effective medium layer and a ThotRasmi layer.

drr
Effective medium p

H1

Figure 5.2 Model of gold immersed in electrolyte with applied potential

Due to the thermal evaporation technique employed foositpg the
gold film on the coverslip, randomly dispersed gold islands grow on the bare
coverslip to aggregate as a continuous film. A plain pure gold layer exists at the
bottom of the gold structure. Au islands embedded in the electrolyte aggregate
and ae represented as an effective medium layer on the top of the pure gold
layer. The rough Thomasermi layer caused by the external electric field is
positioned above the effective medium layer, separating it from the electrolyte.
It is assumed that distuiibed gold islands in the effective medium are spherical
with the depolarisation factdr = 1/3 and the volume fractigmof gold is 0.8.
The pure plain gold layerH{l) and the effective medium layeHZ) are
estimated to occupy 9% and 10% of the total ominal thickness of gold film
[96]. DrudeLorentz theory andBruggemanmodel described in Sec. 3.1 was

used to calculate the relative permittivity of gold.
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5.4.2 Characterisation of the effect of potential on the gold film

The incident beaml,,. illuminating the gold structure through the glass

c

results in a portion of light reflected back from its bottom and a portion
transmitted from its top surface. Making use of the eaibn and the

transmission coefficient®® and T mentioned in Sec. 5.1, the irradiance of the

reflected beaml ., and the transmitted bearh,,, are obtained as

ran

., =1._R (5.14a)

tran = IincT (514b)

In a practical measurement, the detected reflected and transmitted beam
energies are constrained by several factors during the beam propagation,
including the numerical aperture of the microscope objefdive, the quantum
efficiency of the detection devices and the integration time.

Two measures are now introduced to characterise the resultant light from

either the reflected or the transmitted field. The first one is the contrast defined

as
ligher™ |
Canpas™ o (5:15)
Ihigher+ II<:~wer
With 1. and I, representing the irradiance of the reflected or the

transmitted beam resulting from the applied higher and the lower potentials

respectively.
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Since the contrast only considéing relative iradiancethe signatto-shot
noise ratio (SSNR) was also utilised to characterise the detected signal
determined bythe number of detected photons. In the detection system, the

overall detection efficiencyr is writtenas

gsin (VA )2

ncoupling 3 3
h= P T,..2 QE (5.16)

where both the numerical aperture of objecti& and the refractive index of

medium separating the objective and the specimgp,;,. determine the

detection angle of objective. In atidn, the optical transmission of,,, and

ran

the quantum efficiencyQE, of detection sensor contribute to the overall
detection efficiencys as well.

The minimum distance that the objective lems cesolve two closely

spaced point elements according to the Rayleigh criterion is

0.6YV/

d Rayleigh = W

(5.17)

where dg, .+ IS the Rayleigh resolution distance [refis the wavelength of

the illuminaton beam [m] andNAis the objective lens numerical aperture.
NyquistShannon sampling theorem states that in order to fully
reconstruct the image, the resolvable element is required to be sampled twice.

To satisfy the Nyquist requirement, the samplingenvél is half of the
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Rayleigh distance. The minimum required sampling a®g, [m?] is

therefore

d )
S, . = (—Faeh2 (5.18)

area
2

The reflected and transmitted beams emerged from this sampling area

S,... are delivered as photons to the detection device. Assuming the gold

filmébs temperature does not rise too

illuminated beam, the energy of the detected reflected and transmitted beam is

Idetﬁref = I ref SareaﬁTintegration (5198.)

l det_tran = l transareeﬁTintegratior (519b)

where T, ..o 1S the integration time of detection sensor.

The numerous advantages of CCD sensors allow them to be applied
wi del y. B e tof c@uS® gubjectao noise, with the three primary
components being photon noise, dark noise and readout noise. In general, the
effect of dark noise and readout noise can be reduced by the design of the CCD
sensor. The shot noise generated by the &rav@hotons within the sensor
determines the fundamental limit of detection sensitivity. The magnitudes of

the detected beams in terms of photon number are

_ ' det_ref
det_ref — E

N (5.20a)

photon
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|
__ 'det_tran (520b)

det_tran —
- E

N

photon

where E ., iS the energy of one photon, equivalent ig// , h is the

Pl anckds caasrthe wavelength[ofl bedm, [m] ards the speed of
light [ms?].

The magnitude of the shot noise is governed bysBaistatistics and is
equivalent to the squareot of the signal in an integrating detector, so the

signatto-shot noise ratio (SSNR) is

SSNRf - det s \/ det ref (521&)
\/ det ref

SSNR-m det = \/ det tran (5 21b)
\/ det tran

The procedure for the utilisatiasf SSNR to investigate the influence of
the potential on the gold film is described as follow. Spectra for the reflected or
the transmitted light in terms of the detected photon numbers induced by a
higher potential and a lower potential were calculafdwe difference of the
detected photon numbers due to the two potentials is the signal and the
numerator of this ratio. The squameot of the total photon numbers is the noise,
the denominator of this ratio. The division of the numerator and the

denominatois the SSNR related with the potential, which is defined as
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N,...-N
SSN'% higher lower (522)

\/ Nhigher + Nlower

where N and N are the number of photons detected as the reflected

higher lower

or the transmitted beam atthigher and the lower potential respectively.
In the following sections, contrast and SSNR will be utilised to

characterise the gold fil&a sensitivity to the change of potential.

5.4.3 Contrast as a function of potential

The response of the light tefted from the gold film at different
potentials is transferred as contrast to quantify its sensitivity to potential. The
reflected light is unpolarised light which is defined as the sum of hahg
half s polarised light. In accordance with the cdiadis of the experiment, the
thin gold film represented by 15 nm thickness was illuminated at a 44°angle of
incidence and potentials of 200 mV, £150 mV, £.00 mV, 50 mV, 225 mV,
#10 mV and 0 V respectively were applieBeside the case mentioned at
begiming that the pure plain gold laygdl) and the effective medium layer
(H2) are estimated to occupy 90 and 10% (casea) of the total nominal
thickness of gold film, three other cases, the pure plain gold layer and the
effective medium layer occupy P8 and 30% (caseb), 40% and 60% (case
c), 0 % and 100% (cased) of the total nominal thickness of gold film, are
consideredn this sectiorfor comparisonThe calculated contrast recorded at 3

146



Chapter 5 Sensing potential with gold films

wavelengths, 550 nm, 600 nm and 650 nm marked by red,epara green
squares and their corresponding Hésturves indicated by blu&iangles are

shown in Fig. 5.2.

Contrast of reflected light
Contrast of reflected light

LB b A.5¢ R
== 550nm : = 550nm
ol[-E=600nm | N _2|| - 600nm
650nm 650nm
- -&-Fit : -~ Fijt
“o *0.05 +0.1 *0.15 *0.2 '2'50 +0.05 o041 +015 0.2
Potential(V) Potential(V)
(@) (b)
3 3
Py : 0240

0.5F -

'
-
T

Contrast of reflected light
h
Contrast of reflected light

: S2b :
=2 =l 550nm | 5| @=550nm &
=8 600nm : " || <~ 600nm
250 BE0NRM | al 650nm
, -&-Fit : is -& - Fit :
) +0.05 Fo01 Fo015 Fo.2 ~o 4005 Fo01 Fo015
Potential(V) Potential(V)
(c) (d)

Figure 5.2 Contrast calculated from the reflected light and the correspondinditomstve.

The red, purple and green squares and solid lines are the contrasts calculated from the reflected

light at 550 nm, 600 nm and 650 nm. The blue triangle dashed épe=sent their

corresponding besit curve for Eq. (5.10)The thicknesssof the pure plain gold layer and the

effective medium layein (a), (b), (c) and (d) are described in cas®, c andd respectively

See Fig. (5.9 for the curve derived from egpmental data

147



Chapter 5 Sensing potential with gold films

All of them decrease with the corresponding potentials as expddteditted
values of A, c) for the calculated contrast at 550 nm, 600 nm and 650 nm were
(-0.0193, 1.378),-0.0156, 1.409),-0.0129, 1.428) in casg (-0.0205, 1.357),
(-0.0176, 1.41),-0.0147, 1.429) in cade (-0.0254, 1.381),-0.0209, 1.405),
(-0.0177, 1.43) in caseand ¢0.032, 1.381),-0.027, 1.408), -0.0231, 1.432)

in cased. The values ot of larger than unityn all casess consistent with the
fitting value 1.319 for the experimental resultudtrated in Fig. ®, showing

that both experimental and calculated contrasts reduce nonlinearly with
decreasing potential.

The difference between the experime and calculated contrast is
probably due to the herogeneous gold layer and the effect of the electrical
double layer. In spite of the addition of the effective medium layer, which takes
the roughness of gold surface into consideration, the estimation of the
consequences of thermal evaporation during wWiele process of gold
deposition is insufficientThe gold naneaslands scatter strongly on gold film
surface while this consideration in the simulation is inadeqiiat magnitud
of contrast increases withcreasng effective medium thickness as shown
Fig. 5.23.The propertes of gold may need to be considered from the glass

substrate to its top surfag@6]. The computation of the electrical double layer

could be improved by considermigh e speci fi c, and nonspe

impacts on the gold.
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5.4.4 Wavelength dependent contrast and SSNR

Although the quantitative prediction of this modelling is insufficient, it
could provide the general trends and illustrate the qualitativectefiThe
reflected and transmitted spectra of the gold film depend on both the
wavelength and the incident angle of the illumination beam. In this section, the
potential dependent contrast and SSNR as a funcfiomavelength will be
investigated first. Far incident angles, 07 447 70°and 80°were chosen to use
for the comparison of the effects resulting from the potential applied on the
gold film of thickness from 1 nm to 80 nm. Because the reflected and the
transmitted spectra are mainly dependenthenthickness of gold film and the
angle of incident beam, the transition of the angle from below to above the
total internal reflection angle 84ill have significant effect on the results.

Figures 5.2 and 5.5 illustrate the contrast and the SSNR & tkflected
and the transmitted light at these four different angles, calculated from the
unpolarised light stimulated by 200 mV a/2D0 mV respectively. The contrast

and SSNR are shown as their absolute values.
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Figure 5.2 The contrast and SSNR of the reflectedtifjbm the gold film. (a),(c),(e) and (g)
show the contrast of the reflected light at the incident angles of 0°, 445 70°and 80°
respectively. (b), (d), (f) and (h) show the SSNR of the reflected light at the incident angle of

0°, 443 70°and 80°respe ctively.
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The contrast and the SSNR of the rafeclight presented in Fig. 312
have the same trend for the different thickness of gold film for incident
wavelengths from 500 nm to 800 nm. For incident angles less than the total
internal reflection anglejamely 0°and 447 the thinner gold films have better
contrast and SSNR compared to the thicker ones, especially at small incident
angles. Theoptimum thickness for voltageensitivity transfers from thin gold
films to the thicker ones as the incident lasgincreases. Gold films with
thickness in the range of 40 nm to 60 nm outperform the othgrslafsed
beams whose incident angles are larger than the total internal reflection angle
have the chance to raise SPR, which has been demonstrated asaardimgtst
sensing technology to monitor the change of refractive index near the surface
of gold fil m. The O6ébutterfly 1ikebo
presented within the wavelength range680 nm to 680 nm in Figs. $4e)
and (f) imply the voligesensitvity is partially contributedy the SPR. If only
the contrast is considered as the criteria to select the best sensitivity platform,
thin gold film illuminated at small incident angles performs best. However,
taking the number of detected phasdanto account, thick gold film illuminated
at the higher incident angles can provide more photons, which can overcome
the lower contrast in a practical measurement.

Usually, reflected light from the gold film is utilised due to the mature
methods of invstigation for the reflection in the far fieltHowever, here is
alsoa possibility to enhance the electric field nthaa goldelectrolyteinterface
due to the evanescent wave. Although figkl enhancement takes plaoethe
near field, thenear fieldsignalis able to be transferred to the far field by the

assistance of the @sence of nanostructure at tih@erface. Considering
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making use of the light detected in transmission provides an additional method
to detect the potential, even if there are enoomplex factors that need to be
evaluated for the transmitted field, such as the energytiassfer from the

near to far field, which isot taken into account in this model. The light
detected in transmission of thick gold films illuminated by higimeident
angles is better than all the other arrangements according to the magnitude of
both contrast and SSNR. The extraordinary SSNR, which is more th20010

in the case of 70°incident angle, indicates proper optical aligrinoexnld
achieve higher véhgesensitivity by observing 50 to 70 nm gold films due to

the field intensity enhancement.
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Figure 5.5 The contrast and SSNR of transmitted light from the gold film. (a),(c),(e) and (g)
show the contrast of the transmitted light at the incidegtearof 0°, 44¢ 70°and 80°
respectively. (b), (d), (f) and (h) show the SSNR of the transmitted light at the incident angle of

0°, 443 70°and 80°respectively.

5.4.5 Incident angle dependent contrast and SSNR

In this section, the contrast and SSWR be investigated as a function of
incident angle. The performance of gold film under the application of #2090
was computed by selecting incident beams with wavelengths of 550 nm, 650

nm and 750 nm respectively.
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Figure 5.5 The contrast and SSNR of the reflected light from the gold film. (a),(c)@nd (
show the contrast of the reflected light at the wavelengths of 550 nm, 650 nm and 750 nm
respectively. (b), (d) and (f) show the SSNR of the reflected light at wavelengths of 550 nm,

650 nm and 750 nm respectively.
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Figure 5.Z The contrast and SSNR of the transmitted light from the gold film. (aanft)e)

show the contrast of the transmitted light at the wavelengths of 550 nm, 650 nm and 750 nm
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wavelengths.
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According to the depiction in Figs %2and 5.2/, considering the reflected
light, good contrast and SSNR are exhibited by 1 to 20 nm thin gold films
illuminated at shorter wavelength and lower incident angles and by 40 to 60
nm medium thickness gold films in the case of the longer wavelemgth a
higher incident angles. Considering the light detected in transmission, 40 to 60
nm gold films associated with higher incident angles produce higher contrast
and SSNR at longer wavelengths. The conditions including medium thickness
of 40 to 60 nm goldilims, wavelengths and angles of incident beams that
produce high contrast and SSNR coinciding with the requirement to raise the
SPR, prove the sensitivity of surface plasmons resonance again, where the
evanescent wave enhances the field intensity drarftatiddeanwhile, the
narrow zones of high contrast and SSNR require very high scanning angle
resolution. In order to achieve the high response to the potential from thick
gold films, it is necessary to slightly adjust the incident angle to locate at the
comrect angle, which is a rigorous requirement compared to the slight smaller
contrast and SSNR but a relaxed alignment if the thin Au film is chosen as the

platform.

5.5 Conclusions

The #2200 mV potential window was proved to be within the electrical
doubk layer range for gold film by using the cyclic voltammetry technique.
There was no redox reaction at these potentials, just electron transfer between
the electrical double layer and the gold film.

The custom built spectrometer was utilised to comparesmneelength

156



Chapter 5 Sensing potential with gold films

dependent scattering contrast of thin (~16 nm) and thicker gold film (~50 nm)
under the conditions of 0.1 M NaCl and 200 mV potential range. At the lower
incident angle, the thin gold film afforded higher scattering contrast than the
thick one. The wavelength 618 nm at which the thin gold film had good
scattering contrast was selected for the subsequent single wavelength
measurements.

The scattering of thin Au film had been modulated by a series of potential
application modes, from 2200 mV tol mV, to determine the tendency of
scattering contrast. The magnitude of scattering contrast decreaskaeaoly
with decreasing potentials. The application of a linear potential sweep at three
scan rates resulted in three kinds of scattering plot.differential scattering
change rates of these three plots were well fitted by an exponential equation.
The exponential change rate of scattering implies the completion of the
equilibrium between the gold and electrolyte is influenced by the velocity of
potential applied on the Au film. The potential dependent scattering was also
examined by several types of potential step mode. The similar traces of
scattering strength and charge calculated by time integration of current are
further proofs that the modutat scattering is governed by the electron transfer
process at the surface of Au film.

A commercial SPR system provides an alternative way to investigate the
potential response of thick gold film. The potential dependent RIU contrast and
potential cyclingnduced RIU presented similar tendencies as these of thin Au
film measured by darkield spectrometer. This similarity proves that the
kinetic of Au filmds response tamd pot en

is predominantlycontributed by the altation of electron density in gald
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Two criteria, contrast and SSNR, were introduced to assess the ability of
rough Au film sensing the potenti al
equations. The calculated reflected light contrast induced by the pbtenti
applied on a 15 nm thickness Au film deviated from a linear ratio and
coincided with the measured scattering contrast of thin Au film. It is known
that the magnitude of potential, thickness of Au film, the incident angle and the
wavelength of beam couldetermine the response of Au film to the potential.
Alternative usage of the last three parameters in the modelling under the same
condition of 200 mV, the simulation qualitatively predicted the trend of
contrast and SSNR. Generally speaking, thin gihd fess than 30 nm have
good contrast and SSNR under the conditions of lower incident angle and
shorter wavelength. Conversely, 40 nm to 60 nm Au film are recommended to
detect the potential with higher incident angle and longer wavelength.

The experimetal results presented in this chapter demonstrate the
potential dependent scattering strength from thin Au film (=16 nm) and RIU
from thick Au film (~50 nm) are governed by the chargthgcharging process
at the surface of gold. The modelling results paat the direction to utilise

the Au film to sensing potential under certain circumstances.
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As described in earlier sections, collective oscillation of conduction
electrons athe surface of nanoparticles due to optical irradiation is known as
localised surface plasmon resonance (LSPR). The size, shape, material and
aggregative state dependence of the LSPR spectrum provides analogous
sensitivity to change in the local dielectramvironment as commercially
established SPR platforms using smooth Au filfids 19, 2829, 140]
Furthermore, a wide range of spectral tunability from the visible to infrared
spectrum offer additional benefits afiexibility in configuration as compared
to the classical SPR platfofgi].

The interesting optical attributes of metal nanoparticles, specifically their

intense scattering and absorption of light are the result of their unique

interaction with | ight. Alyhaveoa lgny Mi e

history, the reason why they have remained important today is their simple and
exact solutions which can explain the anomalous and striking colours exhibited
by small metallic particleE3, 40]. Therefore, an explanatiori blie theory and
Gans6é6 theory for the scattering and
described first. Then, an experimental investigation of Au NPs in the presence
of potential will be compared with modelling results obtained by applying

thesetheories. Their scattering spectra and response to potential were recorded

159

ak



Chapter 6 Sensing potential using nanoparticles

by the darkfield imaging spectrometer and used to quantitatively compare
spherical and rodhaped NPs. The effect of the essential factorsnfiaence

a part i csesibvidy, namely tha gudace area to volume ratio and the
NPs geometrical aspect ratio, are demonstrated in both experimental and

simulation results.

6.1 Gans6 theory and Mie theory

The complete explanation of the various colour effects frolioids had
been speculatedy s ever al scientists before Mi
[141]. Mie firstly introduced his theory to qualitatively correlate the properties
of a single colloidal particle made of arbitrary material and aegtsring and
absorption of lighf4l, 142143]. The interaction between an incident wave
and a homogeneous spherical particle was rigorously explained by solving
Maxwel |l 0s equacald bnsty d h eonMia gh@s$colosro | u
phenomena of noble metal colloids smaller than or comparable to wavelength
was realised by Mie as well, and is now known as plasmon resonance. The size
of a spherical particle and its surrounding environment strongly influence the
spectal position and width of the localised surface plasmon resonance.

Ganse xt ended Mi ebds theory from spheri
are much smaller than the illuminating wavelength]. Gans o6 t heory 1

that in addition to size, NP shape is a very ingoat factor in determining the
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resonance properties. Different lengths of axes in ellipsoidal and spheroidal
particles lead to different magnitudes of electron oscillation and split the

plasmon resonance along each correspondind4iiis

6.1.1 Gansod theory

Gmnsb6 theory simplifies the response
by applying a quasstatic model (dipole approximation). Considering an
isotropic particle embedded in a nrahsorbing medium, anduch small
compared to the incident wavelengthe tmagnitude of the electric field is
approximately constant throughout the particle. The macroscopic electric field
E over the particle comprises the incoming radiation fidlg and the
depolarisation electric fieldg, caused by the perturbation from the particle,
which tends to oppose the external applied electric field. The dipole moment of

this particle i485]

_4mbc & - &, 6 E (6.1)
3 g, +(g-eg) "

where a, b, c are the three semiaxes of the ellipsoidal partide,is the
compl ex permittivit ye, dsfthe relatiee perraittivityi c | e 6 s
of the surrounding medium arld is the depolarisation factor related to the

depolarisation field.
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Therefore, the polarisability of the ellipsoid at one of its axes is

_4pmbc & - &, 6.2)

3 e,+(q- el

Figure 6.1 1 i ke®reospheeobd Arod

The depolarisation factok is characterised by the ratio of the three
principal semiaxesa, b andc. For an arbitrary ellipsoid, such as the prolate

spheroid shown in Fig. 6.1, the depasation factorL, along the semiaxia

is [144]

abc
3 1

2(s+a?)2(s+b?)2(s+c?)

ds  (6.3)

—
Q
I
S

1
2

wherea, b and c are the length of the correspondingnsaxes, andg is the
surface area of the ellipsoid.
Depolarisation factorsL, and L, are obtained by the same formula
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with a cyclical changes of semiaxes. The sum rulet L, +L, =1 always
holds.
Here, spherical particlest & b = ¢), and prolate spheroida & b= c) are

the interesting cases to be investigated. A spherelhasL, =L_. =%/3. The

depolarisation factors of a prolate spheroid are

1-e* 1. 1+e
L = —In -1 6.4a
=TT (64)
L, =L, L (6.4b)
2
b2
e= ]_-? (6.4c)

The scattering, absorption and extinction cross sections in the dipole

approximation are

4

Cur gl Hlaul +aT @52
Can = S IM(@, +a, +.) (6.5b)
Cext = Csca+Cabs (65C)

where a,, a, and a_ are the polarisability of three axes akds the wave

vector in the surrounding medit(ﬁp\/e—m// )
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Figure 6.2 Ellipsoidal shell

In the case that the ellipsoid is covered by a different material with a

thicknessd (Fig. 6.2), the depolarisation factors of the inner and outer

ellipsoids are also determined by the length of corresponding semiaxes. The

expression of polarisability for the total particld88]

= 4pa,b,C, (& - ey)le, +(e - 6’2)(Li1 - ﬂ-iz)] +fe(e - &)

“ 3 [62 +(el - 6'2)(Li1 - fLiz)][em +(6'2 - em)Liz] + ﬂ-izez(el - 6'2)

(6.6)

where subscript denotes the three axeg, is the relative permittivity of the
inner ellipsoid, e, is the relative permittivity of the outer coatimg, is the

relative permittivity of surrounding mediumg,, b,and c are the lengths of
the semiaxes of the innallipsoid, a,, b, and c,are the lengths of the
semiaxes of the outer ellipsoidf =a,b,c,/a,b,c, is the fraction of the total

particle occupied by the inner ellipsoid, aiidand L? are the depolarisation

factors of the inner and outer ellipsoids respectively. By substituting the
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polarisability of the ellipsoidal shell into Eq. (6.5), its scattering and absorption
cross section are available folaaation.

It should be nad that the spectral response of a particle in the dipole
approximation is only dependent on the permittivity of the material and the
particlebds shape. The size of the par

C.r C,s and C,.

sca’

6.1.2 Mie theory

An exact analysis of the response of a spherical particle to
electromagnetic radiation in a homogeneous dielectric medium is feasible by
using Mie theory, performed here ugircustom programmes based upon
functions written by Christian Mdzle145]. Mie theory considers several
factors involving the determination of the response from a spherical particle,
such as electric and magnetic dipdlég, 85, 140] The Mie coefficientsa,

and b, are the key factors for the calculation of scattering and extinction

efficiencies.
a, = 1o(WB0, 00) - 711, COUDGL(MAT— g 7,
m?j,, (mY[xh” (X)]'- mh$ (x)[mxj, (MX)]
_ M (MG, ()] - (Y[m, (M) (6.7b)

T mi, (MY (] - b Imx, (mXY)]
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where m is the refractive index of sphere relative to the medium,

M= /€ pnere/ \/Emedium» X =KI' =20\/€,qaf [/ is the size parameter] is

the wavelength andr is the radig of the sphere.m is the magnetic
permeability of the sphere relative to the magnetic permeability of the medium.
Usually, m is approximated as unity.j (z2) and h®(z) are sphecal
Bessel functions of orden and argumentz=x or mx.

The scattering and extinction efficiencies derived from the Mie

coefficients are

2 2
Qua=—7& @n+1(a[ +p[)  (6:89)
n=1
Qu =2 & (2n+DRef@ +b)  (6.8b)

n=1

Absorption efficiency follows the rule of energy conservation as
Qabs = ext ~ Qsca (68C)

Multiplying the efficiencies by the geometrical cross sectriyields the

scattering, absorption and extinctiomss sections of the spherical particle.
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6.2 Scattering spectra of nanoparticles

The scattering of three types of nanoparticle including spheres and rods
were measured with the dafikld spectrometer. Their distinct spectra and
sensitivity to changenithe surrounding environment was considered in relation
to their shape. The scattering spectra of particles of the same dimensions as
used in the experiment were &bEBoth cal cu
simulation and experiment showed the temgenf spectra to redhift in
response to increasing refractive index of the surrounding medium, and for the

sensitivity to refractive index to increase with the particle aspect ratio.

6.2.1 Experimental nanoparticle scattering spectra

Spectrometers arfgequently used to observe localised surface plasmon
resonance in nanoparticles. Generally, the wavelestgthof the spectra is the
primary measurement to detect a change in the local environment.

Individual Au NPs were isolated on an ITO coated cslygras described
in Sec. 4.2.4 to avoid plasmonic coupling and to allow the resolution of
individual particles. The scattering spectra of the nanoparticles were acquired
by using the dardfield imaging spectrometer. To ensure the measured
scattering speatm originated from the expected NP, it was compared with the
nominal resonance peak in data provided by the NP manufacturer. According to

t he NP manufacturer 6s spectra measur
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nanospheresd(= 100 nm) in distilled water is 568m. The longitudinal peak
wavelengths of nanorods in distilled water are 650 bm §0 nm,d = 25 nm)

and 700 nml{ = 73 nm,d = 25 nm) respectivelj146]. The Au particles were

supported on a ITO coated coverslip. The presence of the coated coverslip (the
refractive index of the coated covepsis about 2[147]) increases the local
refractive index of the particlebs s

wavelength to the red as compared to when it is only exposed in s@9enAd,

81].

(a) (b)
Figure 6.3 Darlfield images of nanorods at a wavelength of 680 im{a) air and (b)

water (Nanorod dimensions wetee60 nm,d=25 nm)

Taking the substrate effect on the LSPR into consideration, particles
whose scattering peak wavelengths agreed with thaehiéigd nominal peak
wavelength were selected as the objects for further investigation, ensuring that
individual particles rather than cluster are used in the subsequent analysis. Gold

nanorods at anlumination wavelength of 680 nm, close to the resonance of
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their scattering spectra, are shown in Fig. 6.3. The nanorods were well
distributed and isolated, reducing the probability of plasmonic interactions.
Since the dimensions of the nanorods were tleas the optical resolution of

the microscope, the diffraction limited point spread function of the imaging
spectrometer determined their size in the image plane.

As described above, the scattering spectra of Au NPs depend on several
factors, such as thesize, shape, and in particular, the embedding environment,
which is of course the motivation behind investigating the potential of
nanoparticles for sensing applications. The shift of scattering spectra of three
kinds of nanopatrticles (nanospheres of ditend = 100 nm, nanorods with
dimensions of. = 60 nm,d = 25 nm, and- = 73 nm,d = 25 nm), induced by
adding 0.1 M NaCl and comparing to previously recorded spectra when the
NPs were exposed to air are illustrated in Fig. 6.4. Theshédt of their
scatering spectra and the decrease in scattering magnitude when the
nanoparticles were immersed in solvent are very noticeable.

It is anticipated that the spectra of nanorods has two plasmon resonance
peaks instead of the single peak observed from sphpadatles. The first is a
longitudinal plasmon resonance, because the plasmon oscillates along its long
axis, and is dependent on its geometrical shd@pe. second is a transverse
resonance, the plasmon oscillating perpendicularly to its long axis, but is
polarisation independent and weak compared to the longitudinal resonance
peak[148].
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Figure 6.4 Scattering spectra of (a,b) nanospheresdwitB0 nm, (c,d) nanorods with= 60

nm,d = 25 nm and (e,f) nanods withL = 73 nm,d = 25 nm. (a), (c) and (e) display the

scattering spectra of 8 individual particles. (b), (d) and (f) are ensemble spectra. Solid and

dashed lines represent nanoparticles exposed to air and immersed in solvent respectively.
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However, tle scattering spectra of nanorods exhibited a pronounced
longitudinal resonance peak but a barely visiibdasverse resonance around
510520 nm even for the larger nanorods. This is different from the two
resonance peaks observed in the absorption spdggaeasonable to take the
absorption into account, as it dominates the spectral response. The region of
transverse resonance overlaps with the gdierlimnd absorptiothreshold of

2.5 eV The contribution of electron interband transition resultshie tveak
transverse resonance amplitude compared to the remarkable longitudinal

resonance amplitud82, 143, 149]

6.2.2 Calculated scattering spectrum

Mie theoryand Gansd theory wer eectmtof | i sed
spherical and spheroidal particles. A size dependent adjustment to
DrudeLorentz theory (see Sec. 3.1.2 for details) was employed to calculate the
dielectric function of the gold nanoparticles.

The shift of calculated scattering spectra from(air 1) to water 1f =
1.33 the refractive idex of 0.1 M NaCl was assumambe thesame ashat of
wate) is illustrated in Fig. 6.5. The resonance wavelengthand the
sensitivity defined as the relative changes in peak wavelength to a change in
refractive index of mediunl)/ */Dn, along with experimental results are

depicted in Fig. 6.6 as a function of aspect ratio, BM@=Both the resonance
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wavelength and the sensitivity increased monotonically with the aspect ratio of

the NPs.
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Figure 6.5  Calculated scattering spectra of (a) nanosgherg)0nm, (b) nanorod. = 60

nm,d = 25 nm and (c) nanordd= 73 nm,d = 25 nm in air and water respectively.

The relationship between the sensitivity and the aspect ratio can be fitted as
41.84AR + 5.698 [nm/RIU] for experiment and 56.4AR + 49.87 [nm/RIU] for
simulation respectively. The value of slope obtained from calculation is close
to the experimental one, although a difference exists between the magnitudes

of their intercepts. A more than twofold improvement of the sensitivity of
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nanorods relative to thaf nanosphere implies that nanorods have potential to
be employed as sensors.

The peak wavelength of the experimental result is located at a longer
wavelength than the calculated value. This discrepancy is most probably
explained by the fact that the eft of the substrate was not considered in the
calculation of scattering. A homogeneous environnj#b0] was assumed to
surround the particle in the simulation whereas in the experiment, there was an
asymmetric environment including &fO coated glass substrate to support the

particle and a second medium encloses it.

|| ===Experiment 0.1M NaCl| . _-" |

= Experiment air ,’I | Experilment ¢

. 200! :0 Theory

== Theory air

:’; 150 . J
3 .
) :
< :
.................... A
100+ - p
50¢ : i : _
. 1 1.5 2 2.5 3
Aspect ratio Aspect ratio
(a) (b)

Figure 6.6 (a) Peak wavelengths of particles.

(b) The sensitivity for nanospheresdf 100 nm, and nanorods bf= 60 nm,d = 25 nm and.

=73 nm,d = 25 nm as a function of aspect ratio according to their scattering spectra
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6.3 Potential modulated scattering

Electron transfer between nanoparticles and the electrical double layer
was studied by using nanopargéislimmobilised on an ITO coated coverslip in
0.1 M NacCl bulk solution (NP size and shape as in the previous section). The
formation of an electrical double layer around the surface of the NPs as a
consequence of the applied potential performs as a tumneldctron transfer
to and fom the particles. The voltageensitivity of these three kinds of NPs

were characterised by their scattering contrast.

6.3.1 Cyclic voltammetry

0.2

Current{pA)
(=]

—0.1Vis
0.2Vis

02 01 0 01 02 03
Potential(V) vs Ag/AgCI

Figure 6.7 Cyclic voltammogram with nanorodls{60 nm,d = 25 nm) immdilised on ITO

in 0.1 M NaCl with 0.1 V/s (red line) and 0.2 V/s (green line) scan rate

Cyclic voltammetry was used to determine the potential range for the

redox reaction. The cyclic voltammogram (CV) of nanorads 60 nm,d = 25
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nm) immobilised on atTO coated coverslip at two potential scan rates (0.1
and 0.2 V/s) are shown in Fig. 6.7. The absence obdatland anodic current
peaksproofs that no faradic current was observed and the CV curves were

nearly symmetrical relative around zero current.

6.3.2 Scattering contrast as a function of wavelength

To discern the poteiatl response of each kind of Ntpolar voltage mode
A (200 mV) was applied after the scattering spectra of these NPs had been
collected as shown in Fig. 6.4. The acquisitionetifar each image was 4 s.
Scattering contrast (Sec. 5.2.3) was used to characterise their response to
potential. Since their resonance wavelength is detectable in the visible range, it
is interesting to notice that the sign of the response to potenges alh the
either side of scattering peak of nanordds 60 nm,d= 25 n m,-690-* =6 8
nm) shown in Fig. 6.8.

A positive potential reduced the scattering at 662 nm which was at the left
side of the spectral peak, while it enhanced the scattering at 729 nm, located at
the right side of the peak. The absence of a regparmind the spectral peak
indicated neither positive nor negative potential affected scattering in this
region.

The wavelength dependent scattering contrast of the nanoparticles is

shown in Fig. 6.9, including 8 individual nanoparticles and their ensemble
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average contrast. Scattering contrast from nanorods is clearly greater than for

100

spectral peak coincides with the modulated scattering observed in Fig.
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Figure 6.8 Scattering of nanorods< 60 nm,d = 25 nm) (a), (b), (c) at a wavelength of 662

nm, (d),(e), (f) at 684 nm, (g), (h) and (i) at 729 nm. (&), (d), (e), (g) and (h) depict the

scattering response to £200 mV from two individual nanopatrticles. (c), (f) and (i) show the

ensemble response of 8 individual particles at their corresponding wavelength. The cyan line is

for eye guidance.
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Figure 6.9 The scattering contrast of (a, b) nanospther&00 rm) , (c, d) nanorodL(= 60 nm,

d =25 nm) and (e, f) nanorod € 73 nm,d = 25 nm). (a), (c) and (e) are the scattering contrast

of 8 single individual particles and (b), (d) and (f) are their corresponding ensemble scattering

contrast calculated as thgerage contrast of 8 individual particles.
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A positive potenti al produces t he
scattering at the left and right of the spectral peak. This is further evidence that
a positive potential redhifts the spectrum while a negatipotential induces it
to blueshift. Taking the scattering spectra collected in Fig 6.4 into account, the
largest contrast is detectable at the shoulder of the spectrum whereas the
spectral peak is the least sensitive. The aspect ratio of the nanogphe €0
nm) and nanorod4.(= 60 nm,d = 25 nm and. = 73 nm,d = 25 nm)increass
as 1, 2.4 and 2.92 respectively, which corresponds to the same order as their
scattering contrast. It implies that their sensitivity to potential is correlated to

their apect ratio.

6.4 Simulation of potential modulated scattering

It is known that an electrical double layer is created on the surface of
nanoparticle immobilised onthe ITO coverslip as the result of applied
potential. Perturbation of the electric fieldangéhe surface of Au NPs induces
the movement of electrons between the gold and the electrolyte. The
chargingdischarging process taking place in the Thofeasni layer of an Au
NP alters the free electron density of this superficial region. The alteration
the free electron density dependent plasmon frequency induces a change in the
Au NPOGs scattering as a consequence of

Nanospheres and nanorods under the circumstance of voltage application
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in 0.1 M NaCl 6 =1.33) were modelled bMie theoryand by Gansoé t
respectively. The influence of the Thornf@esrmi layer was modelled by
regarding it as a superficial layer coating the particle.

Scattering contrast and sigrtatshot noise ratio (SSNR) were again
utilised to characterise ¢ir sensitivity to potential. The scattering contrast of

the particle was defined as

C _ Csca_higher_ Csca_lower 6 9
contrast_C +C ( . )
sca_higher sca_lower
where C, nigner @Nd Cg, e FEPresent the scattering cross section at the

higher andhe lower potential respectively.

The signalto-shot noise ratio (SSNR) considered the energy loss caused
by propagation of the scattered light through the imaging optics before it
approaches the sensor. Its calculation proceduheisame as describadSec.
5.4.2

The total power of scattered light from the particle in all directiogs
[W] is equal to the incident power falling on its scattering cross section,
=1.C (6.10)

sca inc™~’sca

where |, is the irradiation of the incident beam [Winand C_ is the

a
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particleods scat t% rThengl_, dsrsobstiutedsfercthei o n [

sca

l..S... and IS _in Eqg. (5.19) and used to calculate the photon number

ref “~area tran™~area

and the SSNR .

6.4.1 Potential modulated scattering of specified particles

The particlesd scattering spectra an
200 and-200 mV are presented in Fig. 6.10. Inme of the calculated
scattering spectra, reshifted spectra by positive potential and bhinfted
spectra by negati ve potenti al result
contrast plot that is consistent with the profile of experimental contrast shown
in Fig. 6.9. The scattering contrasttbé sphereis 10 times less than that of
the nanorodshown in Fig. 6.10emphasising that shape plays a crucial role in
det er mi ni ng pansept@a ant dpali¢depdtentialo echieve the
experimental scattarg contrast of Au nanorod, only about %6change irthe
electron density was required, which means thaidouble layer capacitance
per unit surface areaf nanorodwas 0.0222 f™. This value is much smaller
than the anticipation (see Appendix A.4 foe calculation of capacitance).

The qualitative agreement between experimental and theoretical results
i ndicates there are some uncertain fac
to potential.They are possibly due to the absence of consideratiprotective

coating CTAB andadditional specific adsorption species that are tightly bound
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to the Au anNRHiasge thaistructare af double layer capacitor
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Figure 6.10  Spectra of nanoparticle modulated by 200-20@ mVand their

corresponding scattering coast. (a, b) are for a nanosphere(100 nm), (c, d) are for

nanorodsl{ = 60 nm,d = 25 nm) and (e, fare for nanorodl(= 73 nm,d = 25 nm).
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6.4.2 Shape and sizelependent voltage esponseof particles

As the particl esd sulkkansiiotmentisrelgtedtoo t he
their size and shape, their sensitivity to the potential should also be dependent
on their geometry.

Figure 6.11 illustrates the scattering contrast and SSNR of spherical
particlessubjeced to the potentials 0200 mVand-200 mV. The diameter of
sphere was modelled from 1 nm to 100 nm. Two features are apparent from this
figure. First, smaller particles have a larger scattering contrast. Second, as the
diameter increases, the effect of potential on larger particlesore easily
detectable due to the higher SSNEmilar features are also exhibited by the
scattering contrast and BR of spheroidal particles witlhe same aspect ratio
of 2 asshown in Fig.6.12, which were generated bg2@0 mV.The scattering
contrast ad SSNR resulting from #2200 mV for spheroidal particles with
equivalent volume to a 20 nm diameter sphere are presented in BigB6th
scattering contrast and SSNR vary proportional to the aspect ratio increased
from 1 to 8.

High scattering contragor a sphere is attained when its surface area to
volume ratio increases from 6.8374m™ to 8.377x13* m™ as its diameter
decreases from 100 nm to 1 nim.the case of spher@dvith the same aspect
ratio of 2, their scétering contrast increases withcreasng surface area to
volume ratiorangingfrom 3.259x1.6 m™ to 4.698x10 m™. The proportional

relationship between the scattering contrast and the surface area to volume
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ratio is the same athat of spherethe smallerparticle resulting in large

scattering contrast
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Figure 6.11 Scattering contrast and SSNR of spherical particles. The diameter of sphere
increases from 1 nm to 100 nm
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Figure 6.12  Scattering contrast and SSNR of spheroid pagisith the same aspect ratio
of 2. The major axiga) andminor axis b = c) increases from 20 nm &) nmandfrom 10 nm

to 30 nmrespectively

In addition, the attering contrast of a spheraidth equivalent volume to a 20
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nm diameter sphere jumps 0.04 with enlarging aspect ratio. The increase in

aspect ratio of a spheroid caused a corresponding increase in the surface area to

volume ratio from 1.346x10m™ to 1.521x1F m™.
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Figure 6.B  Scattering contrast and SSNR of spheroid pasiel with the same equivalent
volume to a sphere aneter of 20 nm. The major aX& increases from@nm to 80 nm. The

minor axis b = ¢) decreases from 20 nm to 10 nm.

For simplicity, the Drude model and Eqg. (6.2) are utilised to express the
dielectric function of gold in the absence of electron interband transition and
the particl edpsctivelyo!l ari sabil ity r

The dielectric function of gold described by the Drude model is

W

e(W)=e,,-m

(6.11)

and the plasmon frequencyy, is given by
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Ne?
m e,

W, = (6.12)

which is determined by the free electron denbsity
Applying potential to the particle alters its free electron density and the

consequent plasmon frequency can be written as

w, = |(N*DN)E
- m'e,
- /(1+%)WD (6.13)

The ellipsoidal particle modell ed

shown in Eq. (6.2)

a:4pabc e- e, (6.14)
3 e,*(a-e)L

At wavelengths where the imaginary part of dielectric function ad pak
weak dispersion, the condition for the presence of the longitudinal wavelength

peak/ , is that the denominator of the polarisabilisycorresponding to the

major axis vanishes

Re(g) = LTl e, (6.15)
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Using Egs. (6.11) and (6.15), the longitudinal wavelength peak is then

expressed as

;o 20 o2
p
A 5 A
1- L D 1- L
e, + e, e, + e,
(6.16)

wherec is the speed of light in vacuum, andy, <

The change in the longitudinal wavelengtbéak as the result of applied

potential is

p p_ p_i
_ 2pc ) 2pc
e +1_Le 6L+1_L6’m
o L m L
IR S L
5 [1+ DN
N

The shift of longitudinal wavelength peak is assumed to representifthe sh
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of whole spectrum. Therefore, Eq. (6.17) indicates the relationship between the
shi ft of spectrum and the alteration
ratio. Since D/ , is proportional to DN and to the ggect ratio (aspect ratio is
inversely proportional td. and is proportional to ¢(L)/L), a larger value of

DN and a higher aspect ratio are expected to achieve greater spectral shift.

For particles of the same aspect ratio, the chasfgelectron density
determines the spectral shift. The perturbed scattering in the presence of an
applied potential is attributed to the electrical double layer that provides the
charging and discharging process of electronthégparticle. The change of
electron density is confined in the domain of the Thof&sni screening layer.

The surface charging of the particle is dependent on theirslependent
double layer capacitance per unit surface ai@@]. The capability of
accumulating electrons is elevated by a larger surface area thikilelectron
density is inversely proportional to the volume of this tiny domain. A particle

of larger surface area but smaller volume experiences an enormous alteration of
its electron density as a function of applied potential. Considering a particle
much smaller than the wavelength of light, the electric field is eg@s$tant
throughout the particle and the incident light induces all the electrons in the
particle including the electrons in the Thortaami layer to have a collective
oscillatonandgve rise to the surf adikhougH as mon
the change of electron density only takes place in the Thémasi layer, this

alteration isexpressedby the change of scattered light from the whole particle.
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Hence, the surface area tolmme ratio has a positive correlation with the
scattering contrast, despite the fact that the volume of the Thiéenas layer
changes only slowly with particle morphology.

The influence of surface area to volume ratio is weaker compared to that
ofthepat i cl ebs as p etedtby Eqa(@.1i7)pfor a #ixed syrface areac
to volume ratio which results in a constabDN , the wavelength shift is higher
for particles with larger aspect ratio. In the dipole approximation, the
depolaisation factorL represents the ease with which electron cloud can be
polarised to the particle surface against the Coulombic restoring force of
positive atomic lattice by ligfil, 151] From Eq. (6.14), a smaller value lof
produced by a higher aspect ratio results in a larger polarisability of the particle,
and the electron cloud will be displaced easier. The larger aspect raiddesad
greater ease of the polarisation of the particle, which compensates the same
electron density modification. Thereby, a particle with a higher aspect ratio can
exhibit greater scattering contrast, even if its geometry constrains its change of
electran density.

In contrast, larger particles result in overwhelmingly greater SSNR
whatever the scattering contrast, especially for spheres that only have weak
scattering contrast. This is due to larger particle scattering rstughgerso
that there are morphotons available for detection even hitlarger particle
only hasa small spectral shift.

Particles have been applied in a wide range of sectors. There are specific
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requirements for the usage of particle in some specialised sectors, such as, cell
labelling particle. Considering this application, small particles are preferable as
they are less invasive, but have the drawback of fewaoph. Larger particles
providestrong scattering signal but may be invasive to cell. This ntbatihe

choice ofoptimum particle is determined by the specific application. However,

it is clear that in most cases nanorods will outperform nanospheres.

6.5 Conclusions

Mie theory presents a solution to describe the spectral properties of
spherical particles of arbitna size. Although Mie theory has more than one
hundred years of history, its exact and accurate calculations are still important
today. The demand to characterise the optical properties of nonspherical
particles motivated t heexganuhe behgvioue nt
of ellipsoid particles, which regards the interaction between an electromagnetic
wave and nanoparticle smaller than a wavelength as asfatisimodel.

The redshifted scattering spectrum of three kinds of nanoparticles,
including one nanospheral & 100 nm) and two nanorods € 60 nm,d = 25
nm andL = 73 nm,d = 25 nm) induced by changing its surrounding
environment from air to water, experimentally measured by the-faddk
spectrometer had qualitative agreement with the rindelising Mie theory

and Ganso6 theory.
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The expectation of observing potential induced scattering from
nanoparticles was fulfilled by applying mV on nanorods. The voltage
sensitivity of nanorods exceeded that of nanospheres. The relation between
their response to potential and aspect ratio discovered in this experimental
measurement was demonstrated in the modelling. Although particles have
different geometry, surface area to volume ratio and its aspect ratio govern the
particl eds p acontastt Padidles with datger esurfaca grea to
volume ratio undergo a drastic change in their electron density under an
applied potential. Higher aspect ratio provides one additional and predominant
factor to deter mi ne t hel Cpnaeguentlgthee 6 s
combination of these factohsads to considerable modification to their optical
properties and the spectral response.

However, the trend of SSNR is more complicated than scattering contrast.
Because large particles are capable aftedng much more light than smaller
ones, consequence induced by potential becomes more convenient by
observing large particle. However, taking the limitations in practical
application of particle into account, choosing a particle with a suitable

geomety for a particular case is necessary to achieve optimal performance.
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Nanosphere lithography (NSL) is a cedtective and highthroughput
technique to fabricate periodic, weakly coupled triangular natiolgaarrays.
Tuning the LSPR of triangular nanopatrticles can be achieved by varying their
size and height which depend on the diameter of nanosphere and the thickness
of deposited metal respectivelyl9, 80] The appreciable sensitiyitof
triangular nanoprisms fabated by NSL to chemical and biological
measurements has been study recently relying on its LSPR spectral shift.
Nanoprism LSPR biosensing and detection capabilities have been
demonstratedh avariety ofpotentialapplications in environmental monitoring,
proteomics and drug discovddp].

In this chapter, the electrochemical properties of Au nanoprisms produced
by NSL are explored using the déi&ld spectrometer. The spectral location
where Au triangular nanoparticlgoossestghe best sensitivity to potential was
detectedby measuringts scattering contrast at several wavelengths under one
modulated potential mode, bipolar mode A.When this wavelength was
identified, Au nanoprisi@ scatteringoehaviourunder several othgvotential
modulation modes was probed at this wawgth. Itsproperties of potential
dependent scattering differ from Au film, spherical and rodshaped
nanoparticles and indicate the struatueffect onthe capability ofsensing

potential.
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7.1 Spectra of Au nanoprisms

@) (b)
Figure 7.1 DarKield images of Au nanoprisms in water at a wavelength of 653 nm. The
in-planelength of triangular nanoparticle was ~ 466 fiine interparticle spacing was about
1.1¢ mTheoutof-planeheights of nanoparticles were (a) ~ 16 nm and (b) ~50 nm

respectively.

Two types of Au triangular nanoparticle were fabricated by NSL as
described in Sec. 4.2.3. The-ptane length and interparticle spacing of the
triangulr particles were abodt66 nm and 1.1 musing 2em spheres as a
mask. The oubf-plane heights of the two kinds of triangular particle were
about 16 nm and 50 nm. These dimensions result in their aspect railan@n
length/outof-plane height) ag9.1and9.3respectivel\j44]. Darkfield images
of these Au triangular particles are shown in Fig. 7.1. Regions of
approximately200-300 em? of well-ordered, low defect Au nanotriangle array

were located in the centod theimages.
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Figure 7.2 Scattering spectra(af b)16 nm heightind (c, d60 nm heighhanoprisms(a) and
(c) show the scattering spectra of 8 individual particles. (b) @ndré the corresponding
ensemble spectr&pectra correspond tanoprismexposed tair (solid) andimmersed in

water(dashed)

Eightsingle Au r i an gul ar scattarmgspextratniaicancwateér,
and theircorrespondinggnsemble spectraeshown in Fig. 7.2About 14 nm
redshift was caused by changing the nanopré&susroundingenvironment
from air (/,,, =808 nm) to water (,, =822 nm) was observed from the
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ensemble 50 nm height nanoprigmmapectra. Since thaspect ratio of 16 nm
height nanoprism is largehanthat of the 50 nm height nanoprism, its peak
wavelength in water was shifteturther into the infrared region from it

spectrum in air {,,, =832 nm), outside of the wavelength range oflgsia.

7.2 Scattering under potential control

Both types of Au nanoprismwerefabricated on ITO coated coversknd
used aghe working electrode in threelectrode electrochemical systefihe
electrolyte was 0.1 M NaCIThe application of potentialgoturbed the Au
nanopri smos surface and the wvicinal
depenthg on the properties of the nanoparticles and its imbedding
environment was consequently observed as the result of voltage application.
The surface curvature and tdpgy ply important rols in determining the

nature of theipotentialinduced scattered light.

7.2.1 Cyclic voltammetry of Au nanoprism-solution interface

Initially, cyclic voltammetry was used to determine the -famadic
reaction potential range. €Hack ofoxidationand reduction current peaks in
the cyclic voltammograrshown in Fig. 33 indicated that the potential window

between+250 mV was within the double layer charging region for the
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nanoprism array.

0.2

Current{pA)

-0.2 -0.1 0 0.1 0.2
Potential{V) vs Ag/AgCI

Figure 73  Cyclic voltammogram ©16 nm height Au nanoprisms @amITO coated

coverslip.The £an rate was 0.1 V/s

7.2.2 Wavelength dependent scattering contrast

Potential modulabn mode BMA (x200 mV) was applied to the
nanoprismarray. The acquisitiontime for eachimage was X4 s. Since the
range ofillumination wavelengthsemployedwere to the left side ofthe Au
nanopr i s rmedak pogtieecpobtental decreased the scatterindy
causing a red shiftyvhile negativepotentialenhanced i{corresponding to a
blue shift) asshown in Fig. 74. The effect of potential othe 16 nm height
nanoprisms was distincéxhibiting a contrast of almosd.7 %. The effect of
potential onthe 50 nm height nanoprissnwas recognsable from their
individual scatteing, and comparable to thesponse of the nanorods presented

in Chapter 6, but was more easily distinguished from thesembleaverage
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Figure 74 Modulated scattering &), (b), (c)16 nm height nanoprisms at wavelength=640
nm, (d), (e), ()50 nm height nanprimsms at wavelength=618 nm. (a), (b)gdiepresent the

scattering response to 2200 mV from two individual nanoprisms. (c) and (f) depict the
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ensemblaveragescattering response of eight individual nanoprisihe cyan line is for eye

guidance.

The wavelength dependent scattering @msit(Sec. 52.3) of these two
types of Au nanoprisms is illustrated in Figs.ZComparing the 16 nm height
nanoprisméredshiftedspectran water to that of the 50 nm height nanoprisms,
the largestscattering contrast dhe 16 nm nanoprismss located & a longer
wavelength tharthe 50 nm nanopriss consistent withthe rule that largest
scattering contrast presents at the spectral sho@dtr the 16 nm and the 50
nm height nanoprisms have sharp tips and corffd&2], which leads to high
charge density at the surface region and a large enhancement of the electric
field intensity[6, 47]. The 50 nm height nanoprisatigh curvature leads to a
large scattering cross section, and results in scattering contrast comparable to
that of naorods and much better than 50 nm thickness Au film as measured in
this darkfield spectrometer. The higher aspect ratio of the 16 nm height
nanoprisms led to a scattering contrast nefarly three timeghat of its
counterpartWhen two noble metal nanopiates approach closer together, the
plasmon resonance oscillations on the individual nanoparticle overlap and
couple with each other, strongly affecting the plasmonic resonance energies.
The Au nanoprisms array is a periodic-taptip structure with 1.1lem
interparticle spacing (approximageparationbetween the centers of the two

particles), and twameighbauring particles could produce weakectromagnetic
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coupling[44].
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Figure 7.5 The wavelength dependent scattering contraét,df)16 nm height nanoprisms
and(c, d)50 nm height nanoprisms. (a) and (c) are the scattering contrast of eight individual

nanoprisms. (pand (d) are their corresponding ensemble scattering contrast.

This is different from the continuous 16 nm Au film, where conductively
overlapped nangslands produce a stronger plasmonic coupling. Stronger
coupling leads to a higher value of particldgpizability and a greater ease of

electron cloud displacemefbl], which has a sirtar effect to the higher
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aspect ratio and improves the partisleesponse to the potential. Possibly as a
resultof the weakly couplegarticle system, the scattering contrast of the 16

nm height Au nanoprisms is somewhat lower than that of the 16 riimAu

7.2.3 Sensitivity to potential of the Au nanoprisms

Because high scattering contrast was provided by the 16 nm height Au
nanoprism at illumination angles accessible to the spectrometer, it was selected
as the platform to investigate its sensitivitylower potential. The scattering
contrast detectettom the seven potential modulated modes, whose potential
decreases from 200 mV,£150 mV,+ 100 mV,+ 50 mV,£ 25 mV,= 10 mV to
0 V and the fitting curve using Eq. (B)lare shown in Fig 7.6 and 77

respectively.
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Figure 76 Scattering contrast of 16 nm height nanoprisms under the application of seven

potential modulated modes. (a) and (b) are the scattering contrast of eight individual

nanoprism&nd their corresponding ensemble contrast respectively.
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Scattering contrast

0 +0.05 +0.1 +0.15 +0.2
Potential(V)

Figure 77 Experimentallé nmheighh anopri smsd® ensembl e scatterin

and the corresponding fit in blue circlesing Eq. (5.0)

The measurement was implementad640 nm wavelengtibecause this
wasthe location of the highest scattering contrast induced in BA2A{ mV)
as shown in Fig. B. The fitted values of/, c) were ¢0.0298 0.901). The
value ofc is less tharthe unity, implying that the sensitivity of Ananoprism
improves slightly at lower potential and is much more linear than that of the 16
nm Au film (c = 1.319). The quadinear trend of nanoprismscattering
contrast as a function of potential could Iadtributable to the field
enhancement due thd higher charge densities in the surface region, which
decelerates the effect of reduced charges on the light scattered by the
nanoprism. Although the scattering contrast of the Au nanoprisms is lower

than that of the 16 nm Au film, its linearity, esply at the very low voltages
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indicates the shape effect on the parécfmtential sensing capability.

7.2.4 Potential cycling dependent scattering

2.3

2.305}
2.3
2.295}

2.29¢

Scattering (a.u.)

2.28¢

2.275, 20 10 60 80 0 50 100 150
Time(s) Time(s)

(a) (b)

Time(s)

(€)

Figure 7.8 Scattenng of 16 nm height nanoprisrmreduced bycyclic voltammetry. The initial
potentials for redquars and blueircleswere 200 mV and200 mV respectively. The
potentialscan ratesisedin (a), (b) and (c) wer8.0276V/s, 0.0138 V/s and 0.0071 V/s

respectiely.

The scattering of 16 nm height Au nanoprism under a linear potential
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sweep was studied by cyclic voltammetry aillmination wavelength of 640
nm. The potential scan range was between +200 mV¥ 20@ mV and thecan
rates were set as 0.0276 #0138 V/s, 0.0071 V/s and accommodated 10, 20
and 40 images in each potential scan. The perusbattering collected from
60-70 nanoprisms illustrated in Fig. 7.8 demonstrate that Au nanoprisms are
able todistinguishthe rate of potential change inffdrent linear scansThe
initial delay of some scattering transiemsthe first few secondsf the scan
was due to the potential instantly stefgpto 200 mV or-200 mV from its
opengcircuit potential(70-90 mV).

The differential scatteringcaused bythe three potential scan rateds
shown in Fig. 7.9 along with the best fit teetEq. (511). The fitted values of
(a, b,J were (44.7;7.524, 3.607 s) for 0.0276 V/s, (23.19,335, 8.796 s) for
0.0138 V/s and (9.612, 0.3883, 13.92 s) for 0.0071 V/® f&tio of time
constantsevaluated in three scan rat&s6078.796:13.92=1: 2.43:3.86lso
nearly matches the sanmeciprocalratio of the thregiotential sweep rates,
0.0276:0.0138:0.0071=1:1/2:1/3.88.

The inversely proportional relationship between dimonstants and
potentialsweep rates discovered in Au nanoprisms and Ausfiimplies the
universality of the interpretation for the potentias perturbationon Au
nanostructure The potential perturbs the initial equilibrium between the gold
and the saltion by inducing the accumulation of charges inside and ions

outside of the gold surface, whidonstitutes the double layer. In order to
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prevent the penetration of the external electric field created by the double layer
into the bulk gold, the gofd eletrons adjust their location within the space
charge regionto create an internal electric field. A new equilibrium is
established when the electrons are able to adapt to the complex electric field

environmenin terms of the dynamic potential.

(a) (b)

(©)
Figure 79 Differential scattering of 16m height nanoprisms. The reduardine and blue
circleline were experimental differential value and the corresponding fitting ¢onkqg.
(5.11) respectively. Th@otentialscan ratein (a), (b) and (c) wer8.0276V/s, 0.0138 V/s and

0.0071 V/s
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