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Abstract

Plasmon enhanced micromanipulation addresses some of the drawbacks associated with more
traditional optical based methods, particularly in regard to the nature of laser excitation required
for actuation. The resant electromagnetic field enhancement observed as a result of the
plasmon resonance phenomenon, enables trapping of nanoscale objects, and reduces the risk of
photoinduced sample damage by reducing excitation power required for trapping. Plasmon
resonancentroduces an unavoidable heating effect which hinders stable trapping in microfluidic
environments as a result of phenomena such as convection. In this work, the heating associated
with plasmon resonance is used constructively, to devise a new micromatigutechnique.
Plasmonic nanostructures are patterned on pyroelectric substrates which create an electric field
in response to changes in temperature. This electric field results in the generation of local and
global electrokinetic phenomena which aresad in high throughput trapping of suspended
particles. To demonstrate the versatility of this technique, particles are patterned into arbitrary
shapes. A suggested application for this technique is as an optically controlled photoresist free

lithographicmethod for use in microfluidic environments
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1 Introduction

Summary

This chapter presents a brief introduction to optically induced manipulation techniques and
discusses how the plasmonic effect is currently used to improve aspects of their operation.
Drawbacks of current plasmeassised optical manipulation are also discussed as a means of
elucidating the background leading to the development of a plasmon assisted pyroelectric

manipulation technique.

1.1 Optically induced manipulation

1.1.1 Optical tweezing

Optically induced micromanipulatio makes use of photonic forces (directly or indirectly) to
control the motion of trapped objectd he ability to use light for the kinetic control of particles is

of interest in the field of nano/microtechnology in general, and-&mineering specifically
Optical manipulation confers the ability, due to the length scale of light, to perform complex
actuation, which would otherwise not be possible using purely mechanical constmueiddition,

the actuation by its nature is temporary and reconfigurabtegating the possibility of
programmable operations. Optical traps can be used as a means for elucidating the dynamics of
nanoscale interactions. This technique has been useful in highlighting the operation of various
biological systems (e.g. protein and\NR unfolding [1], [2], determinaticn of single molecule
dynamicq3], [4]).

The invention of the laseznabled investigations into optically induced micromanipulation. Prior
to this, the radiation pressure of light had been predicted theoretically Mgxwell. This
hypothesis was later experimentally verified independently by Leb¢8l\6], and Nichols and
Hull [5],[7], using thermal light sources. The observed effects of radiation pressure held little
practical application withothe ability to focus light to micrometric scalds 1986, Arthur Ashkin
and collaborators were able to reliably control the motion and confinement of microparticles in
their single beam gradient force trap (latterly known as optical tweeZ8is)ts operation can be
explained by taking a ray optics approddtustrated inFigurel.1) to the interaction between
light and particles (a sphere is considered for simpl[&i}y. Light rays are refracted by the sphere,

indicating a transfer in momentum from the sphere to the ray. Using classical mechanics
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arguments (specil f f @ bSgelG2y Qa (KA NR phbtong from the fight Gaysy 6
transfer an equal amount of momentum to the sphere. The gradient in intensity creates a

transverse optical force directed towards the centre of the light beam. A similar explarzio

be made for an optical force acting in the axial plane (with additional consideration for the

scattering force caused by the mismatch between the sphere and the suspension medium).

A Transverse momentum B
imparted on light Axial momentum

( / imparted on light

Refracted rays > b 4
¥ \\ / Refracted rays \\\ ¢ //

——

-

Reaction force on
particle

Reaction force on
particle

Incident rays Incident rays

Figurel.1: Rayoptics origin of optical tweezing phenomenon adapted frof8]. A) Transverse force on particle in an
optical trap. B) Axial force on particle in an optical trap

Stable trapping with optical tweezers requires a balance between the aforementioned gradient
forces (whichactinth RANBOGA2Yy 2F GKS fFaSNI oSFyQa T2C
direction of laser beam propagation). The practical considerations for achieving this balance
highlight a limitation of the technique: an objective with a large numerical aperis necessary

to create sufficiently strong gradient forces for trapping. The strong focussing creates a high
intensity laser beannisking heat induced damage of materials (opticutigrarticularly when the
wavelength of the exciting laser matches theag absorption wavelength of the trapped material
[10]. This drawback more acutely affects control of biological materials. In addition, there is
limited scope for high throughput manipulation of multiple particles. Though it is possible to
multiplex a laser beam for simultaneous trappingpetticles, the methods used to achieve this
multiplexing greatly impact the efficiency of the trapping mechanism. For instance, though spatial
light modulators have been used to trap distinct particles in separate locations (holographic
optical tweezers]11], the number of traps cannot be increased arbitravilithout reducing their
stiffness. Though it is possible to increase the input laser power, this again cannot be don
indiscriminately as thermal breakdown of ti&.Mis risked Similar limitations are noticed when
multiplexing is achieved by rapidly cycling through a discrete set of loegtions (i.e. time

averagel multiplexing)[12]. In this case,he time spent away fronthe traps has to be less than
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the time it takes for the particle to diffuse from its trapped locatiga constraint which becomes
more difficult to achieve when the distance the laser travels incred8gs[12], [13]i.e. the
distance between two traps increases or the number of trap locations the laser visits becomes too

great).

1.1.2 Optically assisted trapping

Indirect optical manipulation techniques were created largely in respawsesome of the
limitations of optical tweezers. In optically assisted trapping schemes, light acts as an
intermediary operator for the actual kinetic driver. As a consequence, the constraints on the
nature of the light beam (i.e. strongly focussed, higiensity) can be relaxed; the light needs only

be intense enough to induce enough of a secondary response to control particle movement.

A simple example of this principle is the use of thermally induced forces for the transportation of
particles. Using t photothermal effect, (i.e. absorption of light in a material leads to heat
generation) thermal gradients can be generated in a microfluidic environment. The nature of
these thermal gradients can subsequently be used to control particle motion in differays.
Thermally induced density/buoyancy instabilities can be used to generate convection for the long
range transportation of particleld4]¢[16]. Thermophoresis (or the Soret effettas been used to

trap particles by creating inhomogeneous thermal fields in a microfluidic mefiiiin Particles

tend to diffuse from high to low temperature regions This tendency is a result of
thermodynamics as the system increases its entropy in its approach to an equilibrium state. The
diffusion process is a result of collisions between particles and the molecules of the suspending
medium. Thus, through careful control of thermal gradients, enhancement or depletion of
particles can be achievgd5], [18] By inhomogeneously exciting particles, or engineediagus
particles which have faces with diffeyg thermal properties[19], thermal gradients can be
created on the particle rather than in the fluid. Using this kinder€itation, particles can be
attracted or repelled from the light source. Photothermally induced viscosity gradients can also be
used for controlling fluid flow in microfluidicer alternatively the mass transport ofarious
microparticles[20], [21] The nature of the thermal properties exploited means that complex
operations (e.g. sepation of distinct populations of colloidal objects) can be difficult to control,

as the physical phenomena operate on the bulk fluid as opposed to individual particles.

Optically assisted electrokinetics provides a good balance between the flexibiligvadhivith
optical tweezing, and higthroughput seen with classical electrokinetic systems. In contrast to

optical and photothermal kinetic actuation, there is less of a dependence on the optical and
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thermal properties of the materials. Actuation is dependl on the nature of the electrical fields,
and the electrical properties of the microfluidic environment and the objects to be moved. These
can be modified simply, with minimal changes to other properties of fluids and particles which

might be under inveggation.

Optically assisted electrokinetic techniques rely on the ability of substrates to provide an
electrical response to optical stimulation. Perhaps the most widely used of these methods is
optoelectronic tweezing22], [23] In this technique, the mrofluidic chamber is created using a
photoconductive and electrically conductive layer sandwiching a fluidic region. These layers are
biased with an external signal source. As the fluid and the photoconductive layer have a
frequency dependent responsejdsing is performed by an AC electric field. In the absence of
illumination, the impedance of the photoconductor is greater than the fluid, and the majority of
the applied electric field is dropped across the photoconductive layer. The impedance of the
photoconductor is reduced at the point of illumination, allowing transmission of the electric field
into the fluid. This change in impedance creates electric field gradients in a parallel plate
configuration which can be used in different manners to conthe motion of particles (through
dielectrophoresis) or fluids (electrowetting on dielectfi2}]. Through control of the frequency of

the electric field (and other parameters such as the conductivity of the fluid medium), complex
trapping and sortingoperations can be performed. As there is no need to balance scattering and
gradient forces, simple light sources can be used enabling parallelisation with the use of

commercially available digital projectors.

An experimental technique linked tobut distiinct from, optoelectronic tweezing is rapid
electrokinetic patterning. At low frequencies, the moderate temperature increase and
subsequent temperature gradient caused by photonic absorption in the substrate creates a body
force, because of the electrothenal effect. This produces a convective like vortex capable of
trapping and transporting particleg[25]. In contrast to optoelectronic tweezing, no
photoconductive substrate is necessary (as with tharactuation, absorption properties of the
substrate are more crucial). Rapid electrokinetic patterning and optoelectronic tweezing address a
number of thedrawbacksrelated to optical tweezing such as thdntensity of excitation and
throughputof manipuated particles The need for special substrates and a separate signal source

means they cannot be used in all situations.

Photorefractive optoelectronic tweezin@6]¢[30] exists as a response to the need for external
signal sources characteristic of optoelectronic tweezing. In this schémephotoconductive
substrate characteristic of traditional optoelectronic tweezeiis replaced with a pbtovoltaic
substrate capable of generating internal electric space charge fields. Inhomogeneous illumination

of the photovoltaic substrate creates a ndinear electric field which can be exploited in the same
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way as in conventional optoelectronic tweezinthough the need for a signal source has been
addressed, photorefractive optoelectronic tweezing is not as responsive as conventional
optoelectronic tweezing due to the manner in which the electric field is generated. The substrate
has to be optically exted continuously for relatively long periods of time to allow the migration

of sufficient electrons (drift and diffusion dominated processes) to generate an electri¢Zxi@ld

[28].

1.1.3 Summary of optical micromanipulation

As has been demonstrated, there asenumber of different techniques which provide optical
micromanipulation. The variety is a result of the fact that each of these is not without a
characteristic drawback (i.e. there is no universal optical micromanipulation solution). Plasmonic
enhancementsan be used to improve the operation of these techniques. Details on how these

improvements have been made in the literature are given below.

Tablel.1: Table of optical micromanipulation techniques, advantsy and characteristic drawbacks

Manipulation Advantages Disadvantages

technique

Optical tweezing 1 Trapping in axial and laterq 1 Opticution risk10]

planes[9] 9 Diffraction limited[5]
1 Femtonewton resolutior5]
Optoelectronic 1 Reduced powej23] 1 Additional signal  sourct
tweezing § Parallel manipulation o required[23]

multiple particleq23]

Rapid 1 Reduced powej25] 1 Additional signal source

electrokinetic 1 No photoconductive required[25]

patterning substrate required25]

Photorefractive 1 No additional signal sourc i Slow response timgs1]

optoelectronic required in typical 1 Limited environmen{31]

tweezing configurationg30], [31]

Photothermal 1 Long range manipulation ¢ 1 Bulk vs particle effectimits
objects[14], [21] selectivity

91 Diverse actution approaches
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1.2 Plasmonics

Plasmonics is the study and application of plasmon resonanceupled oscillation of an incident
electromagnetic field (usually in the form of light) tiee valence electron®f a material. Two
distinct manifestations of plasmon resonance eXB&2] defined by the manner in which the
coupling of light to metal oscillation occurs; SRRrface plasmon resonance also known as
surface plasmon polaritons/SPi which propagating charge oscillations are confined to a metal
dielectric interface and localised surface plasmon resonance (LS#fere charge oscillations
occur throughout thestructure of a metal. Though the experimental configurations necessary for
providing appropriate excitation for SRRe more cumbersomgd2], the relative ease witkwhich
metallic thin films could be fabricated on planar surfaces meant that this form of plasmon
resonance historically had been more widely deployed than [EBR33] The advent of reliable
nandfabricationtechniques (ébeam lithography)coupled with the extremely high electric field
enhancement (up to 1000 p84], and the ability to engineer nanostructures witkpecific
properties (such as the ability to support riple resonant modes distinguished by wavelength or

polarisation[35]¢[39]), means that LSPiRcreasingly supersedes Si®Rpractical purposes.

Under appropriate &citation, plasmon resonances induce a localised electric field enhancement
constrained to theinterface between ametal and an adjacentdielectric This localisation
constitutes a subwavelength confinememind the magnitude of the electric field enhancent

can be controlled using the wavelength of the incident ligftiese three key characteristics of
plasmon resonance (tuneable wavelength dependent, -diffiaction limited, electrie
field/optical enhancement) generally define the more widely deployessiplonic applications

For instance, the sutvavelength, electric field enhancement characteristic of plasmonic
structures has been used by researchers to creed®eguideqd40], modulators[41], and lenses
[34] capable of operating beyond the diffraction linfdi0], [42]

The sensitivity of optical enhancement to different environments and changes in gegmetry
coupled wth the length scale of light, makes plasmonics a useful tool for biosef&dhgSurface
modified plasmonic structures will produce a characteristic shift in their optical response in the
presence of an analytelue to the modified geometry of the plasmonic stture. Tailoring of the
surface modification process (through the use of antibodies or complementary detjdences

for example) can be used to quantify/identify specific binding evéadd, [45] Similarly, the
change in plasmonic activity seen in response to a change in refractive index can be used as ¢

sensing event in its own rightwithout additional chemical modificationsThe geometric
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dependent resonant scattering of light means that in a ddidd configuration, plasmonic
structures can be used for labelling purposegthout drawbacks such as photobleaching, which

are associated with alternatives such as fluorescent [4gk [47]

When used in conjunction with other applications, the plasmonic enhancement effect can be used
to improve the performance othese technologies. In the most famous of such appbos,
surface enhanced Raman spectroscopy ($ER&monic structures and thin films are used to
enhance the inherently weak low energy/ vibrational signal associated with Raman suatteri
[48].

1.2.1 Plasmon assisted optical trapping

The plasmonic enhancement effect is increasingly used as a means to overcome some of the
limitations associated with optically induced manipulation techniq(48]. When used with
optical weezers, the localised amplification of light produced as a result of plasmon resonance
relaxes the requirement for a high intensity, tightly focussed laser beam coming out of the
objective, thus reducing the risk of opticutidd9]¢[52]. Subwavelengt localisation enables

trapping of nanometre scale obje¢®s trapping is no longer diffraction limitg4].

The drawbacks associated with plasmon assisted optical trapping are often a result of the
enhanced absorption characteristics observed becaus@lamon resonance. The increased
absorption creates a localised heating effect meaning plasmonic structures act as naro heat
sources. This heating effect has been used in chemistry, to control the speed of chemical
reactions by increasing their activatisemperature[53]. Plasmonic heating has also been used
for fabrication purposes for the catalytic growth of semiconductor nanowfisdg, [55] Other
emerging applications for the plasmonic heating effect include photothermal cancer thigépy

photoacoustic imagin{b7], and drug deliverys6], [58]

Heat generated in the course of optical manipulation creates convection currents in the fluid
medium which affect stable trapping, a problem that can be controlled (e.g. by using heatsinking
materials to sppress the amount of heat generatg@0], [59) but not curtailed entirely. In
addition to this, the issue of throughput still remains as the relevant optical enhancement does
not propagate beyond the region where the light beam is incident on the plasmonic
nanostructure (i.e. this system is still to serextent reliant on diffusion to transport particles
towards the trap). Though convectiorsulting from plasmonic heatingan be used to transport
particles towards the trafe0], [61] this requires a delicate balance such that the thermal forces

do not completely overpower the optical forcgg&0].
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Plasmonic heating can be used more advantageously for indireatabptianipulation based on
thermal effects[62]¢[64]. The ability to control the wavelength of absorption and generated
temperature mens that some of the limitations associated with conventional photothermal
manipulation can be circumvented. However (barring plasmonic rapid electrokinetic patterning
[65], which has its owrset of associated limitations), the drawbacks of photothermal actuation

remain (i.e. the relative lack of control over thermal associated properties).

1.3 Pyroelectric manipulation

Pyroelectric manipulation of microparticles and fluids operates by expipititectrokinetic
phenomena in a manner similar to optoelectronic tweezers. In such schemes, a thermal stimulus
is applied to a pyroelectric substrate, which generates an electric field in response to this change
in temperature. By controlling the magnitudend geometry of these electric fields, the induced
electrokinetic phenomena can be used in a variety of applications. For instance, pyroelectrically
controlled electrowetting has been used to create arrays of droplets that can be used as micro
lens array966]. Nanoparticle selassembly has been demonstrated using a similar pyroelectric
device. A pyreelectrohydrodynamic effect has also been usedddemand droplet and particle

transfer[67].

Early pyoelectric manipulation experiments used conduction based heat sources (such as hot
plates[66], [68] and soldering iron$69]), which heat a large area (oiné order of mm) of the
substrate, to provide thermal stimulus. As the electrokinetic phenomena exploited in these early
experiments required large electric field gradients, distinct electric field regions were created
using either external conductive laye}f70], or by creating internal ferroelectric domairié8g],

[71]. By maximising the electric field gradient using the discontinuities between different regions,
effects such as dielectrophoresis and interfacial surface tension can be used to maniputhte flui
and particle motion. In another solution, the necessary electric field discontinuity is gotten when
the pyroelectric substrate is delocalised from a reservoir of fluids or particles, which are used to
pattern a target{69]. These modes of operation have persisted even when photonic sources have
been used to provide thermal stimulyg2], [73] As a result, these solutions did not offer the
flexibility exhibited by some of the purely optically actuated techniques as the location of trapped

objects is fixed by the position of the electrodes.
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1.4 Outline of structure of thesis

This project introduces a different method for applying the plasmeffiect for optical actuation.

In this thesis, plasmonic heating is used to create nano and microscale heat sources. These hea
sources, which hinder stable trapping in conventional plasmmanced optical manipulation
schemes, are used to stimulate the rpglectric effect on appropriate substrates. Crucially,
experiments are performed in a salbntained microfluidic device allowing several electrokinetic
phenomena to be activated simultaneously. This allows precise, high throughput manipulation of
ensembés of particles. Arbitrary patterning of silica beads and metallic nanoparticles is
performed, demonstrating the technique. A primary application of this patterning effect is as an
optically controlled, photoresist free fabrication technique. Additionadlymbining pyroelectric
manipulation with plasmonics in this wa@yovides a way to address the diffusion limit associated

with the operation of other plasmonic applications, such as biosensors.

The thesis is structured as follows. Chapter 2 presents ardiieal background of the relevant
physical phenomena exploited in this project. This includes a review of plasmon resonance with
an emphasis on heat generation processes resulting from ,LiBBRpyroelectric effect and its
establishment in lithium niobate crystals and electrokinetic phenomena (particularly
electrophoresis and dielectrophoresis and the relationship between particles and fluid

surroundings i.e. the electrical double layer and the Clauddssotti factor).

Chapter 3 detailshe experimental and numerical methods used to gain the results presented in
the thesis. This chapter includes an overview of the materials used in experiments and for

fabrication purposes.

Chapter 4 presents results from experiments performesing flusescent molecular rotors to
characterise the temperature generation of various plasmonic structures in different geometries
and on different substrates. The chapter concludes with a discussion on the drawbacks on the
technique used and possible changes ahhican be made to improve the accuracy of

thermometry.

Chapter 5 presents a numerical analysis of the major forces induced in plasmonic enhanced
pyroelectric field generation and how their presence affects stable particle trapping and kinetic
actuation. Tle results from this chapter are used to present suggestions of necessary

environmental prerequisites for performing electrokinetic microfluidic manipulation.
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Chapter 6 details the results of experiments performing patterning of particles into arbitrarily
defined shapes as a result of the capacitive nature of lithium niobate crystals. The influence of the

surrounding microfluidic environment is considered.

Chapter 7 demonstrates plasmon enhanced pyroelectric trapping of silica beads. Particle tracking
techniques are used to characterise the magnitude of the trapping force. The influence of bead
size and the differences between pyroelectric trappinguléng from plasmonic heating in

contrast toabsorptive heating of lithium niobatare discussed.

Chapter 8 summarises the results of the project and presents suggestions on the directions future

work developing the technique presented might take.
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2 Theory

Summary

This chapter presents the theoretical background of the phenomena exploited in this project.
Beginning from elementary principles, the nature and major properties of these forces are
discussed. Thesheoretical observations dictate the experimental framework usad explain

some of the seemingly counterintuitive results presented further on. More extensive derivations

are included imMAppendix B

2.1 Thermoplasmonics

The proceeding sections discuss the origins of plasmonic heating indx8B&l using continuous
wave illumination. Discussionsegarding SPRand plasmonic heating induced by pulsed

illumination can be found iAppendix A

2.1.1 Plasmon resonance and the dielectric function of free electron gas

Plasmon resonance can be explained using a plasma model of electronic conduction (such as the
Drude model). In this model, metals consist of a lattice of positively chargedsimngunded by a
plasma of freely moving electrondihe coupled collective fluctuation of this gas of electrons in

response to an electric field is termed a plasmon

Plasmon resonance is analogous to harmonic motion in classical mechanics, described using
systems such as a pdmum or a mass on a spring (illustrated Figure 2.1). An external
perturbing force displaces an object from its equilibrium position, which subsequently
experiences a restoring force proportional to this displacement. The restoring force is
characteristic of the particular system being analysed: for a mass on a gengstoring forcas
proportional to the spring constapand for a pendulum, it is inversely proportional to the length

of the suspension. The resonance condition is obtaibgdolving the appropriate equations of

motion.
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Direction of motion

—_—
F spring F impulse
- —l
e S
F friction

Figure2.1: Mass on a spring. This mechanical system exhibits harmonic motion.

In the case of plasmon resonance, the perturbing force is the applextromagnetic fieldand
the restoring force is a result of the free movement of the plasma of electrons. According to the
Drude model, the material dependent plasmon frequency (which dictates the resonance
condition) is given by:

€Q

h 2.1
[— 2.1)

where¢ is the density of the gas of electrorts,is the effective optical mass of the electrddis
the elementary charge of an electrpand - is the vacuum dielectric constant. The plasmon
frequency can be considered to be a measure of the characteristic response of electrons (i.e.

charge carriers) to an applied electric field.

The dielectric response of a material is dependent on the motion of charge carriers. As a
consequence of relativity, elnge carriers cannot react instantaneously to an electric field: they
are limited by the speed of light. The dielectric response of a material is thus a complex frequency

dependent parameter in the form given below.

- - Q (2.2)

The real part of2.2) refers to the magnitude of polarisatigi] and the imaginary part refers to a
phase shift (delay) in dielectric respor{4¢, as a result of the inability to react instantaneously to
St SOGNRBYIF3IYySGAO FASEtRaA® C2NJ YSGlFtasz GKS aNB

dependence is reflected in the formulae forand- given below.

(2.3)

40



- —h (2.4)

where] is the frequency of the applied electric fiekhdr is the characteristic electron collision

frequency 1T, Tis the average time between collisions), ~100 THz at room temperature.

2.1.2 Localised surface plasmon resonance

In localised surface plasmon resonance, the bulk plasmon is excited (in contrastféace

LX FaY2y NBazylyoOoS 6KSNBE OKINHS 2a0AftlaA2ya
the exciting electromagnetic wave interacts with all the electrons in the conduction band of the
metal. As such, the characteristic length of a plasim@tructure needs to be less than the skin
depth of the bulk metal at the frequency of excitation. The dislocation of electrons converts the
metallic particle into an effective dipole, as positive and negative charges become separated (see
Figure2.2). The opposing charges induce a restoring force on the displaced bulk plasmon, the
A0NBYy3aGK 2F 6KAOK o60e [/ 2dz2Y0Qa fl 60 Aent. RSLJ
Localised surface plasmon resonance occurs when the frequency of the exciting incident wave
matches the oscillatory frequency of the metallic nanoparticle. Unlike in, $RRresulting
plasmon oscillations are confined to the nanopdetifthey do not propagate) and can be excited

directly (i.e. no phase matching with an intermediary dielectric is required).

Metal nanoparticle

vty - Propagation

Electric field

Electron Cloud

Figure2.2: Schematic illustration of nanoparticle interaction with light induwy LSPIR][3]. Delocalisation of electron
cloud by electric field creates a dipole resonance about the coa§ of the metal nanoparticle.
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The requisite condition for achieving plasmon resonance can be derived by considering the
polarisability of the cloud of electrons surrounding a metallic nanoparticle. Assuming the
nanoparticle is a sphere (for mathematicsimplicity) with a diameter much less than the
wavelength of the exciting light, a quasatic approximation can be made (as the phase of the
electromagnetic wave is effectively constant over the entire particle using these definitions),
allowingthesy$yY (2 6S FylfeaSR daAaAiAy3d Iy StSOGNRadGl
for the effective dipole moment of the metallic nanoparticle. The relationship between

polarisability and the dipole moment is given by:

n --1 (2.5

where] Ad (GKS LRfFNARAIoAfAGEd ' aAy3d (GKAaA NBfFGA
moment of the metal sing the approach detailed [d]), the polarisability of the electron gas of

a spherical nanopécle is given as,

| 1*——Yh (2.6)

where Y is the radius of the nanoparticle, is the relative permittivity of the metallic
nanoparticle given by the previously derived complex digle function for metals, and is the
electric permittivity of the medium surrounding the metallic nanoparticle. Resonance occurs at
maximum polarisability i.e. whes  ¢- sis at a minimum. Thus, the Frohlich conditidh for

dipolar surface plasmon resonance can be defined as,

YQ c- 2.7)

Though the spherical assumption made is not valid for all geometries, it is often a good
approximation for symmetricgdarticles and sufficiently details some important characteristics of
LSPRThe sensitivity to environment is encompassed in the dependence of the polarisability on
the electrical permittivity (and implicitly the refractive index) of the reunding medium. The
effect of geometry can be seen by noting the dependence of polarisability on the radius of a
sphere; larger sized particles generally have a bigger polarisability and subsequently display
greater LSPRFor particles beynd the limit of the quasistatic approximation (R>50 nm), the size

of the particle begins to more noticeably affect the plasmon resonance frequency, as processes

such as interband transitions, ignored in the quasistatic approximation, become more
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pronouncel. Geometrical transforms used to convert spheres to more arbitrary shapes also
O2dzLX S GKS YSGFttAO ylFy2LF NIAOf SQa OKLF NF OGS
be used to tune plasmon wavelength. Increasing the size of a nanoparticle ttemedshift the

plasmon resonance frequency.

The characteristic electromagnetic field enhancement occurs due to the fact that the dipole
ONBIFGSR a F NBadAf & 2F GKS 2a0AttliGdAz2ya 27
potential distinct from that created by the applied electric field (in the form of photonic

excitation).

The electric field strength (in polar form) is tHd$,

.. . O0OYAI-O
F OAI-6 ————h (2.8)

whereO is the electridield strength of the laserA 1 -Gs the direction of laser polarisatioh,is

the radial coordinateand"Qis the expression given by:

Q@ (2.9)

As"Qis in a similar form to the polarisability of the electron gas, it is clear that maximum electric
field enhancement occurs at plasmon resonance. The dipole induced electric field, and
subsequently the electromagnetic field enhancement, decays a$wlith distance from the

surface of the nanoparticle, highlighting the ndeaid nature of the LSP&fect.

The dipolar resonance of the metallic nanoparticle induces -@adetion of the incident
electromagnetic wave i.e. scattering of inciddight. LSPRf particles can thus be determined by
observing how efficiently light of different wavelengths is scattered. An extinction cross section
quantifying the efficiency of LSPRintroduced by using the appropr&atime averaged Poynting
vector expression5], and dividing by the intensity of the excitatiokVhen the spherical

assumption is made, the extinction cross secimdefined a$4], [5],

1 . - _
, wr- T O h (2.10)
w

wherewis the volume of the sphere, andand- I NB G KS NBFf FyR AYlF3AAY
complex dielectric functionrespectively.The extinction cross section represents the totabify

energy transfer processes involvedLliSPRand is comprised of a scattering cross section (which
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quantifies radiative transfer processes) and an absorption cross section (which quantifies non

radiative transfer processes). The relatioigshetween the three optical cross sections is given as

[5],

2.11)

Specific expressions for the scattering and absorption cross sections can be calculated using &

similar Poynting vector technique to 4], [5]:
Vogy == 2.12)

, T W 04— 2.13)

2.1.3 Heat power of plasmonic nanostructures

The internal energy transfer processes resulting from LEBERxpressed physically as heating of
the nanoparticle. From elementya definitions, the energy absorption rate (calculated using the
Poynting vector) is the heating power of the nanoparticle (since power is the rate of change of

energy). This is given By]:

0 Lor Acoh (2.14)

where Lrefers to the internal current density of the nanoparticle apds the electromagnetic

fieldandwis a volume enclosing the particle

The Ohmic nature of this value (as a result of igpehdence on current density (current in
macroscopic form) and electric field (voltage)) characterises plasmonic heating as a Joule heating
process. From earlier discussions, the time averaged Poynting vector and absorption cross section
are linked througtthe intensity of excitation@ The heat power can thus be expressed using the

absorption cross section §8],

0 , O (2.15)
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By inspection (nhoting that a volume integral is performed to calculate the heat power of a

plasmonic structure), the heat source density of a plasmonic nanostructure can be calculated as

[6],

A o (2.16)

Redefining2.16) for complex time harmonic functions givgs, [6]:

N g Yok o (2.17)

2.1.4 Heat generation by single plasmonic nanostructures

2.1.4.1 Continuous wave illumination

The temperature generated by a plasmonic nanostructure under excitation can be calculated
using the heat conduction equation. To do this, the temperature outside the plasmonic
nanoparticle due to internal absorption processes is considefsdhere is nhdeat source in the
medium (assuming heat generation processes are negligible compared to plasmonic heating and
no phase changes occur), the steady state heat transfer equation outside the plasmonic structure

is:

LU (2.18)

Applying a Neumann style boundary condition at the interface of the surrounding medium and

nanoparticle yields:

Ind g (2.19)

wheren is the heat flux density, i.¢he heat power per unit area delivered by the nanoparticle to

its surroundings.

Due to the spatial inhomogeneity of the heat source density (and subsequently the heat flux
density), the above expressions cannot be solved analytically without making some
simplifications. As plasmonic heating is being considered, it can be reasonably assumed that the
heat source is metallic, with electrons being the dominant energy carrier. Since the heat source is

excited photonically, the surrounding environment can beswaned to be a dielectric, with
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phononic vibrations dominating the energy transfer process. The heat conductivity of materials

from kinetic theory of gasess given a$7]:

I 28 0k (2.20)

wherell is the thermal conductivityd is the specific heat capacity,is the average velocity ard
is the mean free path (i.e. the average distabetween particle collisionsFrom(2.20), it can be
shown that metals in general have a higher thermal conductithen dielectrics, due to the
greater velocity of electrons in comparison to phonons. As a result, thermalisation in the
plasmonic particle occurs much faster than in the surrounding environment and nanoparticle

temperatures can be considered uniform foaptical purposes.

Using this uniform temperature approximation, appropriate surface integrals to the boundary

equation can be applied yieldir§8]:

0 lInd| Ad (2.21)

To solve(2.21) analytically, particles are transformed into spheres described bgauivalent
radius 'Y (i.e. the radius of a sphere with the same volume as the partiafe)f , a correction
factor to account for the deviation from a spherical geometRor general particle shapes, the
temperature increase is estimated E4:

0 .

Y vy !

(2.22)

wherell[is the thermal conductivity of the surrounding environmelRor plasmonic nanopatrticles
at the interface between two different dielectrics e.g. a planar structure surrounded by a different
medium, |l [is defined a$10],

1 h (2.23

Iy

where Il is the thermal conductivity of the supporting substratend I is the thermal

conductivity of the surrounding medium.
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The temperature distribution in the surrounding environment can be shown to decay with
increasing distance from the nanoparticle. Thus, the spatially dependent temperature of the

surrounding environment if8]:

M Tl

(2.24)

where & is the centre of the particleand »is any position external to the patrticle.

The uniform temperature approximation and the subsequent estimation of plasmonic heat
generation considered here have focussed on steady state heating. The heat conduction equation
as posed, suggests instantanes thermal response of materials, which violates motion of energy
carriers as defined by relativity, and invalidates the uniform temperature approximation. There is
thus a characteristic time scale required for plasmonic nanoparticles to reach theirysstete
temperature. This can be gotten by considering the transient version of the heat conduction

equation for internal processes:

d
"8 TT—"o nolnd (2.25)

Through a dimensional analysis (segin of variables) the transient duration is given[@ls

Y "0 .
— Y o (2.26)

¥ I

where| is the thermal diffusivity, is the mass density of the nanoparticte, is its heat capacity

and Il is the thermal conductivity of the surrounding areé@2 NJ & LIKSNRA O € y I y 2L
RAFYSUSNE GKS GNIFyaaSyl ThHsdeNde Gah Beyused ds a 2oyiserialv  z
estimate for the transient duration of heat generation by nanoparticles with resonance in the
visible spectrum (i.e. between 400 and 800 nm), whfobm previous derivations of LSPRill
KIgS | OKFN}OGSNRAAGAO fSy3dK f M >YOd ¢Kdza =z
SalAYlLGA2Yy 2F KSIG ISYSNFrGSR 08 yly2Ll NIAOES

2.1.5 Heat generation by collections of plasmonic nanostructures

Simultaneous excitation of multiple nanoparticles (as is often the case for practical purposes)

increases the total temperature generated in comparison to single nanoparticle heating, as a
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result of collective thermal effects. The temperature increaseao$ingle nanoparticle in an

assembly of multiple nanopatrticles is given by the following expre$s@jn

3Y 3°Y &Y h (2.27)

where @ "Yis the temperature rise generated by the nanoparticle andy is the temperature
rise generated by other surrounding nanoparticles. Due to the manner in which collective effects
are manifested, there is no unique solution for this expression. However, by making some

simplifications based on the nature of collectimfsnanoparticles, a valid solution can be gained.

To find an analytical expression fr'Y , an array of lithographically fabricated nanostructures is
considered. These structures have identical geometries and are spaced equally by a pitch
(parametergn). The final assumption is that the pitch of the array is such that single nanoparticles

in this array are optically decoupled from each other.

The collective heating effects are the sum of the temperature increases due to surrounding
particles. Thiseamperature is at a maximum for a nanoparticle at the centre of an array. For a one
dimensional array of equally spaced patrticles, uniformly irradiated particles, this sum can be

written as[10],

T Al (2.28)

where ) is the number of particles in the arragnd™® & (G KS Ay RSE 2F | LI N
array. The zeroth particle (i.&Q ) is defined as the particle at the centre of the array. By
previously defined convention, the sdléating of the particle is considered separately anithis

ignored in the summation. This expression can be evaluated simply for small arrays of
nanoparticles. For sufficiently large arrays (i.e. limib @snds to infinity), the temperature due to

collective heating effects [40]:

Ok (2.29)

wherel is the EuleiMascheroni constant(F n ®p 1 17 0

Using similar summation (and integral) techniques, the following expressions for collective
heating of various two dimensional array geometries and illumination conditions are dad&n

whered is the area of a unit cell of an array for a square array)) is the laser powerQis the
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full width at half maximum (FWHMof a Gaussian beam ar@is the diameter of a uniformly
distributed circular laser beafi0]. In these cases, it is assumedthhe arrays are significantly

bigger than the laser beam.

, 0 11d¢c p T 11co
. 2.30
Y T ™ o6 ° ~ 0 (230
. , Upp %)
PP Vo 231
Y TREE P G (2.31)

These expressions all show an implicit dependence on the array pitch. The general trend is given
as[11],

3y © 3"YTH (2.32)

where & is the dimensionality of the array of plasmonic structures. Thus for large, densely
populated arrays of nanoparticles, the collective heating effects are more dominant than self
heating of a hanopatrticle, and can be used as a more accurate estimate teftperature of the

array.

2.2 Pyroelectrics

2.2.1 Introduction to pyroelectricity

Dielectric materials (i.e. materials which become polarised in the presence of an applied electric
field) can be divided into 32 crystal classg®], the geometry of which dictates their
characteristics. Ten of these 32 classes have a dipole in their unit cell and are- non
centrosymmetric (have no centre of syretry). Because of this particular asymmetry, these
materials have a nomero polarisation (spontaneous polarisation) in the absence of an electric

field, and are subsequently referred to as the polar crystal classes.

The polar crystal classes (comprisihg following point groups: 1, 2, m, mmz2, 3, 3m, 4, 4mm, 6,
6mm [12]) display pyroelectric ability (i.e. temperature dependent poktian). Thus, the two
terms (polar crystals and pyroelectric crystal classes) are used interchandeataptrastto non-

polar dielectric crystals, spontaneous polarisation of pyroelectric crystals cannot be measured

directly with an electrometerdue tothe fact that charge compensation occurs rapidly within the
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crystal[12]. Under thermal equilibrium, spontaneous polarisation is tnglised by a screening
charge. A change in temperature affects the moment of the dipole in the unit cell (in a manner
particular to the specific pyroelectric material) such that the screening charge no longer
compensates for the spontaneous polarisatibtence, provided the change in temperature is fast
enough, a current flows between the surfaces of the pyroelectric crygyabelectric current)in

an effort to neutralise the spontaneous polarisatidfigure2.3).

N ONONONOIO "

dr

0 ¥ + ¥ ]—— Surface Charge
dt
- Dipoles
Constant
. . . . Intrinsic Polarisation

temperature

S O

= R

JN00.0.0000
dT + + + + + +
@<
Cooling ' ' '
. 5 . _ ) . > Increased Polarisation
Figure2.3: Schematic illustration of pyroelectric generation (adapted froph3]). A) Surface charges are screened at
constant temperature. B) Heating decreases polarisation. C) Cooling increases polarisation.

l Decreased Polarisation

With their structural anisotropy and spontaneopslarisation, pyroelectric crystals are electrically
non-linear. As such, the electrical constitutive relationship is modified to accurately describe their

behaviour:

L 33

wherethe electrical permittivity k-, is a 3 x 3 matrix rather than a scalar vatliee to the internal
asymmetry of pyroelectric crystals, and the spontaneous polarisat"r-)mis a temperature

dependent parameter more accurately given by:

v =y (2.34)
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In this expression, the pyroelectric coefficient iheee-rowed vector with components in the X, y

and z directionsand3-"Yis the change in temperature.

As the spontaneous polarisation icharge density, it follows that the pyroelectric charge can be

estimated as,

0 o0mM (2.39)

where0 is the area of the pyroelectric crystal undergoing thermal stimulation.

By noting that electricaturrent is the rate of change of generated charge, a pyroelectric crystal
can be viewed as a temperature dependent current source. Appropriate modification of the

above equation gives the magnitude of the generated current (and current density) as,

"0 B — (2.36)

, AY
(VI 75 (2.37)

There are capacitive elements to the electrical response of a thermally stimulated pyroelectric
crystal; chargesccumulate at the surface of the crystal and are separated by a dielectric as they
do in a parallel plate capacitor. The intrinsic conductivity of the pyroelectric dictates that there is
also a resistive element to the response. A pyroelectric crystalttoam be considered to be a
temperature dependent current source in parallel with and®€uit as inFigure2.4 [14] [15]. The
resistance 'Y , and capacitance0 , originate from the conductivity and permittivity of the

pyroelectric substraterespectively.

(O
I

-
1=Ay 9T
dt

Figure 2.4: Equivalent circuit model of pyroelectric crystal. Capacitance and resistance are a result of intrinsic
material properties.
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2.2.2 Pyroelectricity in lithium niobate

Lithium niobate is a mamade dielectric crystal, with trigah symmetry (possessing thrdeld
rotational symmetry), in the R3C space group (3m point grfil§]) The uniaxial symmetry of the
trigonal crystal group means that lithium niobate has ot unique electrical permittivity
values, with permittivity along the ¢ axis (s&ppendix B differing from that along the other two

orthogonal directions. The permittivity matrix of lithium niobate is of the form below.

The exact values of permittivity differ based on if the crystal is clamped or free during
measurement (a result of the piezoelectricity of lithium niobafép]. When the crystal is
unclamped, is ~84 and is ~30[17], with the exact values dependent on the stoichiometry

of the lithium, niobium, and oxygen. Clamped values- of and - are ~44 and ~ 2917]
respectively. The equivalent capacitance is calculated using the permittivity of the axis

perpendOdzf  NJ 12 G4KS ONRadlfQa FI10Sax | LI NFXYSGS

Spontaneous polarisation in lithium niobate is a result of the movement of lithium and niobium
ions within the crystal. As these ions move only in the direction parallel to the z/c axis, the
temperature dependent spontaneous polarisation of lithium niab#é defined as a vector with

non-zero components only in the z direction as,
A Th
r

wherer =-8.3x 1/ k Y’[13]. The temperature dependent polarisation is negative to indicate
that the positive z face becomes more negatfize. polarisation decreases)s the temperature

increases

2.2.3 Optical properties of lithium niobate

The anisotropic electrical permittivity of lithium niobate is responsible for its birefringence (since
at optical frequencies, the refractive index is the square root of the electrical permittivity).

Lithium niobate thus has an extraordinary refractiveerdarallel to its ¢ axis and an ordinary

52



refractive index in the orthogonal directiof$6], with specific values dependent on wavelength

as described by the Sellmeier equatioAppendix . The birefringence of lithm niobate can be
ignored if light propagates parallel to the optical axis, as the resulting polarisation is in the plane
perpendicular to propagation; the ordinary refractive index, which is isotropic in this piane

sufficient for explaining the intaction of light with matter.

hLIGAOFE fAGKAdZY YA2060FGS Aa GNIYyaLl NByd Ay (Fk
in this range is generally flat, with moderate peaks appearing at different wavelerdjtasto

polaron and bipolaron excitation naed by defects in the crystal lattice structure, as a result of
non-ideal stoichiometry[17]. Beyond this range, lithium niobate is opaque due to absorption by

the phononic lattice.

2.3 Forces on a particle in a microfluidic environment

Particles suspended in a microfluidic environment experience forces even in the absence of
external stinulation. These intrinsic forces define the minimum levels of actuation required to
control particle motionFigure2.5 depicts a free body diagram of the intrinsic forces acting on a
microparticle. In this image, Brownian motion and drag are considered only in lateral dimensions
for the purposes of clarity. The origin and nature of these forces are discussed in furthiéride

the proceeding sections.

Axis of symmetry

Direction of motion

i

1

| —

1

I F buoyancy A

: :

: F thermal

i F drag

! y F aravity

! Substrate

Figure2.5: Free body diagram of intrinsic forces on a particle in a microfluidic system
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2.3.1 Brownian motion

Brownian motion is the stochastic movement of particles idugdfas a result of the thermal
energy of a system. Particles are in constant collision with the molecules of the suspending
medium, a process which dictates their motion. Using kinetic theory, it can be shown that an
ensemble of microparticles has an azge energy of Q" three dimensions (i.e-"Q"%r a given
axis) A a . 2t G 1 YI yy9sihe eryicgiynamiciiempeyafire in Kelvin. The motion of
individual particles is governed by collisions with other particles, as well as the baesmdéthe
microfluidic chamber. As such, particle energy follows a probability distribution (Boltzmann
distribution), and particle motion is randonmThe mean squared displaceme(ie. characteristic
change in position of a particle due to Brownian motiora given time periodis the variance of

this distributionand is given by the Einstein equation as,

o cQOo (2.38)

whereQis the dimensionality of the observed systeamd O is the diffusion coefficienwhich is
calculated through the Stokdsinstein equation as,
QY

O (p—— i (2.39)

where — is the viscosity of the fluid mediunandi is the radius of a spherical particle the
absence of stimulation, Brownian motion is responsible for the translational motion of particles in
two dimensions(i.e. particles are not necessarily stationary in the absence of stimulation). The
mean squard displacement can be used to define the maximum allowable particle displacement
characteristic of negligible external forcg48]. The standard deviation of the Gaussian

distribution is the square root of the variance i.e.

o ¢QOB (2.40)

2.3.2 Gravity and sedimentation

Downward motion (i.e. movement in the vertical/ z plane) of a particle in a microfluidic chamber

is controlled primarily by gravitational acceleration. The total force on a particle is as a result of its
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mass and an opposing force due to the mass of tiggiild (buoyancy)19], [20] This is calculated

using the following expression:

IR (2.42)

where,-“1 is subsequently the volume of a spherical parti¢le,is the mass density of the

particle, and” is the mass density of the fluid mediuriis the gravitational acceleration

constant.

2.3.3 Drag

Particles in motion experience a restrictive force in opposition to their direction of travel as a
result of viscous friction. Flow in a microfluidic system can typibalgssumed to be laminar (as
aresdi 0 2F (GKS f2¢ wSeyz2f RQa vy dinug Bddrah Braedsohthed S R

form:

"0 "Qb (2.42)

where U is the velocity of the particleand "Qis the coefficient of friction, which depends on the
material and its environment. For spherical particles freely moving in a solution, the friction force

A4 IAPSY oe {G2154a04 tt¢ | as

0 ¢ - (2.43)

Ly GKS O2yGSEG 2F LINIAOES Y2GAr2ys {G215aQ3
displacement of particles where only the magnitude of the applied force is kndwra

microfluidic system, inertial forces are negligibnd over short timeLJSNA 2 Ra s> { G2 ]
equates to the applied force. Thus, the velocity of a particle can be used as a direct measurement

of the applied force.
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2.4 Electrokinetic phenomena

9f SOUGNRBIAYSGAO LKSYy2YSyl 2NRA3IAAY leledic fleNBpplies 2 dzf
on a charge)with more specific mathematical and qualitative delineations arising when different
boundary conditions and frames of reference (e.g. force in system vs free energy in system) are
considered. As with all kinetic phenogi¢ > Y2(dA2y A& 2yfteé I OKAS@GS
ANBFGSNI GKIEyYy GKS Odzydz  §AGS 2L aAy3d F2NDSa

form is given by:

3 Ao (2.44)

wheren is the charge on the test subjeend [ris the electric field vector. This can be seen to be
I a2fdziAz2y G2 /2dA2Y0Qa 16 H6KSNB | OKIFNBS

(which can be calculated a priori).

2.4.1 Electrophoresis

Electrophorsis is an electrokinetic phenomenon concerned with the motion of charged particles
AY | a2fdziAz2y® | SNBE (KS SELINBaairzy TF2N / 2d
the electrophoretic forcewith the caveat that the charge in the equationfees to the effective
surface charge of the particle. The distinction between effective surface charge and native surface
charge is required due to the ionisation that occurs when a particle is suspended in liquid
medium. lonisation processes can modify tnagnitude and cause a reversal of native surface
charge (e.g. preferential adsorption of screening charges can switch pg0fjy As a result of

these modifications, electrophoresis is frequently described using the concept of the electrical
double layr, which can be used to explain apparent anomalous responses of particles to

electrical stimulation.

la /2df 2Y6Qa F2NOS o6FlyR o6& SEGSyarzys (KS
electrophoresis can either attract or repel particles from/iigh electric field regiom It is
frequently described as a QyBenomenon as a consequence of this; alternately switching the sign
of the electic field produces no net motian particles oscillate as they aretatcted to/repelled

from electric field regions with equal force upon a change of &dh
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2.4.1.1 Electrical double layer and zeta potential

The electrical double layer (illustrated kKigure2.6) originates from the interactions between
charges at the interface between a solid and a liquid. Solids in contact with a liquid gain a surface
charge regardless of their previous neutralithue to processes such as adsorption of ions and ion
dissolution [20], [22). This surface charge changes the local ionic distribution cigpadim
electrical double layer of countéons separated from cons. The tendency for electroneutrality

Ay GKS St SOGNAROFt R2dzf S I &SN NB I[2aitetefare, G K | (
charges equal in magnitude and opposite in sign (couiotes) are attracted to the solid surface.

Due to the finite size of these counter ions, only a fractiérthese are attached to the solid
surface by specific adsorption. The rest of these ions approach to within an ionic radius of the
solid surface (the Stern plane). A shear plane exists a short distance from this, defined as the point
where liquid is no loger bound to the solid surface. @ans (charges of the same sign as the
surface charge) are repelled and exist in a mobile phase in the liquid. In the immediate vicinity of
the surface, caons are less abundant than countens. The double layer thickae is defined by

the distance from the surface where the concentration of co and couiotes matches that of the

bulk electrolyte.

Solid surface Stern Plane

Shear plane
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Figure2.6: Schematic illustration of electrical double lay§20].

Eah plane has an associated potentjal: is defined as the surface potential, is the Stern
potential, and-is the potential at the shear plane. The existence of the shear plane indicates that

during electrophoresis, a small amount of liquid movemglwith the particle. The zeta potential
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(-) can thus be used as a measure of the energy required to move the particle and the bound

liquid, and is an important parameter for use in electrophoresis for this reason.

The total electrophoretic motion of particle can be described by independently considering the
electrically induced motion of the ions in the diffuse electrical double layer, and that of the
particle itself20]® ¢ KS St SOUGNRPLIK2NBGAO F2NOS[200Fy 6S RS

O ¢ YvGh (2.45)

where wis the radius of the particl@nd0 is the electrophoretic velocity described [@9],

0 O h (2.46)

where O s theelectric field|l is the reciprocal of the double layer thicknes$, @nd‘ is the

electrophoretic mobility which is related to the zeta potential through the Henry equd#ioh

2.4.2 Dielectrophoresis

A limit on electrophoresis is the requirement thatrpeles are charged to allow for motion. In
contrast to this, dielectrophoresis is the motion of dielectric materials in-moiform electric

fields as a consequence of their polarisabilfjg(re2.7). In the simplest consideration, electric
polarisation of dielectrics causes the separation of free charge carriers, creating an effective
dipole. In uniform electric fields, there is no n€oulombic force on the dipole due to the
symmetry of the charges and the electric field. In aoriform electric fields, the magnitude of

the electric field in different spatial regions varies. As a result, the Coulombic force on different
sides of the diple varies and as such, there is a net force on the particle. If the asymmetry of the

electric field is sufficient, the net force on the particle is enough to induce motion.
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(+)

Figure2.7: Electrokineticmotion of charged and neutral @rticles. A) Electrophoresisharged particles move towards
opposing terminal. Neutral particles remain stationary. Bjelectrophoesischarged particles move towars terminal
of opposing polarity. Neutral, polarisable padies move in direction of high electric field gradient.

The DERorce as generally quoted is derived by considering a dipole of [€dgtta noruniform

electric field as in the illustration belowigure2.8):

+L1 ;’
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-
-
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Figure2.8: lllustration of the geometry used for calculating the net dielectrophoretic force on a dip@8].

The tdal force on the dipole in the geometry defined figure2.8 can be calculated from the

force on the charges at opposing ends of the dipole

Provided the separation diween the two chargesQ) is sufficiently small, a Taylor series

expansion can be used to express the electric field at Q interms ofO1 [23].

By introducing the effective dipole momeni, 1 ‘Gand the gradient operator, , the force on

the dipole carbe written as,
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¢K2dzaK GKAA SELINB&aaAz2y | OOdaNI GSte Ot OdA | GSa
AYGUSNI OGA2y 6A0GK GKS St SOGNR Gffect hSdieRdrophorefit K 2
force, is not apparent from the equation as written. An analytical expression for the dipole
moment, for different particle geometries in terms of their electrical propertidees not always

exist. However, the behaviour of sphere is often times a good enough approximation for
colloidal particlesand is thus used as a general expression for the fDEER. This is frequently

written as[24],

3 ¢* - YOnggh (2.48)

where0 (the Claussiudlossotti factor) is defined 424,

v — (2.49)

The more general expression for the DielRce (which includes excitation by time harmonic

electric fields) is given 424,

1 C* - YYD ngpy;gh (2.50)

where represents the time average operatqg; 1 s the root mean squared value of the time
harmonic electric field and * is the complex conjugate of the complex Clausdlessotti facor

defined ag24],

The permittivities in this case have been replaced with the conjugate of their complex counterpart

which is in the fornj21]:

- - Qe (252

The dielectrophoretic force is dependent on the electric field gradient (as opposed to the electric
field magnitude), thus, repoling (changing the direction between positive and negative electric

field regions) the electric field has no effect on the dii@t of particle travel.
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2.4.2.1 Claussius-Mossotti factor and particle polarisability

The relative polarisability of a particle with respect to the immersed medium dictates the nature
of particle motion in dielectrophoresis (in contrast to electrophoresis wheiis the sign of the
charge in relation to the electric field). The precise relationship is encapsulated @ldlissius
Mossotti factor By considering the limits of particle permittivity (i-e. © 1@ © Hb) it can be
shown that, unlike charge, lvich can theoretically grow indefinitely, the Clausdilisssotti lies in

the range ™ U p. Hence, negative dielectrophoresis (repulsion from high electric field

gradient regions) is inherently weaker than positive dielectrophoi@dib

The complex permittivity used to describe the ClausMassotti factor can be viewed as a
mathematical representation of the dielectric response of a material i.e. the motion of charges in
an electric field. Polarisation or restricted charge motion isrespnted by the real part of the
electrical permittivity while conduction (free charge motion) is represented by the imaginary part
[21]. Using this definition, the complex permittivity in the Clausdilossotti factoris [21]:

‘0

. 1_5 (2.53)

where - is the frequency dependent electrical permittivity (originating from the different modes
of polarisation available to a material due to its structure (micro/macroscopic), the diversity of
charge carriersand the ability of these to respond to electrictmulation[21]), containing real

and imaginary parts linked by Kraméfsonig relations, angl is the electrical conductivity of the

material.

Consideration of the frequency dependent electrical permittivity showat the limiting cases of

the Claussiudlossotti factor are written af24],
V] OB ——— (2.54)

(2.55)

Particle conductivity,( ) is size dependent due to surface conductance effects, lware non
negligible when micrometrsized particles are considered. The particle conductivity is more

accurately given bf25]:

. . ==h (2.56)
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where, is the bulk conductivity of the particle ands the surface conductance.

{ dzNF I OS O2yRdzO0I yOS A& AYRdzZOSR 06& GKS Y2GA2y
AdzNFIF OSd !'aAy3a hKYQa flgsx AG Oy 0SS aKz2gy
tangential electric field, to charge carrier motion (which is a surface curf2f}) Based on this
definition, the surface conductance cdmus be calculated using the surface charge density and
mobility of ions in the liquid mediun25]. As such, surface conductance can be viewed as an

effect of the polarisation of the electrical double lay25].

2.4.3 Electrohydrodynamic effects

Electrohydrodynamic effects are the result of the coupling between relevant electrical and
mechanical properties of a fluid. This interaction induces a force on the fluid causing motion. EHD

mechanisms can broadly be split into surface effects (interfacial effects) and body effects.

2.4.3.1 Surface effects

Electroosmosis occurs as a result of the formation of the electrical double layer at the interface
between the pyroelectric substrate and the microfluidic environment. lons in the shear plane
move tangential to the surface of the substrate due to Gowic interactiong21], [26] As a
NBadzZ & 2F {021 SaQa iR Rlidinbveriekt SNis lafed giving riSe2tdNB & LJ
motion in the bulk[21], [26] Using this definition, the similarities between electroosmosis and

electrophoresis can be noted.

The effect of electroosmosis on overall bulk motion can be calculated by imposing a slip condition
at the solidliquid boundary (i.e. the location of theesltrical double layer). The slip velocity is

given by[18]:

0 —2h (2.57)

where,, is the surface charge densitl,is the reciprocal of the double layer thicknesss the

viscosity of the fluidandO is the tangential component of the electric field.
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2.4.3.2 Electrothermal body effects

The electrohydrodynamic body force is given by the expression Jelbw

3 ” F E F rl—ﬁ (258)

where” is the volumetric charge density in the fluid ant the electrical permittivity.

In the expression above, the first term on the right hand side of the equation refers to Coulombic
forces (i.e. electrical forces as a result of charge and conductivity interactiang)the second

term refers to dielectric forces. The electrohydrodynamic body force is thus a consequence of the
combination of electrophoretic and dielectrophoretic forcesiagton the suspension medium (as

opposed to the particle as previously described).

In this case, the electric field varies as a result of changes to temperature due to thermally
induced motion of charge carriers. Perturbation theory is used to accoutihéosmall changes to
charge density as a result of changes to temperaf@&]. As a result, a new expression for the

charge desity is yielded28]:

” L____* 0h (2.59)

where n- andn, are the respectivechanges in dielectric response and conductivity due to

temperature and are given biA8]:

"y (2.60)

"oy (2.61)

n-  -n
Py 5 ® 0 g'o n- 2.62)

The electrothermal force is thus given [28]:
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Q E'Y'Q Yo O c 0 "V (2.63)

where| and! are dimensionless coefficients defined[a8],

pT -

L 2.64
| Ty (2.64)

pT ”

- 2.6
I Ty (2.65)
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3 Materials and m ethods

Summary

A range of numerical and experimental techniques were employed in the investigation of
plasmonic enhanced pyroelectric manipulations. This chapterildetae materials used in the
experiments andan overview of the experimental and numerical procedures employed in the

remainder of the thesis

3.1 Introduction

This section details the numerical and experimental techniques used in the courseref#agch
discussed in this thesis. Specific implementations of the protocols are introduced in the relevant
experimental chapters. Supplementary information relating to more detailed operation of various
lithographic toolsas well as optical properties afaterials used during finite element modelling

can be found irAppendix Gnd Appendix D

3.2 Materials

Lithium niobate waferspnn  >Y (i K Addiefer) were Jolyfai&d from the Roditi
international company, London URyrex wafersf nn > Y (i KdiaMdter) weme obitain€kK

from University Wafer, Boston, USA.

Methanol, acetone, ethanol and IPdsed primarily for solvent cleaning were obtained from

FisherScientific.

Gold used for electron beam evaporation was obtained frofiE, UK. Aluminium and titanium

for electron beam evaporation were obtained from the Kurt J Lesker Company.

Polymethyl methacrylate (PMMA2010 (80k molecular weight) and 2041 (241k molecular
weight), was obtained from Lucite International Inc. Microposit MFCD26 developer was obtained
from Shipley cmpany Inc. Mthyl-isobutyl ketone (MIBKwas obtained from Merck Chemicals
Ltd.
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DCVJvas obtained from Ursa Bioscience LLC. Spectroscopic grade glycerol was obtained from
SigmaAldrich. These materials, as well as methamare used for fluorescent thermometry of

plasmonic particles.

Chlgoauric acid and sodium citrate used in gold nanoparticle synthesis were obtained from
SigmaAldrich.

Silicabeads ¢ >Y3X &dzaLISYRSR Ay 61 0SNE y2 &adz2NFI OS
IPA were obtained from Sigmh f R NJA OdHlida bends*dY¥y, neutral charged and carboxylated)
were obtained from Bangs Labs. HFID0 was obtained from Acota UK. Mineral oil (heanyd
dioctyl sodium sulfosuccinat@erosolOT/AQ7, a charge stabilisation agent, were obtained from
SigmaAldrich. Silicone oil was obtained from Fisher Scientific. Alimond oil was obtained from

Boots, UK.

3.3 Experimental setup

CCD Camera

F3
M2

Filter Cube

Objective
(Microscope)

Sample

Objective
(Focusing lens)

N—H

M1 F1 ND1 633 nm Laser

|/

~

-
21N

—

Figure3.1: Schematic view of experimental setup

Simultaneous excitation and observation of plasmonic nanostructures, was achieved using a

bespoke setup (illustrated schematicallyRigure3.1), built around an upright microscope with a
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varying vertical column (Zeiss Axioscope Al.Vario), equipped with two independent and
switchable light sources (L1). Bright field illumination is provided by a 100 W halogen lag®p (Zei
HAL 100 illuminator). Where necessary, fluorescence illumination is provided by a mercury arc
lamp (Lumen Dynamics Excite 120q). The sample is placed on a motorized XY stage (Marzhause
Wetzlar Tango 2 desktop), which is fixed in the vertical posittage control is provided
manually using the accompanying joystick, or automatically through software (MW Switchboard).
Images are viewed and captured using a C&mera (JAl BB41GE) controlled with appropriate
software (JAEDK tool). During brightfield illumination, a notch filter (Edmund Optics OD4) is
placed in the light path (F3) for safefgnd so that captured images are not flooded with laser
light. M2 isa silvered glass reflector acting as a one way mirror. No filter is placed in position F2
during brightfield operation. Fluorescence illumination is required for thermometry purposes,
where the intensity oDCVJs imaged. During fluoresoeillumination, an appropriate filter set
(omegaxflos ¥ < SEOAGFGAZ2Y T nTtp yY 6Cu0X < SYraa
coherent excitation. M2 is a dichroic mirror with a central wavelength at 475 nm. The optical
density of the emision filter sufficiently attenuates laser excitation and performs the same

function as the notch filter. DC\&lexcited at 455 nm and emits at 500 nm.

Plasmonic excitation is provided by a 633 nm diode pumped laser (Coherent Cube), which
illuminates samples from below (i.e. substrate side first) through a steering mirror (M1). A
continuous neutral density filter (ND1) is used to adjust the intensity of the excitation
illumination. A bandpass filter (F1) centred at 630 nm is used to remniowveanted spectral
components from the illumination. The laser beam is focussed using a 50x Olgédtive placed

on a translatable xyz mount (Thorlabs), to ensure the focal point of the illumination isd=nhc

with plasmonic structuresregardless of minor variations in thickness between different
substrates. The laser and neutral density filter are clamped to an optical riser (Newport), which is
clamped to a breadboard (for major adjustments to beam atignt). The remaining optical
elements are constructed using an optical cage system (Thorlabs 30 mm). The steering mirror is

mounted on a gimbal witthree degrees of freedonfor fine control of laser beam alignment.

The focal spot profile of the laser & is measured using a single frame of videwlysed using
a combination of ImageJ (pixel intensity) and Matlab (curve fitting). As a red laser is used, the
value of the red pixel is used as a measure of the laser beam intensity. The laser beam fits a

Gaussian profile with w(1/e?NJ R A dz& ( asindiaated balofv.
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Figure3.2: Measured distribution of laser beam intensity. Gaussian fit is plotted using a solid red line.

3.4 Fabrication of plasmonic nanostructures

3.4.1 Solvent cleaning of substrates

Pyrex and lithium niobate substrates were cleaned by ultrasonicatiordiferminutes eachin
acetone, methangland isopropangland dried under nitrogen in a cleanroom environment. Prior

to cleaning, substitas were cleaved to segments measuring approximately 15 mm x 10 mm.

3.4.2 Bottom up fabrication

Gold colloids fabricated using tA@erkevichFens method $ection3.4.2.7) are suspended in a 6%
PVA matrix (4:1 dilution) [1]. Microlitre droplets are placed on cleaned substrateand
subsequently dried under vacuum conditions. Alternatively, for complete coverage of samples,

the gold colloidsolutionis spun at 1000 rpm prior to drying.
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3.4.2.1 Turkevich -Frens method

Colloidal gold particleé~17 nm diarater) were synthesised using a citrate reduction technique
based on the TurkevieRrens method?2]. Briefly, chloroauric acid (HAyCWas diluted in water

to a concentration of InM, and heated at 97C. When condesation began, a 381M solution of
sodium citrate in water was added to the chloroauric acid in a 10:1 solution of gold salt to citrate
and mixed using a magnetic stirrer. The solution was removed from the hotplate and cooled after
~40 minutes of stirringThe final concentration was determined using a combination oMU8/
spectrometry (see8.5.2), and Mie theory[3] to be (~16* particles/mL or 1.3 mM). Colloid size

was determined using dynamic light scattering and confirmed through scanning electron

microscopy.

3.4.2.2 PVAmMatrix

PVAis introduced to deionised water heated at 8Q, and stirred till it is completely dissolved.
Evaporated water is replenished during mixing to ensure the final concentration ofifPVA

consistent with tke initial weight measured.

3.4.3 Top down fabrication

Figure 3.3 shows a schematic of the processes involved indown fabrication (i.e. electron
beam lithography) ofplasmonic nanostructures. Detailed discussion of each process is given

below.
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Figure 3.3: Electron beam fabrication process 1. Cleaned substréeand 3. Deposit bilayer of PMMAesists 4.
Evaporate 30 nm of aluminium charge conduction layBr Expose substrate to electron bear. Develop PMMAY.
Evaporate metal8. Perform liftoff.

3.4.3.1 Resist spinning

A positive tone resist (PMMAwvas used for electrobeam writing of nanostructures. A bilayer of
resist was spun onto substrates comprising a low molecular weight PbiMiAe bottom and a
higher molecular weight PMM#&olution on top (sed-igure3.3). This bilayer is required to gain
the undercut profile necessary for achieving good metal lift off and good nanostructure definition
[4], as since the lower molecular gt resist is more sensitive to the electron beam, a larger

area receives the required clearing dose in this Igggr

An initial layer ofa 2.5% dilution of 2010 PMM# o-xylene was spun onto substrates at 5000
rpm for one minute. This was followed by a two hour long baking step at 180 °C in arfaven
dehydration of the exylene solventleavingonly the ebeam sensitive polymeiThis process was
repeated using a 2.5% dilution of 2041 PMMAo-xylene. The dilution of the PMMiA o-xylene
defines the resolution of the fabricated nanostructures as it affects the layer thickness. The 2.5%
dilutions were used to gain highest resolution possible. The layer thicknesses, followinggpinn
at the speeds and duration described, are approximately 40 nm and 50onr2010 and 2041
PMMA, respectively.
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It was found to be necessary to incubate pyroelectric substrates at room temperature for at least
2 hours after baking, prioto applying the second layer of PMM#sist. Pyroelectric substrates
acquire a surface charge in response to the heat applied in the initial bake step. This surface
charge affects the adhesion of the second layer of resist to substrates. Rigplidd without this
incubation geriod displayed an electrowetting effect which made the spin coating process difficult

to control. Incubation was thus necessary to gain a uniform resist profile.

3.4.3.2 Charge conduction layer

Resist coated substrates were covered in a 30 nm aluminium layer for exposure in the
electron beam writer. This was necessary to prevent bujidf charge on the surface of the non
conducting substrates. Such charge buiful deflects the electron beam path and can cause a
significant deviation in the positioning dhe described pattern. The aluminium layer was

deposited using the Plassys MEB400s electron beam tool.

3.4.3.3 Electron beam lithography

Samples are patterned using the Vistec VB6 WHWR-electron beam lithography toolThe
instrument writes a pattern onto the substrate by selectively exposing it tb08 kVelectron
beam at vectors detailed in a submitted design.fildnis design file is created usindgedit CAD
software and exported as a graphic data systems (JeSfor further processing. Layout beamer
software converts designed geometries into smaller tragidal shapes (more compatible with

the allowed shaping of the electron beam) in a process called fracturing.

The dose (charge density of the electron beam) for the structures used in this process was
aSt SOUSR G2 0SS wmtpn >/ kO0BYLGBEBYS NI BIS NF RN yiF
0KS NBLNRPRdAzOAOGAtAGE 2F SFOK &aKFELIS® ! NNl ga ¢
using a 1 nA, 4 nm diameter beam with a beatap size of 3.751m, and a VRUvariable
resolution unit) of3. These parameters are fixed using the belle software which collates this

information with the fractured pattern for easy operation of the electron beam tool.
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3.4.3.4 Resist development

Following bearwriting, substratesare incubated in Microposit CD26 developer for 2 minutes.
This selective etchant removes the charge conducting aluminium layer, leaving the patterned
PMMArresist intact. The sample is rinsed in deionised water and developed in 2.5:bruibfti
MIBKin IPAfor 30 seconds. As PMMi& a positive tone resist, areas exposed to the electron
beam are more soluble than unexposed areas,asdsuchare washed away. The substrates are
subsequently washed in IF8r 1 minute to stop development. Finally, samples are placed in a
Gala Plasma Prep 5 oxygen barrel asher (pattern side up) for 30 seconds at 40 W, for plasme
treatment. This renoves unwanted resist inaccessible to the M#Bi¢l IPAsolvent during the
development procesdy etching ~2 nm of resist residue at the bottom of patterned features. This

step thus aids uniform adhesion of metals to the dtdues.

3.4.3.5 Gold metallisation and lift -off

Cleaned and developed substrates are metallised using the Plassys MEB400s electron bean
evaporator. A 2 nm layer of titanium is deposited as an adhesion layer followed by a 25 nm layer
of gold. The total thickneds chosen to be less than 40 nm (i.e. the thickness of the base PMMA

layer) for easy removal of the undeveloped resist during the lift off process.

Metallised substrates were placed in a warm (50 °C) acetone bath for a two hour period to
dissolve unwanted PMMALift off was performed by agitating the acetone solution with a pipette.

A one minute sonication step was necessary, if this agitation did not prove to be sufftcient
remove undeveloped PMM/Substates were cleaned by sonication in an Bution (to ensure
removed metal aggregates were not redeposited onto the substratas) dried under a stream

of nitrogen prior to useor storage under vacuum in a desiccator. An illustratiom alubstrate
following the fabrication of plasmonic arrays is giverfrigure3.4. An alignment marker (circled)

is patterned, the position of which is used to indedhe orientation of plasmonic structures

relative to the polarisation of laser beam.
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3.5 Characterisation of plasmonic nanostructures

3.5.1 SEM

Scanning electron micrographs of fabricateanostructures were taken using a Hitach# ®0
SEMtool. Prior to loading, samples were coated with gold/palladium (80/20) using an Agar
sputter coater operating at 20 mA for 45 seconds. The agar sputter coater deposits metals at a
rate of 9 nm per minute when the input current is 20 mA. The estimated final thickness of
gold/palladium is thus 6.75 nm. Micrographs of colloidal structures were taken with the@EM

operating at 5 kV. All other images were collected using leV18cceleration voltage.

3.5.2 UV-VISabsorption spectrophotometry

Optical characterisation of fabricated plasmonic structures was carried out using a Shimadzu UV
3101 pc absorption spectrophotometer and a linear thin film polariser (whemegsary. Planar
samples were mounted on a bespoke holder withrarh diameter pinhole. Fabricated arrays are
aligned to this pinhole such that changes in light intensity at the detector are purely a result of the
plasmonic activity of the aligned arrad.plain piece oPyrexis placed on an identical holder and

placed on the reference arm. The system was operated between 400 anth®00

Soluble samples (i.e. colloidal gold) were placed innaL®uvette and mounted at the sensing
arm. Deionisedwater is placed in an identical cuvette and mounted at the reference arm.

Operation is as with planar samples.

The spectrophotometer characterises plasmonic activity with an extinction type measurement
(i.e. absorption and scattering losses are considaietlltaneously). Rather than the previously
defined extinction cross section, the instrument measures extinction using a transmittance value

expressed either as a percentage or in a decibel format givgs]by

1'% o bt 3.1

or[5],
boi 1 '%n 3.2)
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where Qs the transmitted light intensity (i.e. intensity of the light at the measurement aamdl

‘Ois the incident fht intensity (intensity of light at the reference arm).
An estimate of the extinction cross section can be made using the following relatig6gHip):

, 0 p "W (3.3)

where 0 is the two dimensional particle density i.e. the number of particles per unit area
considered. Using this relationship, experimentally derived plasmon resonance activity can be

compared more readily to simulated data.

3.5.3 Dynamic light scattering

Dynamicight scattering was performed using a Malvern Zsitger ZS90 tool to estimate the size

and monodispersity of fabricated solutions of colloidal gold.

3.5.4 Dark field microscopy

Dark field microscopy was used as a quick -destructive confirmation of the seess of
fabrication. The resonant scattering of plasmonic structures coupled with the high contrast of
dark field microscopy enhances the visibility of sparsely populated amayiflustrated inFigure

3.4. Observation was performed using a Zeiss Axio ImAgeanicroscope with a Jenoptik ProgRes

cf CCzamera capturing images.

75



Figure3.4: A)Bright fieldmicrograph of a completed device showing alignment marker (circled) used for polarisation.
B) Dark field micrograph of array labelled B. Resonant scattering of plasmonic structures enhances the visibility of the
array in comparison to the bright field imge. C) Dark field micrograph of array labelled C. D) Dark field micrograph of
array labelled D.

3.6 Sample preparation

3.6.1 Microfluidic chamber construction

A microfluidic chamber (illustrated fRigure3.50 A a4 ONBI 4GSR 06& NBOSNHEAOG
O2@SNRt AL G2 | pnn >Y GKAO]l &dzadNI¥ dS -sidg & NB
adhesive tape spacers. The chamber is constructed to be 10 mm wide, such ftasmonic
arrays fit within the microfluidic chamber with good clearance from the channel walls at each

extremity.
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Figure3.5: lllustrative image of completed microfluidic chamber undergoing stimulatiorhis image is not to scale

3.6.2 Solvent swap

Trapping experiments required the suspension of particles in-pwar, electrically insulating
media (Chapter 5).To ensure miscibility, particles supplied in aqueous solvents are transferred
through a solvent of intermediate polarity (ethanol). Particles are centrifuged for 5 minutes at
5000 rpm and resuspended in ethanol. Centrifugation is repeated twice to waahigles and
minimise the transfer of aqueous solvents to new media (solvent is renewed following each wash

step).

3.6.3 Surface activity

Electrophoretic mobility and zeta potential of particles in a symmetric electrolyte (0.1 mM KCI)

was checked using the Maern Zetasizer ZS90 tool.

3.6.4 DCVJeconstitution

1 mg vials of dr{pCVJstored at-8 °C) are allowed to stand at room temperature for 15 minutes
G2 SldAfAONI G§GSP® pn >-nethardl mikKsSaddeddihervBINEd vartexadY M =
Hn o > 2F GKA&A ai201 az2ftdzZiazy Aa FRRSR (2 o

experiments. The final DC¥Jncentration used in thermometry is 0.5 mM.
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3.6.5 Calibrating thermal response of DCVJ

The response of the DC¥dlution is calibrated by plotting the fluorescence intensity from an
average of 50 images against temperature. Di€Y&ced in a microfluidic chambernd thermal
stimulation is applied unifenly to the solution using a hot plate. The temperature is adjusted by

5 °C increments from room temperature (25 °C) to 90 °C. The temperature of the bulk DCVJ

solution is independently verified using a thermal imaging camera (Flir E60bx).

Golour images (illustrated ifrigure3.6) were processedconverted to grayscale, time averaged
and intensity profiledl using ImageJ to create the calibration curve rtnalised against peak
intensity at room temperature) displayed Figure3.7. The relationship is approximated by an

exponential decay as suggested by the Forbteffman relationship.

.

Figure3.6: Colour images of DCédlution used to create calibration curve. Change in intensity is a result of increase
AY GSYLISNI Gdz2NBod {OFES o6FNJ A& pn >Y
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Figure 3.7: Calibration curve displaying normalised fluorescence intensity as a function of temperature. An
exponential decay describes the relationship between temperature and fluorescence intensity. Error bars are the
standard deviation of the intensity of fifty recorded images.

3.6.6 Fluorescent imaging

Fluorescent imaging of DCs&lution was performed using a microscope operating with a 20x 0.5
NA objective. Fifty fluorescent images are collected at déasbr power using a CCD operating at

30 Hz. Images are collected before, during and after laser stimulation. Camera gain, acquisition
speed and exposure time (33 msare set manually using the JBDK toglwhich also saves
acquired images. Unless otherwise stated, plasmonic structures are stimulated for 1.5 seconds
with continuous wave illumination. Baseline fluorescence intensity is gained by calculating the
average fluorescence intensity before and aftaser stimulation. The ratio of the fluorescence
intensity during stimulation to this baseline is used to calculate the temperature change. The
temperature reported is calculated from the average intensity of a sequence of 50 recorded

images.

3.7 Simulation procedures

3.7.1 FEMof plasmon resonance

Finite element modelling of metallic structures was performed in order to estimate the
magnitude and position of plasmon resonance peaks. Simulations were perfousied the

electromagnetic waves module in COMSOL 38pawhich solves the harmonic wave equation.
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The harmonic wave equation was solved in the visible region (i.e. betd@@ and 800 nm) at 25

nm intervals.

Plasmonic scatterers are placed in three concentric spheres detimegr field boundary for the
computation of the scattering cross section, and inner and outer boundaries of a perfectly
matched layer (for the absption of plane wave excitation at the edge of the simulation space)
[9]. A scattering boundary cdition is applied on the external boundaries. The simulation space is

halved in the direction of wave propagatido simulate transmission between two media.

- le-7
sze m

Figure3.8: 3D projection of geometry of plasonic simulation domain.
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Figure3.9: 2D projection of plasmonic simulation problem space. Labels depict relevant boundary conditions.

Laser excitation is approximated using a linearly polarised plane weyMgagating in the z

direction. The equation for anpolarised wave is given as,

F 0Q ah (34)

where the relationship betweei@irradiance) and® is given by:

‘0 ‘f@ (3.5)

For a Gaussian beam, irradiance is related to laser power by:

0 ® ® .
o “co P d : (3.6)

where0 is the beam radius andl is the laser power.
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To accurately model the effects of light transitioning between two boundaries, the Fresnel

coefficients are usefil0]:

1 g g 3.7)

0 3 ‘d (3.9)
€ o

6@ —h (3.9)

wherel is the reflection coefficient andis the transmission coefficient.
Excitation (i.e. background wave) in different halves of the simulation region is giy&a]by

Gr 00 ioQ o
s (3.10)

1) Fs» 00 Q ah

when & ¢ (i.e. for a plasmonic scatterer inlmmogenous medium), the equation above is

identical to the plane wave equation previously described.

3.7.2 FEMof plasmonic heating

The heat generation module in COMSOL is used to solve the heat conduction equation in a
stationary condition to model plasmonic heating. Infinite elements are used to simulate an
unbounded background extending beyond the geometrically defined simulatianesfin this

way, they are analogous to the perfectly matched layers used previously). External boundaries are
fixed to 25 °C. Heat power is defined using the internally calculated resistive loss. The expression
used matches the derivative form of the voletric heat source density defined @hapter 2

(Equation(2.7)).
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Figure3.10: 2D projection of problem space used for modelling of single nanoparticle heating. This is identical to the
plasmonic simulain space. Labels depict boundary conditions.

3.7.3 FEMof microfluidic system

The microfluidic system was modelled in two dimensions in order to avoid the complications

I 3420AFGSR 6AGK YSaKAy3 RAAaONS UGS suBstrafenikhdsa 2 7
compared with 25 nm nanoparticle thickness). The simulation geometry is illustratEytne
3.11and is used to model the coupled thermodynanfiuid dynamicand electrical behaviour of

the microfluidic system. By selecting appropriate boundary conditions, the influence of the array
of plasmonic nanoparticles can be considered without rigorously solving the electromagnetic
wave equation in thee dimensions. The table below gives an overview of the boundary
conditions used in solving the different partial differential equations describing electrical, thermal

and mechanical behaviour. These are discussed further in the sections below.
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Figure3.11: Geometry of problem space used for finite element modelling of microfluidic system. Boundaries are
numbered, boundary conditions are discussed below.

Table3.1: Boundary conditions used in finite element simulations associated with geometry defineligure3.11.

Boundary Heattransfer Electricfield Fluidmechanics
index

2 Ground N/A
4 Wall (no slip)

6 Wall (no slip)

Heatsource (Highly
8 | conductivelayer) Continuity Wall (no slip)
10 Electricainsulation N/A

12

Insulation Electricainsulation N/A
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3.7.3.1 Heat generation

Plasmonic heating is estimated usingtwo dimensional heat generation model. External

boundaries in the z direction are given a fixed temperature. External boundaries in the x direction
are given an insulation conditipne. — 11, as these boundaries do not conform to the actual

edge of he experimental domain (i.e. simulation domain is truncated in the x direction). With the
exception of boundary 8 (the plasmonic nanoarray/heat source), continuity of temperature
change in the z direction is enforced at the internal boundaries. Boundasrg&ined as &ighly
conductive25 nm thick goldayer, used to simulate the array of plasmonic structufge to the
pitch of the arrays considered, plasmonic dadfting is negligibleThe plasmonic heat power is

defined at this boundary as

0 , 0Ja (3.11)

where ,, is the absorption cross section of a single plasmonic nanoparficles the two
dimensional particle density ari@s the spatially dispersive laser intensity modelled as a Gaussian

beam whose equation is given by:

0 w
0 —,FO Ao D—S A DB (3.12)

The addition of an exponential decay function dependent dickness is to account for
absorption of the laser beam by the substrate.is the Napierian absorption coefficient of a
specific substrateThe magnitude of the predicted temperature increase is verified analytically

using Equation (2.31).

3.7.3.2 Pyroelectric field generation

Pyroelectric field generation is modelled using the electrical currents module operating with a
time harmonic formulation As the model is setup in two rather than three dimensions, the z
direction is synonymous with the polar plane inisthconfiguration.Pyroelectric response is
modelled as a remanent electrical displacement. To account for the temperature dependent
nature of the pyroelectric field, this module is coupled to the heat generation module. Solutions
for temperature generated by an array aread to evaluate the remanent electric displacement.

This is used as an additional term in the constitutive equation i.e.
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0 -0 (3.13)

ro AT (3.14)

wherel is the material specific pyroelectric coefficiel88 x 10/ k  Yi Y F2NJ £ A KA c

'aAy3 GKS 10208 SELINBaarzys (G(KS StSOGNRO (
conservation in a quasitatic state to calculate the electric field accounting for the conductive

and capacitive responses of the fluid and pyroelectric.

Similar to the heat transfer model, the edges of the simulation domain in the x direction do not
conform to the edge of the simul@n geometry. Hence, external boundaries are modelled as

electrically insulating.

3.7.3.3 Fluid dynamics

Finite element modelling of fluid mechanical forces was performed to obtain the velocity field in
the microfluidic system, by using the incompressible fluiodule to solve the Navigstokes and

massconservation equations given by:

-6 1 Qmn (3.15)
n®» mh (3.16)

where— is the fluid viscosityo is the velocity fieldr) is the pressureand"Qis a volumetric force
(i.e. body force). The formulation of the Navferi 2 1 Sa SljdzZt A2y | addzySa

Solutions were computed only in the fluid domain i.e. substrate and coverslip denaam
ignored. External boundaries in the z direction (in this case those at the subS8trateand
coverslipfluid interface) are modelled as a wallith slip conditions applied where appropriate.
External boundaries in the x direction are modelled asroboundaries. Body force terms are

added depending on the particular effect being simulated (Chapter 5).
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3.8 Particle tracking procedures

3.8.1 Image processing

Recorded image sequences are processed in Infad@¢JA region of interest (480 x 480 pixels) is
cropped from the raw image sequence (the laser spot is located centrally). To suppress the
filtered laser spot, the colour images are split into individual composite channels (red, green and
blue) ofwhich only the green channel is considered. The background is removed using a rolling
ball correction method. The lookup table of the resulting imaging sequence is inverted so that
particles appear white on a dark screen. Finally, the mean of the imagesee is subtracted

from individual imagesto remove static camera artefacts. Doing this allows easy isolation of

particles in motion.

Figure3.12: lllustration of a single frame of recorded videghowing region of interest.

87



Figure3.13: Results of image processing a region of interest of a frame of recorded footage A) Frame is cropped. B)

Green channel is extracted. C) Background removal andib\rsion yields grayscale image.

For processes where identification of individual particles is not necessary (i.e. ensemble behaviour
Ad o0SAy3a O2yaARSNBROX 3INIeaodlt$S mménmBaiion bfNB
the triangle method an algorithm described ifii2]. Briefly, the algorithm constructs a right
angled triangle using the hisgram of pixel intensities from the image. The height of this triangle

is the frequency of the most abundant pixel intensity (i.e. the background), and the width is the
range between the intensity of the background and the brightest pixel Fagare3.14). A series

of lines coinciding with the histogram are drawn perpendicular to the hypotenuse of this triangle.

The threshold is set where the length of this perpendicline is maximised-igure3.15 displays

a binary image produced using the triangle algorithm.
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Figure3.14: Determining threshold pixel intensities using the triangle algorithm. This illustration is adagteth
[12].
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Figure3.15: Binary image produced as a result of applying triangle algorithm.

3.8.2 Particle tracking

Particle tracking of processed image sequences is performed using Traddi8htan ImageJ
plugin. Particle tracking occurs in two steps: péaeticlentification and linking. Particles in image
sequences are identified as significant changes in intensity (based on the magnitude and spatial
extent) in the Fourier space. Identified particles are linked using a linear assignment problem
algorithm (adpted from[14]), which searches for the best m&S a A GKAY | Hp
ensure trajectories are continuous, a maximum frame gap (15 frames) is defined which details the
acceptable period of time particles can be obscured from the field of view. The maximum gap
Ot 2aAy3 RAall y OSfar @ paticleiy allowdlSal travek uiidetécd before it is
identified as a different particle. Edge features (e.g. particle size, location) are used to ensure

trajectories are not spuriously linked.

Semiautomated particle tracking was necessary in saases (e.g. for stationary meanuared
displacement measurements) where particles coincided with the laser pbesrd image
processing supressed their identification. In such instances, particle tracking was performed using
Tracker [15], a Jaa based particle tracking program. Image sequences are spatially and
temporally calibrated using a graphical user interface. Individual particles are identified manually
by the user.Tracking is performed using a nearest neighbour algorithm thighuserintervening

when the software fails to find a good enough match in the radius defined.
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4 Fluorescence thermometry of plasmonic arrays

Summary

In this chapter, thermal generation of plasmonic nanostructures is investigated using a
fluorescence intensitythermometry technique which allows for thermal imaging at the
microscale. The influence of single particle geometry, iptaticle spacingand supporting
substrate on generated temperature are investigated experimentally and results are compared to
analytical and numerical models. Possible reasons for discrepancies between the theoretically and
experimentally derived results are discussedhwemphasis placed on the impact this has on
estimating the magnitude of the pyroelectric field. The chapter concludes with a discussion on
possible experimental and computational improvements to the described technique which should

improve the accuracy agsults.

4.1 Introduction

The issue of temperature sensing to a micrometre scale and below is one which is crucial for
determining the efficiency of thermal generation in plasmonic structures and by extension, the
magnitude of generated pyroelectric fielth the context of this work)As heat (particularly in
microfluidic environments) is diffusive/ngoropagative[l], an intermediate conduit is required

to quantitatively probe the thermal activity of a material of intere$his is made diffiduby the
operation of the traditionally used avenues (e.g. thermocouples, thermal resistoimnalding)
whose resolution is broadly dependent on the size of their active element. As such, though they
are able to senstemperature changes, the magnitude of these can be underestimated as these
will need to be sufficiently large to register as more than just a fluctuation. In addition, where it is
technically possible to fabricate such sensors with nanometre resoluéan $canning thermal
microscopy|2]), their operation is invasive (i.e. integration with plasnic structures can affect

their function)[3]. Hence, such techniques are often of little relevance to investigating plasmonic
heating beyond a simple of confirmation of any thermal response of an arrajlasmpnic
structures to laser excitation. More novel techniques have made use of the intrinsic properties of
a variety of materials[3], [4] to detect local changes in temperature (e.g. fluorescence
polarisation[5], [6], changes in refractive ind¢¥], [8], phase changes in surrounding matef&)

to varying degrees of succedduorescence intensity thermometij0] is frequently used for
microfluidic thermal imaging due to the ease of deploymemth conventional laboratory

equipment.
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In this chapter, fluorescent molecular rotors are used to perform fluorescence intensity
thermometry on plasmonic structures in a manner which can be perceived to serve as a
compromise between the ease of deployment (no aduditil optics required) of the more
traditionally used fluorescence techniqyesnd the accuracy of anisotropy and lifetime
spectroscopic based methods. In contrast to some of the other techniques mentioned,
thermometry can be performed in environments margpresentative of those in which further
experiments are performed. Results are compared to numerical predictaoms suggestions for

the improvement of the technique are made.

4.2 Theoretical preamble

Cft d2NBaOSyO0S 200dzNE ¢ Kdbifal glekir®n fid andzidied shglet stateY 2 §
to a ground state is accompanied by the emission of a photon. There are a number of different
avenues (e.g. conformational changes) through which a molecule can relax to a ground state
without the accompanyingadiation of an emitted photon. Fluorescence only occurs if the
lifetimes of these processes are not similar to, or shorter than the fluorescence lifetime (i.e. the
time the electron spends in an excited state). A crucial distinction between fluores@erte
other photoluminescence phenomena (e.g. phosphorescence) is the fact that transition to an
intermediate triplet state (through nomadiative means)and subsequent relaxation from said

state, does not occur.

A B
2
2
T1
S0 S0

Figure 4.1: Jablonski diagrams depicting energy transfer in fluorescence (A) and phosphorescencd 1(B)A)
Photoabsorption excites electrons to a higher electronic state. Internal conversion processes relax the electron to its
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lowest vibrational energy lgel in this electron state. Electrons return to a ground state accompanied by emission of a
photon. B) Photoabsorption excites electrons to a higher electronic state. Isoenergetic levels of different electron
states exist allowing for a transition betweesinglet and triplet electron levels. Vibrations occur bringing the electron
to its lowest vibrational level in this triplet electron state before relaxation to the ground state accompanied by
photon emission occurs.

An important characteristic of fluoresnt molecules is quantum vyielt J, which is the ratio of

photons emitted after excitation to those absorbed during excitation i.e.

0 Qa QOPE®E ¢ i
0 Owi & INB®E ¢ i

4.1)

This can alternatively be written as:

—~h 4.2

whereQ and™Q are rate constants for radiative and neoadiative processes respectively. There
is an intuitive link between quantum yield and fluorescent intensity. As fluorescence inteé@ity (
is simply a measure of the number of photons emitted as a result ofeficence, the relationship

between intensity and quantum yield can be written as:

0 WG (4.3)

where ‘O is the intensity of absorbed light an@is an undefined constant of proportionality
incorporating such things as instrument response. This relationship is valid for fluorescent probes

with spectrally narrow emission characterist[¢4].

Fluorescent molecular rotors form twisted intramolecular charge transfer JT$@ifes upon
photoexcitation[11], [12] As a result, electronic relaxation from an excited state occurs primarily
through photon emissionor through electron movement between electron donor and acceptor
units in the moleale, a process which is frequently noadiative. A key feature of molecular
rotors is the predictability of this neradiative pathway. While other fluorophores can lose
energy nonrradiatively, these processes are complex to define analytically (too marigbles)

and thus difficult to control experimentally. In contrast, the formation of a T¢Gife in a

molecular rotor is predominantly controlled by the microenvironment, specifically, the viscosity of
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the dispersant solvent. The quantuwyield of a fluorescent molecular rotor is given by the Forster

Hoffman equation afl1], [12]

T (4.9

or equivalently:

1 1BC 6 ol -8 (4.5)

where — is the viscosity, andd and o are constants of proportionality that depend on the
dispersal medium. Fluorescent quantum vyield (and subsequently fluorescence intensity) of a
molecular rotor is thus proportional to the viscosity of its microenvironmdthis relationship can

be explained qualitatively by noting that the twisting associated with molecular rotors is opposed
in high viscosity environmentsmaking electronic relaxation by photonic emission more
energetically favourable. As changes in viggosan be initiated by changes in temperatutibe
fluorescence intensitpf molecular rotors can be used for thermometry. When this is done, the

relationship between quantum yield and viscosity can be defined as:

B & ;Y (4.6)

In (4.6), ®is a solvent dependent constant of proportionality. Hence, for molecular rotors,
quantum yield and fluorescent intengitare inversely proportional to the temperature of their
environment. Giving their size, they can be used to map inhomogeneous microscale temperature

changes.

In the experiments detailed, the molecwestor, DCVJchosen for its high photostability and
spectral characteristics (its absorption and emission wavelengths are distinct from the plasmonic
excitation)) is dissolved in an 80% (v/v) glycenethanol mixture (as the viscosityf ¢his is
strongly temperature dependent). Temperature is subsequently characterised based on the

resulting fluorescence intensity.
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Figure4.2: lllustration of DCVdnolecule[6] drawn using ChemSketch

4.3 Materials and methods

4.3.1 Fabrication of plasmonic arrays

Arrays of phsmonic structures are fabricated using the method detailed in Se8t#b@& The size

of the structures is selected to gain a resonant response in the 635 nrmrég®nm discs and

70 nm triangles are fabricated on glass and@ discs and 50im triangles are fabricated on
lithium niobate). Triangle dimers are spaced by 30 nm. Arrays with varying periodicity are
fabricated, densely populated arrays in which th#geedge distancds 100 nm, intermediate
arrays, where the array pitch isx5the characteristic length of a single structure (~300 nm on

glass, ~200 nm on )Nnd sparsely populated arrays withanedggr 3S RA &G yOS 2 7F

4.3.2 Preparation of DCVJ solution

DCV3olution is prepared as detailed in Sect6.4

4.3.3 Experimental setup

Simultaneous excitation and fluorescent imaging of plasmonic structures in $2GNidn was
performed using the setup described @hapter 3 Laser powers were measured at the objective

andvarybé 6 SSy nom yR 1dc Y2 d C20dzaaSR tfFasSNI oS



Fluorescent imaging of DC8Alution was performed usintipe method described in Sectidh6.6

4.3.4 FEMof plasmonic heating from single structures

Plasmonic heating of single nanostructures was simulated using -atepofinite element model
detailedin Section3.7.2 The electromagnetic wave equation is first solved at 633 nm to find the
volumetric heat power density of a specific object. Laser excitation is described using a plane
wave approximation with intensities matching those used experimentally. The statidesaty
equation is then solved using the calculated heat power density. The thermal properties of
3t @O0OSNRf X 3FJ2fRX GAGEFYAdzY FyYyR 3Jftlaa |NB 3I2i0
properties of lithium niobate are gotten frofid3]. The thermal properties of methanol are gotten

from [14].

Table4.1: Thermal properties of materials used in finite elemesimulation

Mass density| Specific heat capacity Thermal conductivity
Material " o0PIK|GoOWk1 T Y(S 62kYi Y

Lithiumniobate 4648.5 633 4
Titanium 4506 522 219

* The thermal properties of the glyceralethanol were calculated using an average from the
YFaa FNFOGA2ya So3do T

4.3.5 FEMof plasmonic heating from arrays of structures

Plasmonic heating of single nanostructures was simulated using the finite element model detailed
in Section3.7.3 The absorption cross section afsingle plasmonic structure is calculated using
the procedure described in Secti@i7.1 This is multiplied with the array density to approximate

the absorption cross section of the array.
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4.4 Results and discussion

4.4.1 Plasmon resonance characterisation

Plasmonic structures consisting of fundamental geometric elements were fabricated in order to
test the effect of morphology on temperature generatiddtructures in densely populated arrays

(i.e. 100nm edgeto-edge interparticle spacingjemonstrate collective plasmonic behaviour with
optical coupling[15]; moderately populated arrays demonstrate collective plasmonic behaviour
without optical couplind16],[17], and sparse arrays demonstrate smgllasmonidehaviour (for
descriptive purposes, the triangle dimers are considered to be a single plasmonic element).
Dimensions of structures deviate slightly from those defined-@dit; mean triangle lengths are
measured using ImageJ asri@ (nominallength 50nm) and 82nm (nominal length 7Gim). This
broadening is more drastic with disc structu(@® nm vs 40 nm; 90 nm vs 60 n@&)d isprimarily

a result of electron scattering in the fabrication process. Other processes which adversely affect
estimation of the size of structures are uncorrected astigmatism in the scanning electron
microscope. Though the binary conversion performed to enable automated geometry
measurement is able to recover the true edges of the structure, this appears to be nfiicaldi

with circular structures. The plasmon resonance suggests that the dimensions of discs are closer
to the nominal dimensions than indicateBigure4.3 depicts the uniformity of structures in a
typical array features calculated vary between 7.5 nm of the mediote that though the
plasmonic structures fabricated are of the same morphology ¢liec and triangular elements)

the characteristic dimensions differ depending on whether the supporting substratditiviasn

niobate orglass. This change in dimension was necessary to achieve peak plasmon resonance in
the 635nm wavelength range on both substrates. Due to the largenmatch in refractive index
between glass (n=1.45) atithium niobate (n—2.2) the position of the plasmon resonance peaks

are redshifted orlithium niobate in comparison tglass.The dependence of the position of the
plasmon resonance peak on refractivelex, which is the square root of electrical permittivity, is
implied in the Frohlich condition (Equatid®.7)). The larger refractive index of lithium niobate
indudbSa I INBFGSNI RAALIX F OSYSyiG 2y | yIFy2LI NIAC
is required to achieve resonance. According to Johnson and CHr@fythe relative permittivity

of gold becomes more negative at longer wavelengths, providing this reaction force. Hence, the

position of the plasmon resonaageak is redshifted for particles equal in volume.
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Figure4.3: SEMimages of fabricated plasmonic structures¢®) Structures fabricated to achieve resonance at 635
nm region on lithium niobate. QF) Structures fabricated to achieve resonance at 635 nm region on glass control.
Scale bar: 100 nm.

Comparison of the expementally derived plasmonic activity (extinction cross section) broadly
mirrors the numerically predicted simulations with some caveats. For ease of visualisation,
experimentally derived extinction cross section is presented alongside simulated absomotisn ¢
section. The scattering effects modelled using the finite element method obsthegubsition of
plasmon resonance peaks in the simulatedsults. The position and magnitude of the
experimentally derived plasmon resonance peaks do not match idelytitelse simulated. This
results from thechanges between theomputer defined geometnand the fabricated structure
(noted previously, which causes deviations between the predicted and actual behaviour. Further
explanations relate to the complex dieleictrconstants used to model the plasmonic structures.
W2 Ky azy | {8, [10]fehaktidelindices were used as exemplary values for the refractive
indices of gold and titanium. The exact refractive indices change depending on the deposition
technique used andperhaps more relevantly, the purity of the metal, behaviours which are
difficult to predict a priori. A similar explanation can be used to explain additional deviations on
lithium niobate. ThereducedSellmeier equation§0] are used to model th refractive index on
lithium niobate. This assumes subsequent plasmonic activity is measuretlzat@ The typical
room temperature at which plasmonic activity was measured was (~23 °C). It can be shown using
the full Sellmeier equations that this cham@ temperature does not have a significant effect on
the modelled refractive index. The refractive index at room temperature (23 °C) is identical to that
98



calculated using the reduced equation to nine significant figures. This error is not great enough to
cause the deviations between experimental and modelled plasmonic activity. Of greater

consequence is the stoichiometry of the lithium niobate wafer ugdd, which, as with the puty

of the metals, is more likely to deviate from the values presented as typical in the literature (as

wafer growth processes differ depending on the supplier), causing slight but significant changes

between the numerical and experimentally predictedues.
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Figure4.4: Comparison of experimentally derived and simulated plasmonic activity of structures fabricated on glass.
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Figure4.5: Comparison oexperimentally derived and simulated plasmonic activity of structurisbricated on
lithium niobate.

4.4.2 Finite element modelling of single plasmonic heating

The image below illustrates the temperature generated by single plasmonic entities on glass as a
result of stimulation from a source with an on akigensity 0f2.76 kW/cn? (i.e. 7.6 mW Gaussian
laser, wI' Mo >YO0O® 9EOAGIGA2YS & 6AGK GKS LX LAy
parallel to the split in the bowties. For the intensities ddesed, temperature generated is
limited to a maximum of 2 K (observed using discs) and is on the order of 1 K for triangles and
triangle dimers. In spite of the inhomogeneity of the heat power, temperature is uniform in
individual plasmonic structures (diations observed in triangular geometries are artefacts
resulting from the finite element meshing process and the sharp corners of these structures).
Individual triangles in the bowtie act independently of each other (bottom triangle gets hotter
than thetop as aresult ofthe position of the source of excitation). The distribution of the heat
power suggests possible reasons for the changes in temperature generated associated with
changes in geometry. Though maximum observed heat power is smaller iredisetgies (0.85 x

10 W/m3 vs 1 x 18 W/m?), this is distributed more evenly in the bulk (which is slightly more
voluminous than triangle). In contrast, the bulk of the generated heat power in triangular
geometries is confined to the edgdbus contribuing to a smaller absorption cross sectj@amd
smaller temperature increasé 1/r temperature decay is noted as distance from the plasmonic
structure increases, validating the theoretical predictions of the nature of plasmonic heating

made inChapter 2.
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Figure4.7: Spatial distribution of temperature generated by plasmonic structures on glass. Position refers to distance
from the centre of the structure.

Figure 4.8 depicts the simulated heating of plasmonic structures on lithium niobate. The
temperature increase is of a similar order of magnitudegeneralto that estimated on glass (the
exception béng discs where temperature increase is halved from 2 to 1 K). This is in spite of a
general increase in the heatpower of the individual plasmonic elements (maximum of'8x 10
W/m?® compared to 1x 10 on glass). The comparatively inefficient heating noted on lithium

niobate in comparison to glasss attributable to its increased thermal conductivity (4 vs 1.38 K)
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which gives a heatsinking effect. Hence, the magnitude of the temperatures generatedtton

substrates are broadly comparable in spite of the differences in plasmonic behaviour. As before, a

1/r temperature decay profile is depicte&igure4.9).

299.3 80 299.3 299.3
I299.2 I299.2 100 Izggvz
1299 1299 1209
i 2088 £ i 2088 298.8
g
=
g | 2086 4 | 2086 | 2086
298.4 40 298.4 298.4
¥y K -100
298.2 298.2 298.2
60 40 20 0 20 40 60 h -50 0 50 4100 -50 [] 50 100

Temperature (K)
Temperature (K)
y (nm)

Temperature (K)

298.15 298.15

3 3
I25 I25

298.15

3
IZS

x (nm)

x (nm) x (nm)

E E E
H = =
e 5 12 e
£ z g z z
E 15 2 E 15 2 15 &
= 3 = 3 3
P | g g g
132 13 13
0 £ 2 2
05 05
o
60 40 -20 0 20 40 60

0 0
x (nm) X (nm) X (nm)

Figure 4.8: Results from finite element simulations of plasmonic heating on lithium niobate. Above) Temperature
increase as a result of plasmonic stimulation. Below) Heat power distribution within nanostructure
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Figure4.9: Spatial distribution of temperature generated by plasmonic structures on lithium niobate. Position refers
to distance from the centre of the structure.
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4.4.3 Simulation of heating from nanoparticle arrays

A simplified two dimensional model (described in Chapter 3) was used to predict the general
nature of plasmonic heating from arrays of nanoparticles. The 1/r temperature decay noted with
single nanopatrticles is preserved, with the calvihat the characteristic length is now that of the
laser beam Figure4.10). As a result of the diffusive nature of temperature, heating extends
beyond the laser bam region, as illustrated ifrigure 4.11. In general, a linear relationship
between laser power and temperature generated is observed as suggested by the analytically
described heat power termFgure4.12 and Figure4.13). This is importantni the context of
pyroelectric field generation as it establishes that laser power and temperature can be considered
to be synonymous i.e. the effect of changing the laser power is functionally identical to adjusting
the temperature where pyroelectric fielgeneration is concerned. From the simulations, the
array density is the most important parameter in adjusting the magnitude of generated
temperature. The most efficient heating with respect to input laser power, is observed with
dense, 100 nmpitch arrags Ly O2y 4N} ad m >Y RSyasS NNIeéea 3
NPs. The use of the two dimensional model means that some of the distinctions cpantaie
interactions are lost as temperature is considered on a m#&vel. As the collectiveetnperature

is in general much larger than the temperature generated with a single nanoparticle, this

simplification reasonably describes the observable behaviour of plasmonic heating.

Temperature (K)

Figure 4.10: Represetative image of plasmonic heating from an array of nanostructures. The image depicts the
temperature generated as a result of stimulating an array of 40 nm discs with 140 nm pitch on lithium niobate.
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4.4.4 Verification of therm ometry technique

DCV3&olution in microfluidic chamber is imaged under continuous fluorescent excitation at room
temperature for ~4 minutes (1000 images are recorded). During this time, a marginal reduction in
the fluorescent intensity is recorded attributable to photobleaahiimaging experiments were
subsequently performed to ensuring that fluorescent excitation time was kept at a minimum and

was well below this limit. Hence, images were captured in 1.5 second periods.
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Figure4.14: Decaying fluorescence intensity of DCs@lution as a result of photobleaching. The intensity drops to
90% of its initial value after 4 minutes of stimulation.

According to theoretical considerations, a steady state temperatorefile (i.e.— 1) is

expected as a result of continuous wave illumination of plasmonic structkigsre4.15 depicts

the fluorescence intensity for a serie$ imnages recorded during plasmonic stimulation of an
array of 60 nm discs (values are normalised to the maximum reported intensity in the image
sequence). The results depict a random variation of fluorescence intensity over the observation
period. The meamormalised intensity is 0.995 units and standard deviation is 0.0028. Crucially,
intensity does not decrease with time, indicating photobleaching is miniarad continued
illumination of plasmonic structures does not lead to an increase in the temperatfirthe
surrounding environmentThis supports the assertion that during stimulation, temperature

increase is stationary.
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Figure4.15: Temporal fluctuation of DCViltensity. Fluorescencéntensity varies randomly during the observation
period considered.

A video of DCVat room temperature, duringand after stimulation highlights the ability of the
technique to elucidate the dynamics of plasmassisted photothermal heatg (Figure4.17).

Figure 4.16 depicts the change in intensity of DCJa 33 second spanduring whth laser
stimulation is applied and then removed. A drop in D@Yhsity is observed at4.2 seconds
(corresponding to the point when the laser is switched, ovi}h the intensity recovering a28.8
seconds (i.e. when the laser is switdhaff). According to this video, the transient region (thermal
response time) is around 400 ms. Based on the properties of the surrounding fluid, this transient
O2NNBalLRyRa (2 I OKFNIXOGSNRAGAO fSy3adK @&F Hn
KSFGAY3 S6AGK | Hec >Y RAFYSGSNI tF&a8SNOd ¢KS |
length and that dictated by the laser beam diameter appears to suggest that the temperature
reported with this technique is that of the bulk fluidic regj@and not the plasmonic structure.

This is supported by the fact that the thickness of the microfluidic chamber is of the same order of
magnitude as the calculated characteristic length. Thus, the observed transient is more consistent

with heating of the bulkegion.
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Figure4.16: Change in fluorescence intensity before, during and after laser stimulation. Rise and fall time of graph
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Figure4.17: Montage of fluorescence recovery before and after plasmonic heating. The image sequence has been
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4.45 Thermometry of plasmonic structures on glass substrate

Figure4.18 depicts a false colour image illustrating the change in fluorescent intensity associated
with laser stimulation of a dense array of 60 nm discs on glass. a8ee is located at the
OHHpPZIMcpPpU>Y O22NRAYIGSd ¢KS &aortsS 2F GKS 02f¢
correspond to changes in temperature. The experiments show that temperature change is
spatially dependentwith the magnitude decreasing thiincreasing distance from the laser spot

as predicted by analytical and numerical simulations. This behaviour is observed with all laser
powers consideregdas illustrated inFigure4.19. The maximum temperature calculated (304 K at

7.6 mW) is much less than that simulated (530 K) for the same power on glass substrates. This
(along with the larger than predicted thermal response time) further suggests that the
temperature reported is that of the bulkimage artefacts and competing optical processes
obscure some of the detail uncovered during thermometry. The presence of a ring structure due
to a shadow cast by the objective lens controlling the focus of the laser lieatmserved. This
appears as a region of elevated temperature when this is not the case. Similarly, a blemish
appearing on the CC&ensor element of the camera appears as a localised hotspot at (250,200)

In order to reduce the effects of these processes, the position of the laser beam in the image is

located so that changes in temperature can be observed distinctly from these anomalies.
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Figure4.18: A) Ralse colour image of change in DCMtensity as a result of stimulating an array of 60 nm discs on
glass. Scale of colour bar is calculated temperature in °C. B) Raw image showing location of blemish, shadow and
laser spot. As the pixel intensities differ markedly from the background iresk locations, the algorithm reports
anomalous changes in temperature at these points. The location of the line section over which the temperature
profile is measured in the region of interest is also displayed.
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Figure4.19: Spatial variation of temperature in microfluidic chamber for varying laser powers. Results depicted are
due to laser stimulation of densely populated arrays of 60 hm discs. Similar trends are observed with other structures
considered. Position refers to distance from laser beam centre.

Comparison of results from experiments performed with disc geometries to those performed with
triangles and bowties show that for densely populated arrays, the temperature generated is of a
similar magnitude. Though in absolute terms, arrays of triangles and bowties generate less heat at
maximum power than discs (mirroring a trend observed with the numerically simulated results of
plasmonic heating) this behaviour does not extend towards thentire range of powers
considered. It appears that nanoparticle geometry has little effect on the temperature generated
for the arrays considered. It should be noted that as before, a linear function appears to best
describe the relationship between lasgrower and temperature as seen in Sectidm.3
Temperatures were calculated from the mean of fifty recorded imapisg the calibration curve.

The standard dewtion of the image intensity of recorded sequences was used to estimate the
error in the measurements. It should be noted that as a consequence of relying on tHamean
calibration curve to calculate temperature, there is an asymmetry in the estimaexd of the
measurements, seen most obviously with powers below 3.6 mW. The maximum error is thus +/
K, which is observed at 7.6 mW. These results are illustrate@igaore 4.20. When the
temperatures of all structures are averaged (n=3), the linear relationship is made more obvious,
as can be seen in the image on the right~ifure4.20. The intercept of the curve is at 296.4 K,
mirroring the temperature of the room in which the experiment was performed. The maximum

error is +£ 2 K.
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Figure 4.20: Maximum temperature generated tadifferent laser powers resulting from plasmonic stimulation of
arrays of nanostructures on lithium niobate. Left) Temperatures observed for distinct particles. Right) Mean of

temperatures of all structures considered.

Array density is the most important parameter considered for controlling the amount of

temperature generated by photonic mearfSigure4.21 depicts false colour imagex plasmonic

heating from 60 nm discs with densely (100 nm eddge), moderately (300 nm) and sparsely (1

>Y0 LRLMzZ FGESR |

NNJ} dad ¢KS | NBI

YI3yAadd

increasing array pitch until there is no perceptible changfluarescence intensity. Apart from

validating a trend observed in FEBImulations, this further confirms that the change in

fluorescent intensity is a result of plasmonic excitation and not simply laser stimulation (since the

changing paramer in the cases presented is the array densiBigure4.21D also illustrates the

raw image recorded on the sparsely populated arrays. It is clear from this tleatd@siulation is

inconsequential. This behaviour highlights a further drawback with the technique. The inability to

produce sufficient changes in intensities at low powers and/or on sparsely populated arrays

means that the temperatures calculated in thesenditions are subject to a large amount of

uncertainty. Hence, without further validation, such results cannot be assumed to be

representative of the actual behaviour of plasmonic heating.
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Figure4.21: False colour images depicting change in intensity as a result of plasmonic stimulation of: A) dense (100
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Raw image recorded during stimulatioaf sparsely populated array of 60 nm discs. Image processing supresses the
laser spot even though it is visible in the raw image.

4.4.6 Thermometry of plasmonic structures on lithium niobate

Fluorescence thermometry shows that plasmonic heating on lithiuobate behaves slightly
differently from theory than anticipated. Temperatures were calculated as previously mentioned
in Section4.4.5 It appears that the absormth cross section calculated using finite element
methods is an overestimation of the experimental value to a greater degree than experienced
with structures fabricated on glass. Hence, the heat power generated on both substrates is of a
similar magnitudeAs a result, the heatsinking properties associated with the increased thermal
conductivity of lithium niobate are morapparent. Figure4.22 depicts false colour imasg of
fluorescence intensity during laser stimulation (at 7.6 mW) of dense arrays of discs, triangles and
bowties. In comparison to similar experiments performed on glass, the temperature generated is
reduced (maximum temperature of 299 K (26 °C) on lithiiobate compared to 304 K (31 °C) on
glass). As such, the radius of the heated area appears reduced. The temperatures generated are
more comparable to those observed stimulating moderately populated arrays at 7.6 mW/densely

populated arrays at 3.6 mW. lnear trend consistent with theoretical predictions is observed
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when triangular plasmonic structures are stimulat&ib(re4.23). A deviation from predictions is
noted with the behaviour of disc structures. Contrary to the simulations, the temperature
generated by disc structures @gnificantly lesghan that on triangles (heating from triangle
structures is 1.5x% greater thanoim discs). Furthermore, for excitation between 0.7 and 4.7 mW,
the plasmonically generated temperature remains static, suggesting a latch/rectify style response.
The apparent invariant response of plasmonic structures to laser stimulation below 6.7 mW is a
result of the insensitivity of the calibration curve to moderate changes in fluorescent intensity.
The average intensities recorded at these powers are too similar to that observed at room
temperature for the heating effect to be registered. It shouldrim#ed that if deviations from the
mean temperature are considered, a more linear response again begins to emerge. Averaging the
temperatures generated by different structures reveals a linear trend with a maximum error of
+/-1 K.
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Figure4.22: False colour images depicting change in fluorescence intensity as a result of laser stimulation of: A) 40
nm discs, B) 50 nm triangles, C) 50 nm bowties, and on D) bare lithium niobate substrate.
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Figure 4.23: Maximum temperature generated at different laser powers resulting from plasmonic stimulation of
arrays of nanostructures on lithium niobate. Left) Temperatures observed for distinct particles. Right) Mean of
temperatures of all structures considered.

As lithium niobate absorbs a significant portion of photonic stimulation (up to 30% at 633 nm as
indicated inFigure4.24), there is the possibility that substantial temperatures can be generated
on the substrate without plasmonic enhancemeiitigure 4.22D illustrates the fluorescence
intensity as a result of laser stimulation of a blank lithium niobate substrate. No change in
intensity is recorded for all powers considered, indicating that the bulk temperature remains
unchanged and any temperature increase generated as a result of photothermal absorption in
lithium niobate is highly localised. As a result, temperature generated by photothermal
absorption on lithium niobate cannot be recorded using the technique considedadmBnic
enhancement (especially using arrays of structures) thus significantly improves the ability to

generate and control temperatures using optical methods.
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Figure4.24: Transmission profile of lithiunmiobate measured using Shimadzu UN3101 pc spectrophotometer

4.5 Improvements to technique

The limitations of the technique presented arise from the fact that an optical response is used to

characterise temperatureAs such though there is little scoper fimproving accuracy in absolute

terms, it is possible to implement some changes such that thermometry is performed closer to

the diffraction limit.

45.1 Diffraction limit

The inability to visualise temperature changes for sparse arrays arises from thbdaat this
regime temperature generation is delocalised: particles do not act collectively and plasmonic

heating occurs at a nanometre scale. The spatial resolution is thus limited by the wavelength of

illumination i.e.

T

(Vo

4.7)

Q h

where Qis the size of the smallest resolvable spois the imaging wavelength, and ¢is the
numerical aperture of the objective. Fro@.7), the resolving limit is 500 nm, for the optical

system used. This can be increased by using objectives with higher numerical apEnaneis of
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course a limit to how large the numerical expure can be feasibly made for visualisation of
plasmonic heating by structures resonant at visible wavelengths. This improvement is sufficient
for single thermal imaging of larger plasmonic structures (on the order of 200 nm). However,
giving their sizeit is not possible to quantify the heating of single plasmonic structures used in

this project.

4.5.2 Point spread function and optical sectioning

Operating in a wide field configuration enables easy integration with the experimental setup
detailed in Chapte3. The large depth of field characteristic of this optical configuration suggests
a possible source of the deviation of the observed to the predicted temperature. Though light
present at the detector is primarily due to the object in the focal plandyatifion means that

there is some contribution from out of focus elements.

The observed fluorescence intensity is a weighted mean of the fluorescence in the depth of field:

L 4.8
(@) ’OL'S"OOQ Q4 Q& (4.8)

where 'O & is the fluorescence intensity at a particular distance from the focal plane in the
YA ONER a 02 LIS Qa, ang RéJiska digtant déperiéniRscaling function which describes
diffractive effects. In this conventiofQd is at a maximum at the focal planehere it equals 1

As defined previouslyQis inversely related to temperature.

These relationships explain how plasmonic temperature is underestimated using this technique.
The characteristic thermal field associdtavith plasmonic heating is ndmear exhibiting a

distant dependent decay. This implies that the magnitude of the fluorescence intensity increases
with distance. Thus, in contrast to uniform temperature fields (such as those obtained during

calibration)contributions from out of focus elements are more significant.

Practical solutions for reducing this effect involve optical sectioning. For a sufficsemdly depth
of field (i.,e. OU "O'Q§ the depth averaged fluorescent intensity is identical to thlanar
fluorescent intensity. This optical sectioning can be achieved using techniques such as confocal
imaging (restricting observed light at the conjugate focal plawe)total internal reflection

fluorescent microscopy (restricting fluorescent exdtat using an evanescent wave). These
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require a fundamental change to the optical setup which reduces the ease of deployment of this

technique.

Computational optical sectioning techniques can be used to reduce the contribution of out of
focus fluorescencentensities without changing the experimental setup (and can be used in
conjunction with the practical sectioning techniques to improve their response). The expression
describing the average intensity involves the convolution of the planar intensity wetffutiction
detailing the diffractive effects. Hence, planar intensity can be recovered if a deconvolution

algorithm is applied provided there is knowledge of the diffractive response of the optical system.

The diffractive response of an optical systé@d ) is encompassed in the point spread function,
which is the response of an imaging system to an optical impulse (i.e. the transfer function of the
imaging system). This can be gotten experimentally, by imaging a point source (e.g. fluorescent
microbeads, quantum dots) at different focal lengtles analytically with appropriate knowledge

of relevant optical parameters of the imaging system (numerical aperture, working distance,

emission wavelength etc.).

45.3 Self-referencing

Ratiometric referencing akemperature sensitive fluorescent dyes is useful for limiting the effect

of changes in intensity resulting from sources other than changes in temperaarevell as
magnifying the dynamic range of temperaty@nd improving the sensitivity of the technigu
These principles are used in some degree with some fluorescence polarisation anisotropy
schemed5], and with two dye/colour fluorescend@?2]. In molecular rotors such as DMARN],

the low energy excited state and the TI§@te are sufficiently energetic two support radiative
energy transfer. Thus, these dyes exhibit temperature dependent fluorescent emission at two
different wavelengths. This could be used in a similar manner to fluorescent polarisation

anisotropy toimprove the sensitivity of the technique.

4.6 Conclusion

Through numerical simulations, some key attributes of plasmonic heating have been identified. In
general, experimental observations of plasmonic thermal generation support these theoretical

predictiors. There is a radial dependence on the magnitude of the temperature decaying with
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increasing distance from the point of illumination. Temperature broadly increases with laser
power, with a linear relationship best describing the interaction between bothapeeters.

Finally, temperature and heated area increase with array density.

There is a large discrepancy between the predicted temperature and that estimated using the
thermometry technique. The temperatures generated are at least one order of magnibud |

than those predicted numerically. Presuming no errors in the calibration process (e.g. estimation
of the beam diameter and conversion of fluorescence intensity to temperature), the major source
of the deviation appears to be due to the fact that anemge temperature of the bulk is
reported, as opposed to a surface temperature. The technique detailed is useful for verifying that
plasmonic heating is occurring and broadly estimating the distribution. For more rigorous
gquantitative analysis, numericallsimulated values may give a better estimation of plasmonic
enhanced temperature. Implementation of the suggested improvements should bring the

experimental values more in line with the predictions.
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5 Numerical simulations of plasmonic controlled pyro -

electrokinetic phenomena

Summary

In this chapter, forces induced on a particle in microfluidic environment during pyroelectric
manipulation are discussed. Particular emphasis is placed on the magnitude of unintended forces
introduced as a consequence of pyroelectric field generation, and how their presence affects
trapping. Numerical simulations are used to predict the magnitude of thesedamad to form a
guideline for predicting which microfluidic environments support electrokinetic manipulation and

the dominant mechanisms.

5.1 Introduction

To control particle motion using electrokinetics, the total primary (intentionally induced) electrical
force needs to be greater than other forces a particle experiences in a microfluidic chamber. A
sufficiently large electric field of the right e (geometry, frequency etc.s required to
produce said force. The question of what constitutes a suffttidarge electric field is a nebulous
concept as the magnitude of the electrokinetic and competing forces are dependent on a number

of factors and as such, their combined influence on overall particle motion cannot be generalised.

This chapter present:iumerical simulations of pyroelectric field generation as a result of
temperature changesand forces on a particle in a microfluidic environmeas a means of
predicting the nature of pyroelectric induced motion. A parametric approach to modellingds us
in order to predict the evolution of forces with temperature change, bead aizé other relevant

parameters.

5.2 Materials and methods

5.2.1 Finite element simulation

COMSOL Multiphysics was used to model pyroelectric field generation, temperature generation
and fluid dynamics of the microfluidic system. Model geometry and boundary conditions are as
described in SectioB.7.3 Thermal stimulation is provided by a Gdasdaser beam (ff Mo > Y (
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exciting an array of 40 nm discs with 200 nm pitch. Where a fixed temperature (341 K) is used, the
laser power is at the maximum recorded experimentally (7.6 mW) unless otherwise stated.
Silicone oil and silica beads are usedeasmplary fluids and particles respectively. The values of
relevant model parameters are summarisedTiable5.1. An exemplary silicone oil viscosity was
measured usig an AntoAPaar MCR302 rheometer. The thermal properties of BE[1] serve as
estimates for the temperature dependent material properties of the generic silicone oil used in

the model.

Table5.1: Solvent and particle material properties used in finite element simulation

Silicone | Silica Units
oil beads|[2]

Densityd = 0 1.05[3] 2.06 g/mL

Specificheat capacity (G)) 2 | N/A 1 Wk 1

Relative permittivity 6 /¥ 2.2[4] 2.8 N/A

Dielectric expansion coefficient | -3.2x 16° | N/A 1/K
5]

5.3 Results and discussion

5.3.1 Pyroelectric field generation

5.3.1.1 Surface charge and discharge

Pyroelectric field generatignand the nature and magnitude of the electric field within the
surrounding fluid medium (dielectricare dependent on two processesharge generatiorand
surface dischargeThese procesgs can be explained sequentiallysing the equivalent electrical

circuit of the microfluidic systerwhich is displayed iRigure5.1.
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Figure5.1: Equivalent circuit of pyroelectric crystal and fluid medium

The microfluidic system in which experiments are performed (illustrated in Chapter 3) is described
using two lossy capacitors in parall@l], biased by a temperature dependent current source

where the current generated given as,

‘O 0[-=8 (6.1

As a result of laser excitation, temperature rises until it reaches an equilibrium state i.et

Giving that the temperature change is a result of collective plasmonic nanoparticle stimulation,

the characteristic thermal time scale is given by the expression below:

——
o 25 (5.2)
T

where” is the substrate mass densitlyjs the thermal conductivity) is the heat capacityand

Ois the laser beam diameter. When the thermal diffusivityis used (defined previously as-),

(5.2) becomes:

t —8 (5.3)
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C2NJ GAYSa &aK2NISNI GKFIy GKS OKF NI Ol SNA
silicone oil), the pyroelectric crystal is in a charging phasa.A y 3 | 02
OANDdzA G f I 4 ,&he Euyfet flomkhy traught the gystem is given[By

Ay . A p p

h (5.5)

where'Y s the parallel combination of the pyrteetric and dielectric resistances, add is the
parallel combination of the pyroelectric and dielectric capacitances. The solution to this

differential equation gives the time dependent voltage as,

ooor('iYTAprS (5.6)

Equation(5.6) describes a saturated voltage curve with an exponential approach, wheasethe

electrical time constant (charge relaxation time) giveriYoyo

The electrical circuit behaviour from 1 differs from that previously described. In spite of
illumination, temperature remains constant and no charge is generated by the pyroelectric. A
O2YOoAYylF A2y 2F YANDKK2FTFFQa OA NXeszhdicurfernt imdhe | y R

system as,

3l &

.. P p

The redefined differential equation describing voltage is thus given as,

A (5.8)

Thesolution of which is:

(5.9)
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Equation(5.9) describes an exponentially decaying voltage, wheres the voltage generated

during the charging phase i.e.

O ¥ — p Q 8 (5.10)

From these explanations the salient parameters are the observation tighetlfe charge
relaxation time t ), and the thermal timescalef(). In the context of continuous wave
illumination, it is assumed that the stulated plasmonic array reaches its equilibrium state very
early in the observation phase (ie. L 0). As such, the pyroelectric crystal is predominantly in a
surface discharge phase during the observation period. To ensure electrokinetic forces do not
deteriorate during laser stimulation, the generated voltage and by extension, the electric field are
required to be above a specific threshold throughout the observation period. If this threshold

voltage is defined arbitrarily as,

G T@och (5.11)

the ratio of the observation period to the charge relaxation time is defined as,

TE | &8 (5.12)

Thus the range of timescales under which surfdiseharge effects are at the arbitrarily defined

minimum is given as:

o Tt 8 (5.13)

The results of finite element simulations performed in a time harmonic regime, can be used to
visualise the effects of solvent polarity and conductivity on the magnitude of the electric field
within the dielectric, as well as the range of observation psiéor which the above condition is
satisfied. The simulation geometry is as defined in SecBoh3 Substrate parameters are
defined previously. Iffigure5.2, the solvent conductivity is fixed to 48/m while polarity (in the

form of electrical permittivity) and observation period (1/frequency) are varied. Note that
increasingthe solvent polarity reduces the electric field strength. An observation period bHz0

(10" seconds) is required in solvents of this conductivity to ensuredtiatgreater tharw .
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Figure5.2: A) Electric field strength as a function of permittivity and frequency of thermal stimulation. B) 2D cross
section illustrating decay of electric field with permittivity. C) 2D cross section illustrating increase and eventual
saturation of electric fieldwith frequency.

A similar set of simulations is performed with fixed frequency®(Hx or a characteristic
observation time in minutes), and varying conductivity and polarity. The results are depicted in
Figure5.3. The behaviour of electric field strength with respect to solvent polarity is unchanged.
To fulfil the condition previously describe¢b.(L1)), a solvent with an electrical conductivity of

<10%S/m is required.
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Figure 5.3: A) Electric field strength as a function of solvent permittivity and conductivity. B) 2D cresstion
illustrating decay of electric field with permittivity. C) 2D cross section illustrating decay with conductivity. For low
conductivities electric field saturation is observed.

With the use of solvents of such low conductivity, a static approxanatan be used to solve for
the pyroelectrically generated voltagehen 0 1@t . Figure 5.4 shows the electric field
behaviour calculated using only dielectric partars (i.e. conductivities have been ignored). The
values of the electric field are identical to the maximum calculated using the multivariate

expression incorporating conductivities and charge relaxation time.
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Figure5.4: Electric field strength calculated using only dielectric parameters. Trend matches that observed when high
frequencies/large fluid resistivities are used.

In the defined static condition, the pyroelectrically generated voltage is effelgtconstant since,
ast L ¢ the charging phase is practically instantaneaumsl surface discharge effects are now
negligible. A new expression for the voltage can be written using the pyroelectric ¢claangde
ignoring the solvent and crystal condwities (where the change in temperature is spatially

uniform) [6]:

8 (5.14)

In the context of the equivalent circuit illustrated, the electric field in the dielectric is of the form:

i (5.15

0 =
U

where is the capacitor thickness.

Under a static approximation, the electric field within the dielectric is given by the equation

below:

-0 (5.16)
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Hence, to maximise the efficiency of pyroelectric field generation, a dielectric fluid is requiaed as

result of the low conductivity dithium niobate (2.63x 18 S/cm as quoted by Rod[8]). Figure

5.5 shows particle concentration as a result of pyemric field generationThough it is possible

to generate electric fields pyroelectrically in other solvents, this requires modulated thermal
stimulation or the ability to observe and complete experiments in periods close to, or quicker

than the thermalresponse time.

Figure5.5Y / 2y OSy i NI (i A 2bgadifF siligponeoil’ This & adt possible in polar, conducting solvents. A)
Beadsatthestdli 2F f I &SNJ aldAYdzZ FdA2yd .0 .SIFR& I FiSNJon a4502

5.3.1.2 Spatial variations of pyroelectric field

Though the static approximation employed is able to estimate the magnitude of a pyroelectric
field for a given temperature @mnge, there ino indicationof the spatial variation of this field
within the dielectric, information which is key in determining which electrokinetic mechanisms
can be employed for a given experimental design. This information is derived by solvin@ @auss
electrostatic equation, with particular emphasis on the interface between the pyroelectric crystal

and fluid dielectric. The key condition is continuity of electric displacement:

o ©O ,h (5.17)

where,, is the surface charge density given by :

. ®iYs (5.18)
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From(5.18), it can be estimated that ahe fluid-pyroelectric interface, the spatial variation of the
electric field mirrors the thermal field. This is confirmed Bigure5.6, which shows a linear
relationship between electric field and laser induced temperature, matching lateral positions on

the solidfluid interface.
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Figure5.6: Simulated relationship between temperature and electric field strength on therface of lithium niobate
substrate.

The profile of the pyroelectric field generated as a result of stimulation from a Gaussian laser

beam is showin Figure5.7.
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Figure5.7: Spatial variation of electric field.

5.3.2 Dimensionless thermodynamic numbers

In the course of numerical simulation of the miduidic system, a number of approximations
have to be made to decouple thermal and mechanical expressions from each other and allow
these equations to be solved independently. The validity of these approximations determines
how accurately the numerical sifations model experimental behaviour. The accuracy of these
approximations can be estimated using a series of dimensionless numbers, which compare the

order of magnitude of relevant parameters in order to determine their respective contributions.

5.3.2.1 2 AUT $ nunibér

¢tKS RAAGAYOUGA2Y 0S06SSY tFYAYIFIN YR (dzNDBdz Sy
a dimensionless number which indicates whether inertial or viscous f¢@¢emminate within a

frame of referencet KS wSeéy2f RQAd ydzyoSNJ Aa 3IABSYy o8y

" 0D
YQ —h (5.19)

where 0 is the characteristic length of the system,is the velocity,” is the volumetric mass
density of the fluidand—A & G KS Ff dzZARQ& ReylIYAO @GAraozairideod
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The transition from laminar to turbulent regimes occurs wh¥rQ p (i.e. flow is considered
laminar when'Y'Q p) [10]. Based on this definition, an inequality that defines a range of

velocities under which flow is considered to be laminar can be created. This is given as:

0 —8 (5.20)

PaAy3 a2YS OKFNIOGSNRAGAO LI NYYSGSNARA 2F (GKS
"T'mnandg Yt i &xg/nP)[it can dergaléulatedrthat velocities below 1 m/s are conducive
to laminar flav. This suggests that inertial forces are negligible in a microfluidic system, and

dynamics are dominated by viscous forces.

5.3.2.2 Peclet number

The conductive heat equation defined @hapter 2is used to calculate the magnitude of
plasmonic heating generatedn using the conductive heat equation, it is assumed that heat
transfer in the microfluidic system considered is diffusive in nature. Thus, thermally activated
mass transport processes (chiefly convection) are neglected. The Peclet number defines the

transition between heat convection and heat diffusi@. This is given by:

) (5.21)

where U is the fluid velocity] is the characteristic length of the systetnis the fluid densityll is
the thermal conductivity andd is the heat capacity. When, the thermal diffusivity is used,

(5.21) becomes:

~ .. 0D
0Q T (5.22)

The transition from diffusive heat transfer to convective heat transfer occubs'@t p (i.e. heat

transfer is diffusive whed ‘Q p and convective whed'Q p).

Again, an inequality can be defined to gain a range of fluid velocities where heat transfer is

diffusive as:
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0 ;==38 (5.23

aAy3d GKS LINBGA2dzate RSTAYSR LI NYYSGSNERXZ KSI
suggests that for solutions of the Nawi8tokes equation below this threshold, convection has
little effect on heat transfer in the modelled systems i.emperature generation can be

considered independently of mass transport.

5.3.3 A thermally limited trap/figure of merit

The thermal limit is used to define the stability of a trap and can be explained by considering the
energy associated with different forces, or equivalently using stochastic integration technigues

employed in the evaluation of the Langevin equation.

In the energy framework, particles are attracted to the point of maximum electrokinetic force
(potential well) and require a disturbance from an energy with equal and opposite magnitude to
displace them completely from this potential well. In a perfect systeoexternal stimulation (as
defined in the Langevin equation) exists other than the trapping force. Hence, any deviation from

the potential well is a result of thermal energy (i.e. Brownian motja).

For a stable trap, the depth of the potential wéll greater than the thermal energy associated
with the particle. Giving that thermal energy is governed by Boltzmann statistics, it should be
noted that the often used expression for thi®(Yrefers to an average measure of thermal
processes and instataneous disturbancesrdm energies higher thanQ“Yare possible and

statistically probable.

A more intuitive explanation can be made using the iterative stochastic integration process. Here,
the typical velocities associated with each process are condgpagginst each othefl2]. The
velocity associated with the trapping force needs to be greater than that associated with
Brownian motion such that the time taken to attract/trap the particle the time taken for it to

escape due to thermal engy.
¢CKS GNIJ LAY @St20A08 OFNRY {G21S5SaQa RNX3IO A

. O
Yoo (5.24)
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Using elementary definitions of velocity, a characteristic timescale can be derived as follows:

wQ O
— = (5.25)
wo @ —i
. (p“ I Lp 'Q
0 h 5.26
o (5.26)
whereo s the time it takes to a particle to travel a characteristic distance.
The Brownian timescais given by:
o — BQ
0 ——=——38 5.2
0 O (5.27)

In this expression, the mean squared displacemaifi) (has been replaced bgp Qi.e. the
Brownian timescale refers to the time it takes for a particletrmverse the previously defined

characteristic distance purely under the influence of thermal energy.

The condition for stable trapping is thus gained by comparing the characteristic timescales as

below:

¢ -1 P o —BQ
"O pmt QY

(5.28)

The additional 1/10 scalar is an arbitrary factor, introduced such that the external force still
dominates over instantaneous high thermal energy forces. By rearranging this inequality and
inserting elevant expressions for the external forcamore definite values for parameters

affecting electrokinetic particle motion (e.g. electric field strength, particle surface charge density,

ClaussiudMossotti factor etc.) can be derived.

5.3.4 Extrinsic forces

Figure5.8 illustrates the interaction between extrinsic forces (those which are absent when laser
excitation is removed) on a particle in a microfluidic system. r_aeating of the pyroelectric

substrate induces localised surface charges, which in turn generate an electric field within the
fluidic environment. In addition to the forces acting directly on the particle as a result of laser

stimulation (F in the diagran), the electric field and temperature gradient also generate fluidic
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body forces (ff which act indirectly on the particle because of drag. The sum of these forces
dictates the direction of particle motion. The effects of individual extrinsic forces oticlea

motion are discussed below.
Axis of symmetry

A F f-axial Fluid flow

O T T, S

F p-lateral

T
=
o
-+
@
=
0

Substrate

Figure5.8: Free body diagram of externally actuated forces

5.3.2.3 DEREP

Thedominant mechanisms controlling electrokinetic particle motion depends on the magnitude
and spatial variation of the electric field and the electroneutrality of the particle in question.
Based on the simulation above, the generated electric field profike & Gaussian origiwhich is
sufficiently nonuniform to allow for the establishment of DER anticipation of likely modes of
operations ofthe manipulation systemand for ease of comparison with experimentasults,the
simulation comiders positive DEBf functionally neutral silica particles ( ¢&) in silicone oil

(- ¢®). It is anticipated that in contrast to th&tuationfrequently described in the literature

(in which the electrical conductivities of the madi and the particle are responsible ftie
behaviour of electrical polarisation at low frequendiethe electrical permittivity dictates the
magnitude of the ClaussitMossotti factor even at the low frequencies of operation considered

due to the extrenely low resistivity of both the solvent and the particle.

Figure5.9 and Figure5.10 illustrate the spatial variation of the DE&ce acting on a m silica

bead. Note that the DEfrce is very tightly confined tom n n radiMs. The maximum occurs
when beads are at the interface and decays rapidly with increasing height such that it is negligible
forheightsh n >Y 1 62@0S (GKS AYyiSNFIF OSo®
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Figure5.9: Spatial distribution ofdielectrophoretic force in the absence of other forces. Arrows show particles are
attracted to laser spot.
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Figure5.10: Spatial variation of horizontal (x) and vertical (z) components of dielectrophordticce. Force is at a
maximum close to the solidluid interface.

Dielectrophoresis is the only source of particle based electrokinetic motion in electroneutral
particles. From previous discussions, it has been shown that electroneutrality of particles is
guaranteed in spite of their preparation, due to sedidrface interactions which can induce
charges of a given surface density on a particle. Hence, electrophoretic behaviour is not neglected

in the discussion of the electrokinetic behaviour of paes.
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Using a similar technique as performed in defining the thermal limit of a trap (i.e. comparing
characteristic velocities associated with electrophoretic motion and dielectrophoretic motion)
the maximum surface charge density under which a givetigi@arcan be considered functionally

neutral is given as:

. 1o 0ne (5.29)
¢O
For particles with a charge density significantly higher than those gained (BI29) is evaluated,
electrophoretic based particle motion dominateEigure 5.11 depicts a situation in whic
dielectrophoresis appears to be the dominant force, characterised by pearl chaining of the silica
beads. Electrophoretic behaviour is observedFigure 5.12, where carboxylated polystyrene

beads are separated from amifenctionalised beads.

Figure5.11: Pearl chaining of silica beads following laser stimulation characteristic of. DEP
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Figure 5.12: Charge and size based separation of beads owing to multiple electrokinetic phenomena (including
electrophoresis) occurring simultaneously (Sectiérd). A) Bright field image depicting patterning by attraction of 5

>Y OFNb2E&flGSR LRfeateNBysS o6SFRad .0 Cfd2NBaodSyd AY!l
AYF3S RSLAOGAY3T &ASIR M (A2 IANBSY 0> YRdRBRENBYS 6SF Rad { (

The spatial variation of the electrophoretic force is depicteigure5.13. The force vectors are
identical to the electric field. The simulation considers the case where electrophoretic and
dielectrophoretic motion is in the same direction. Due to the spatial Viariaof the electric field,
the maximum electric field and maximum electric field gradient are coincident, and trapping

occurs at the same point.
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Figure5.13: Spatial distribution of electrophoretic forcen the absence of other forces. Arrows show particles are
attracted to laser spot.

As the maximum electrophoretic force decays much less rapidly than the dielectrophoretic force,
i.e. it is not confined to the immediate vicinity of the laser bedfig(re5.14), it can be used as a
DEPpromoter, enabling long range manipulation of particles as in the simulation considered.
Using electrophoresis in thimanner requires prior knowledge of the sense of the pyroelectric

crystal, to ensure both electrophoretic and dielectrophoretic forces act in the same direction.
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Figure 5.14: Spatial variation of horizordl (x) and vertical components of electrophoretic force. Force is at a
maximum close to the solidluid interface.
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5.3.2.4 Convection

Temperature gradients create a change in fluid density which causes natural convection. The body

force associated with convectids given by:

", — (72 139 5.30
Q A.,Y?Y@ﬁ (5.30

Alternatively, the Boussinesq approximation can be used, which assumes density varies linearly
with temperature (an approximation which can be made if the changeenmperature is small

enough). This is given as:

Q YQh (5.31)

wherel is the linear coefficient of thermal expansion of the fluid.

The image below shows the characteristic toroidal pattern eissed with natural convection,
with the arrows indicating the direction of travel. Particles are attracted to the hotspot at
horizontal planes close to the soliiduid interface.
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Figure5.15: Simulated hermal convection flow pattern. Flow minimum coincides with laser spot. Lateral direction
NEOSNBRSE F2NJ KSAIAKGA 102088 pn >Yo

In comparison to dielectrophoresis and electrophoresis, convective velocity is negligible and has

little effect on particle motion. As thermal convection is the only extrinsic force which occurs
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strictly as a result of thermal stimulation, it is the onbusce present on glass and pyroelectric
substrates as well as one of the main explanations for motion on glass. Giving the velocities
Ol £ Odzf F GSR o6ndnn >Ykavs GKS STFSOoda 2F (K¢
Convection effects are howevelydJt A FASR 2y 3Jfl aa | a | NBadz
O2yRdzOGAGAGE Ay O2YLINR&A2Y (2 fAGKAdDZY yA20l
factors are equal (laser power, plasmonic absorption cross section and array density, surrounding
environment), the temperature generated and subsequently the velocity of convection on a glass
substrate is ~4x that of lithium niobate. Hence, plasmonic convection occurs at lower laser

powers on glass than lithium niobate.

5.3.2.5 Electrohydrodynamic effects

The use of noipolar, insulating materials and the quasatic nature of the generated electric
field have a marked effect on the electrohydrodynamic effe€tse major characteristic of such
media is the low dissociation degree of electrolytes causingidm concentration. This reduction

in ion concentration far outweighs the reduction in electrical permittivigsulting in an increase

in the size of the Debye length. As a result of this, the distribution of ions in the double layer is
distorted preventing electroosmotic floWl3],[14]. Electrothermal body forces are thus the
primary electrohydrodynamic effect3he characteristic slow charge relaxation time of 1patar
insulating fuids means that is functionally negligiblgs][15], as Coulombic polarisation evolves
very slowly in resporesto a perturbation. Thus, the electrothermal force is primarily a result of

dielectric forces.

Figure5.16 shows solutions of the NaviStokes equation with the ettrothermal force as a
perturbing agent| in this case is set teB.2x 10, the typical value of silicone oils listed in the
literature [5]. As with thermal convection, there is a characteristic toroidal flow induced in the
fluid. This is much more dominant than thermal convectioging ~4 orders of magnitude greater
6yn >Yk&a G Ada YFEAYdzZY O2YLI NBR (2 nonan >Yk
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Figure5.16: Simulated electrothermal convection patterrizlow minimum coincides with laser spot. Lateral direction
NEJSNBSE F2N) KSAIKGa Fo20S on >Yo

In common with dielectrophoresis, the magnitude this force is independent of the surface
charge of a particle. In addition to this, the displacement as a result of electrothermal convection
is operational over a wider geometric space (similar to electrophoresis). As such, electrothermal
convection canlao be used for the long range of manipulation of particksillustrated ifFigure

5.17. Since the force minimum is coincident with the dielectrophoretic maximuhe
electrothermal force can be usetb aid trapping of neutral particlesand is not necessarily
competitive with the trapping mechanism. In additiarsing electrothermal convection as a DEP
promoter is easier topredict, as it occurs independent of pacte geometry and electrical

properties.
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Figure5.17Yy ¢ AY St I LJAS AYIF3IS RSLIMAOGAYI aAYdzZ GFyS2dza G NI LAY 3
the extent of the torus created as a result 2 y @S OGA2yd ' 0 Hdp >Y o06SIRa 0S8SF2
stimulation begins, beads start to assemble themselves in pearl chains. Recirculation due to toroidal convection is
not immediately evident. C) After 30 seconds of stimulation, the pearl clzahlmve increased in size. The contrast
between regions affected and those unaffected by laser stimulation is enhanced due to bead recirculation by
O2y@SOtGA2yd {OFtS O0FNIJ A& pn >Y®

5.4 Order of magnitude

Figure5.18 RS LA OGla G KS OKINIXOGSNRAGAO @St 20A0GASa |
diameter bead, which is located 500 nm directly above the laser spot at the solid fluid interface,
with respect to laser power. The threshold is gained by dividing the maximum Brownian
displacement byone second. For powers less than 1.4 mW, Brownian motion is responsible for
particle displacement (i.e. laser stimulation has no effect on particlabjpve this power,
electrophoretic motion begins to dominate. The onset of this condition is dependent on the
surface charge density of the particle (this is arbitrarily set as0.1k* ¥ these simulations)For

a completely neutral particle of the same diater, there is no electrophoretic motion, and

142



dielectrophoretic motion would occur at 3 m\vth the simulation considered, dielectrophoretic
motion begins to dominateat powersabove 6.55mW. At this distance from the pyroelectric

substrate, electrothermatonvection is inconsequential for the powers considered.
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Figure5.18Y / KIF N»X OGSNRAGA O @St 20A0GASa 2F | ™ )pelcrgploretR (Efzy RS NJ
and dielectrophoretic (DEPforces at different laser powers. The maximum allowable displacement in 1 second due
to Brownian motion is used as a threshold. Bead is located 500 nm above the-Bolitlinterface.

The force regimes are defined by the relative magnitude of electrokinetic forces (e.g.
electrophoresis vs dielectrophoresisas opposed to the complete absence of all other
electrokinetic forces. For instance, between 3 and 6.55 mW, particle motiocamaination of
electrophoresis and dielectrophoresis. In spite of the fact that this is nominally the
electrophoretic regime, the assumption that a particle displays purely electrophoretic behaviour
becomes more erroneous as the laser power increasesd| tivg dielectrophoretic force more

accurately describes particle motion.

In contrast,Figure5.19a K2 g a8 (GKS O0SKIF@A2dzNJ 2F | ™M >Y &Af
interface. Due to the spatial decay previously encountered, dielectrophoretic behaviour is
comparable to electrophoresisnty at the highest power considered (i.e. 7.6 mW). The onset of
electrophoretic motion remains largely unchanged, indicating that spatial decay is not quick for
this force. Electrothermal behaviour, which proved largely negligible for all powers consatered
500 nm, begins to dominate at 3.7 mW, and is the primary source of bead motion for high laser

powers.
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The relationship between the magnitude of the force and electric feddlains how different
forces can be activated by modifying the laser power. Brownian motion exhibits a linear increase
with laser power. In comparison to the other forces discussed, the rate of increase of this is slow
enough that the threshold is effegtly constant for the powers and environments considered.
This is a result of the large viscosity of silicone oil, as well as the fact that this disturbance is a
result of purely thermal effects i.e. the conversion of thermal stimulation to an electtit d&ng

the pyroelectric effect amplifies kinetic forceBlectrophoresis has a linear relationship with
electric field (and laser power by extension). Dielectrophoresis varies with the square of laser
power, due to its relationship to the square of thppdied electric field. While the electrothermal
force varies with the square of the electric field and the temperature, neither of these parameters
are independent in the analysis considered (it is theoretically possible to decouple microfluidic
temperature from the pyroelectric by adjusting the resistivity of the sdlidd interface such that
thermal transmission is reduceds both are controlled by laser stimulation through plasmonic
heating. Hence, the electrothermal force varies with the cube oérlggower. As laser power
grows (approaches infinity), the electrothermal force becomes the dominant source of particle
motion regardless of particle properties. The behaviour at more moderate laser powers is
dependent on specific electrical parameters (esgrface charge density, ClaussiMisssotti factor

and dielectric thermal expansion coefficient for electrophoresis, dielectrophoresis and

electrothermal flow respectivelyas seen previously (i.e. the coefficient of the various powers).

Based on previas definitions, particle size affects the magnitude of some of the discussed kinetic

forces. Convection terms (thermal and electrothermal) are ignored in this analysis as they are
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independent of particle sizé=igure5.20 depicts the characteristic velocity for a range of different
beadslocated 500 nm above the solidluid interface. The applied laser power is T8V. Note

that Brownian motion is inveedy proportional to particle sizémeasured by the radiusjhus
reducing the previously defined thermal threshold. Electrophoresis is directly proportiamal
dielectrophoresis is proportional to the square of particle size. Timua, manner similar tahe
analysis performed with the applied laser power, it can be surmised that dielectrophoresis more

accurately describes the behaviour of larger particles.
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Figure 5.20: Characteristic velocities of aange of silica beads under the influence of electrophoretic YEhd
dielectrophoretic (DEPforces at 7.6 mW. The maximum allowable displacement in 1 second due to Brownian motion
is used as a threshold. Bead is located 500 above the solidfluid interface.

5.5 Conclusion

In this chapter, numerical simulations have been used to model the behaviour of a microfluidic
system. In order to ensure pyroelectric field generation, a dielectric fluid (low electrical
conductivity and pemittivity) is required to enable the transmission of electrical energy from the

crystal to the fluidic environment.

The main forces on a particle in a microfluidic environment activated as a result of thermal and
pyroelectric stimulation have been examtheBased on the finite element modelling performed,
thermal behaviour has little effect on the motion of a particle. Thus, particle motion observed on

pyroelectric substrates is a result of electrokinetic forces in some capacity.
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Brownian motion is usedsaa baseline for distinguishing between stochastic particle motion and
the broadly deterministic motion induced by external forces. A distinction has been made
between what constitutes a stable trapping force and an observable electrokinetic force, #us th
minimum thresholds defined for these differ. The threshold provided for stable trapping is a

conservative figure; trapping is theoretically possible with any observable electrokinetic force.

The applied laser power dictates regimes in which differemtds are dominant. Assuming a

finite surface charge is present, electrophoretic motion appears to be more relevant at lower
laser powers, particularly for smaller particles. Due to the growth rate of both processes,
increasing the laser power creates ald@rophoretic regime for particles located close to the

laser spot. From the simulations, the electrothermal effect is a prominent source of motion
particularly at the highest laser powers, due to the magnitude of the flow, and the fact that it acts
independently of particle size and electrical properties. Though the maximum calculated flow is
comparable to (and sometimes exceeds) that induced with dielectrophoresis, the spatial position
of these maxima do not coincide with each othand as suchit canbe used to enable long range

particle manipulation. The validity of these numerical predictions is explored experimentally in

further chapters.
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6 Arbitrary patterning of particles using pyroelectric

manipulation

Summary

This chapter demonstrates arbitrary patterning of pags;l achieved by scanning the stage in a
predetermined route, as a means of illustrating the plasmonic enhanced electrokinetic
manipulations. This is possible as a result of the intrinsic dielectric properties of lithium niobate.
Patterning is performed wit different materials in a range of media to demonstrate the

versatility of the technique.

6.1 Introduction

Verification of pyroelectric based electrokinetic manipulation is hindered by the existence of
numerous forces acting simultaneously, as has been previously discussed in Chapter 5. This make
it difficult to ascertain what is responsible for any apparenttion induced on particles. In
addition to this, in the experimental framework devised, there is a further possibility that particle
motion is a result of optical forces resulting from laser illumination, which further obscures
identification of electrokietics of pyroelectric origin. Hence, a demonstration where the primary

motion of particles is unique to pyroelectric substrates is required.

The ability for plasmonic structures to generate heat has been established numerically and
experimentally Chapter 4), thus ascertaining that the primary prerequisite for pyroelectric
manipulation can be achieved. To demonstrate this motion, the innate properties of lithium
niobate (chiefly, its large electrical permittivity and high capacitance which allows theajeder
electric field to persist after the change in temperature has been stabilised) have been used to
dynamically assemble particles into arbitrarily defined patterns, which persist in the absence of
laser stimulation. The ability to create patterns instmanner distinguishes this operation from

other optically controlled micromanipulation techniques.

In this chapter, evidence of pyroelectric manipulation is provided by demonstrating this
patterning effect on lithium niobate. Results are compared witHasg control to ascertain that

motion is not primarily due to purely optical/thermal origins. Patterning is performed in a range
of media to test solvent effects on the generated electric field. The differences between

patterning on and off plasmonic arrsyare compared to verify the effects of plasmonic
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enhancement. Patterning is performed with metallic and insulating materials to verify the effect
light absorption in trapped particles has on the patterning process. Finally, the origins of the

patterning mechanism, factors affecting the process, and possible applications are discussed.

6.2 Materials and methods

Plasmonic structures are fabricated using the protocol detailed in Se&iérR As before,
structures are designed to achieve peak plasmon resonance between 600 and 650 nm. Arrays of
60 nm discs with an interparticle spacing of 300 nm are fabricated on, giaie 40 nm discs

with an interparticle spacing ofd® nm are fabricated on lithium niobate. A microfluidic chamber

Aa O2yailiNHzOGSR 6AGK GKS adzaidNI G§Sa &dzLLJ2 NI Ay
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a concentration of 5 mg/mL.

Gold nanoparticles are suspended in mineral oil to a concentration ahM3as dictated by the

final concentration of the nanoparticles fabricated using the Turkekigmsmethod detailed in
Section3.4.2.1 The solvent swap process detailed Section 3.6.2 is necessary to transfer
nanoparticles from their native agueous environment to mineral oils. As the gold nanoparticles
are much smaller than the silica beads used in patterriimgy are spun at a much higher velocity

(19000 rpm comparedith the 5000 rpm typically used).

Silver nanowires are suspended in mineral oil at a concentration of. 38%hese were supplied
in IPA an attenuated solvent swap process was sufficient to ensure nligcibf the wires in
mineral oil (as IPAs of similar polarity to ethanol, nanowires can be transferred directly to

mineral oil after centrifugation i.e. no need for intermediary solvent)

6.2.1 Solvents

Patterning experiments are performed wittarboxylated silica beads in a range of environments

of high and low electrical conductivity and relative permittivity. The solvents and relevant
parameters are given in the table below. It should be noted that the conductivity information of
the oils areestimates. Giving the extremely high electrical resistivity of these solvents, electrical

conductivities could not be measured by conventional means, using a conductivity mater.
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values reported constitute the maximum conductivities for liquid dieiestmeasurable with the
conductivity meter used. Silicone oils have beeported to have conductivities of <tbSm? [1]

while conductivities of <1t Sm" have been reported fomineral oils and similar alkang®] [3].

As the conduction process liquid dielectrics is strongly dependent on the presence of impurities
[3]¢[5], specific conductivities are difficult to ascertain; a range of values are frequently quoted.
Giving the environment in which the experiments are performed, the upipgt of conductivity

more accurately describes charge transport processes for the solvents considered. The viscosities
of almond oil, silicone oil, and mineral oil were measured using an AR#&am MCFR02

rheometer.

Table6.1: Relevant electrical and thermodynamic properties of solvents in which experiments are performed

Solvent Conductivity | Electricalpermittivity Viscosity

oYtliao

Isopropylalcohol

Almondoil

Siliconeoil

6.3 Results and discussion

6.3.1 Glass control

Figue61a K2 ¢a (KS NBadzZ Ga 2F GKS FGGSYLWGSR LI G
4dz0ad N GS op O02yasSOdziagS aolya d pn >Ykaos
no patternng is observed, as there is no pyroelectric effect associated with this substrate. Bead

motion is a result of the increased thermal energy in the microfluidic system.
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Figure6.1: Particle behaviour after laser scanning on glass inwa&}er, B) IPAC) HFE500,D) almond oil, E) mineral
olbandF)8f A02yS 2Afd b2 LI GGSNYAYy3a A& 20aSNBSRO {OFfS o6l N

Though no patterning b®aviour is observed on glass, the response of particles to thermal
stimulation differs according to the solvent used (as is to be expected, since they do not share the
same thermodynamic properties). Since the microscope stage was moved in order to dbkieve
scanning effect, quantitative analysis of particle motion could only be performed on a fraction of
the recorded images (otherwise, scanning motion overwhelms underlying thermal induced
motion). Thermal induced motion of particles, deemed negligibl¢he analysis performed in

Chapter 5, can be identified due to the absence of other forces.

Trackingand analysis (using the Matlab tool, msdanaly{8dy of particles in water, mineral Qil
and almond oil reveals nediffusive notion for the periods observedletailed by the parabolic
profile of the MSD as illustrated inFigure6.2D. Based on the shape of these graphs, there

appears to be an underlying flow of constant velogi/the MSIbf such systems is given [8}:

of ¢QOOU Oh 6.1)

whereQis the dimensioality of the problem(2 in this case)Qis the diffusion coefficient) is the

flow velocity (time invariant).
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The plots presented are the best predicted fit to the experimentally derived %D ensemble

of particles. Only the shortestideo durationis consideredto minimise extrapolation errotsThe
particle trajectories are also depicted. Observe that in water and almondFigilie6.2A and B)
particle displacement is fairly uniform. In contrast, mineral oil trajectories appear to be bimodal
(dot like paths and elongated rod pa)hd hisbimodality contributes to the unexpectedly large
flow velocity calculated. The greatest velocity is obsdrwith particles in water; an unsurprising
result giving the fact that it has the lowest viscosithe flow velocity decreases with increasing

solvent viscosityas is expected from the Navi§tokes equation
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Figure6.2: Trajectories of an ensemble of silica beads inwter, B) dmond oil, and C)nineral oil. D) Plot of MSDof
particles with respect to timesteps.

The relative poor heatsinking ability of glass is resgmadior some phenomena which are not

encountered on lithium niobate. Plasmonic structures are able to generate higher temperatures

on glasswith equivalent laser powerghan on lithium niobate, thus magnifying thermal effects.

Convective behaviour is obwed most prominently in silicone oil alopedue to the high

O2STFFAOASYG 2F GKSNXYIf SELIyYyarAzyd ¢KS O02yg@gs

[10]. Figure6.3 depicts the calculated flow profile. Velocity is at a minimum at the centre of the
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image (corresponding to the position of the laser). Decomposing the velocity field to depict the x
and y components of velocity individually, shows that theugalof velocity are symmetric about

the laser.

Figure6.3: Convective flow imaged using PTV. Left) Total velocity field. Middle) x component of velocity. Right) y
component of velocity

Bubble formation iobserved in IPAnd HFEZ500. Based on some of the characteristics of the
bubbles (size, lifetime), and the conditions surrounding their formation (i.e. continuous wave
illumination), these bubbles appear to be similar in urat to those described ifill] (liquid
surrounding air, rather than vapour molecules), suggesting the possibility of superheating of the
liquid envionment. There is a delay between switching on the laser and the beginning of
recording. As a result, the onset of bubble formation is not observed at higher powers. Note that
by halving the laser power to ~3.8 mW, bubble formation is stopped in7HB& and delayed in

IPA Bubble formation in IPAt lower powers occurs only when the laser coincides with a cluster

of particles. This suggests that silica beads act as nucleation centres, which lower the temperature

threshold for bubble formation.
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Figure6.4: Bubble formation as a result of thermal stimulation on: A) HFED0 and B) IP  { OF £ S o6 NJ A a

6.3.2 Lithium niobate

! Mn o sodareiwasRpdtterned on a lithium niobate substrating the same parameters.

The heatsinking effect associated with the increased thermal conductivity of lithium niobate is
evident when the behaviour of the fluids is considered. No plasmonic convectidsubble
formation is observed in the relevant solvents. The dominant behaviour is the assembly of
particles into the defined patterns. The outline of the square begins to emerge with increasing
fidelity as the electrical conductivity of the medium decsea. The behaviour of particles in
dielectric media can be used as evidence of the existence of multiple particle manipulation
mechanisms. From previous theoretical considerations, (specifically the Peclet number) it has
been shown that thermal diffusionsiprimarily responsible for heat transfer in microfluidic
systems (the influence of convection is negligible). The characteristic thermal response time is
~10°® seconds much shorter than the observation period associated with the experimental setup
(133 s at 7.5 Hz). Hence, heating and cooling are functionally instantaneous (Chapter 4). Particle
reassembly persists in the absence of thermal stimulation (most clearly seen with silicone oil). The
loss of a thermal gradient within the dielectric indicategttlthis action is no longer a result of

electrothermal forces, demonstrating that a purely electric force now controls particle motion.
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Figure6.5: Particle behaviour after laser scaing on lithium niobate in: A) vater, B) IPAC) HF&500,D) aimond oil,
E)mineraloil, and FsA f A 02y S 2Af & {OFfS o6FNJ F2NJ Fff LIAOGAINBAE A& pr

6.3.2.1 Patterning process

The patterning process is facilitated by the interplay between a long rangacatte force and a
short range trapping forceThis is consistent with the observations made using numerical
simulations which indicated that different forces were dominant at varying distances from the
source of stimulationThe attractive force (originiag from electrothermal convection) draws in
particles from a distance far exceeding the radius of the stimulating laser, locally increasing the
concentration at the point of stimulation. Phenomenologically, the increased concentration is a
function of the strength of attraction force, which dictates how far particles are attracted from
and the dwell timeg KA OK RA QG G4Sa K2¢ FlLad RA&Aft2R3ASR LI
The characteristic increased concentration noted with the patternimgess is thus accompanied

by a depletion region (the size of which is a function of the attractive force), beyond which the
concentration of the particles remains the same. The high contrast between regions densely and
sparsely populated with particlespables easy visualisatipand a simple qualitative assessment

of the success of patterning. The trapping force acts independently of the attraction force and
holds particles in place after thermal stimulation has been removed. This persistence is a
consegience of the capacitive nature of electric field generation using lithium niobate and non
polar solvents, which explains how particle motion can be observed on glass substrates without
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the reassembly of particles characteristic of patterning; on glassexternal force induced by

f &SNJ SEOAGIGA2Y YSNBte& NBRAAGNAOdzIS& LI NI AO

For a quantitative measure of the combined effect of the trapping and attraction forces, an
enrichment factor is calculated ugj the integrated pixel intensity of the recorded image. Images
are processed to produce binary images. The average of the integrated pixel intensity thus
becomes a measure of the concentration of particles in the image. The enrichment factor is then

defined as:

(6.2)

By taking a ratio of the change in concentration, the enrichment factor corrects for apparent
variations in particle densities. This value is plotted as a function of distance from a centrally
located point (further explanation of this procedure is giverAppendix Eto gain a plot which

can be used to elucidate some of the characteristics of the patterning process outlined above.
Though this is not the most accurate measurement (bead clustering in tdeeztion is
underestimated;t is assumed thaspaces are filled laterally), when used in conjunction with the
recorded images, the success of patterning can be validated. Explanation of the key features of

the graph is made easier by the fact that a giengeometric shape has been patterned.

Figure6.6 depicts an exemplary plot using results of patterning experiments with silica beads in
mineral oil (the correspondg image is depicted iRigure6.5E). A peak in the enrichment factor
200dz2NBR G pn >Y 602yOSYidNIX A2y A& dUmdy océAYS:
of significant clustering at this point. Based on the definition of the central point, this feature
AYRAOIFI(iSa GKS LINBaSyoS 2F (GKS LIGGSNYSR wmnan
synonymous with the line width of the patterned object, whialong with the height of the
enrichment factor, is a function of the magnitude of the combined pyroelectric forces (attractive
and trapping). There are two depletion regions (characterised by negative enrichment factor)
located either side of the peaKhe first indicates that the patterned feature has void regions. The
second depletion region is, as previously mentioned, the spatial boundary of the attractive force
(beyond this concentration of particles remains essentially unchange@igure6.6, the size of

iKS NBIAZ2Yy 2F AyiSNBald OKz2aSy ompn >YOs | f2y

the return to the initial (background) concentrationriot depicted.
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Figure6.6: Change in particle concentration as a function of radial distance from centrally located point.

A similar analysis can be performed using graphs from the results of the ofperiments
depicted in Figure 6.5. In general, the plots share the same features, with the differences
KAIKEAIKGAYT GKS LI NGAOdz I NJ @ 3FNASa 2F GKS
when HFEZ500 is used (0.5), is comparatively lower than other solvents, showing that patterning
in HFEZ500 is weakest. Note that the enrichment factor close to the centre of the region of
interest is] 0, indicating the presence of some particlesttie centre of the patterned object.
Finally, the difference between the peak enrichment factor and the mean is small (i.e. low signal
to noise ratio) indicating that patterning is difficult to confirm purely visually (without prior

knowledge of any stimation having been applied).

In contrast, patterning in almond oil is much more similar to patterning in mineral oil. The void
region is clearly defined in the plot; particles do not remain in the centre of the patterned object.
Though the peak enrichmenadtor (1x greater following stimulation) is decreased in comparison
to the experiment performed in mineral olil, it is clearly differentiated from the background. The
major deviation between the two solvents is that the return to the background conceniragio
seen in almond oil (indicated by the fact that the enrichment factor crosses the zero point after a
Mo >Y NB3IA2Y 2F RSLISGAZ2Y0IX &adz33SadAy3a GKIG
the fact that almond oil is more viscous than mirlesd. Hence, resistance from viscous forces is
larger. In addition to this, the increased permittivity of almond oil leads to a slight reduction in the
magnitude of the generated pyroelectric field and a reduction in the size of the Cladésasetti
factor, both of which contribute to reductions in electrokinetic forces resulting in the apparent

decrease in patterning ability.
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The plot derived from patterning performed in silicone oil differs markedly from the previously

discussed cases, due to the clganin the assembly behaviour of the particles. Though the
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This is aresult of the distribution of the particles which are aligned perpendicular to the laser

scanned route in linear pearl chains as opposed to clusters. The long pearl chains give rise to a
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observed is characteristic of dielectrophoretic act{d2], [13] Particles distort the electric field

in the microfluidic environment as a consequence of electrical polarisation, creating regions of

high and low electric field localised around their geziry. As a result of thislistortion, similar

particles preferentially arrange themselves parallel to the electric field lmessilting in the pearl

chains observedNumerical simulations performed in Chapter 5, previously highlighted the fact

that seveal electrokinetic mechanisms exist simultaneously as a result of pyroelectric stimulation.

It was explained that close to the crossover powers, the model of particle motion deviates from

the behaviour dictated by the regime as other electrokinetic folsesome more relevantThis

ambiguityexplainswhy pearl chaining is observed in only one of the solvents usikcne oilis

the only one in which the generated electric field is sufficient to make electrophoretic trapping of

silica beads irrelevant.
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Figure6.7: Effects of surrounding solvents on radial distribution of particles.
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6.3.3 Metallic patterning

Patterning using metallic (conductive particles) is performed as a further demonstration of the
versaility of the micromanipulation technique. In the experiments discussed, mineral oil is used
as a representative dielectric liquid, as viscous resistances are lowest in this medium (a
phenomenon observed when silica particles are patterndthe inherent tgh conductivity and
permittivity associated with metallic particles maximises thau€siusMossotti factor. Thus,
though no charged carrier species (such as the carboxyl group previously used on with silica
beads) are adsorbed onto particldbjs non-functionalisationhas little bearing on the ability to

keep particles in place; the trapping force is expected to be largely dielectrophoretic (as observed

previously with beads in silicone oil).

The metallic nature of the particles introduces new interpzeti relationships not previously
considered. Plasmonic enhancement of the laser beam causes heating in the fluid (separate from
that intentionally introduced to induce the pyroelectric effect). Giving their symmetrical
geometry, these effects are more kdgnfelt with gold nanoparticles as opposed to silver
VIYy26ANB&a 6cn yY R mnan >Y0d ¢K2dzZ3K GKS yI y2Ll
native agueous environment, their peak resonance broadens and redshifts when they are
transferred to mineraloil (illustrated inFigure6.8). This is a result of the change in refractive
index of the surrounding medium as well as the fact that during the solvent gn@qess, the

gold nanoparticles undergo particle aggregation which increases their apparent size. The diameter

after solvent swap is measured to be 144 nm.
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Figure 6.8: Plasmonic spectra of gold nanopartéd in water and mineral oil. The change in refractive index and
irreversible aggregation caused by modifying the solvent broadens the plasmon resonance peak.

As with experiments performed using silica beads, there is no evidence of patterning whes glass i
dzASR la | O2y iNRft adz adNI GS dourdtinke§ cofisécitieNIatB® | y
>Ykad !'a (GKS LI NIAOESa dzaSR | NB YdzOK avylrffs
nanowires and ~35x in the case of gold nanoparticles) thara dikads, it is difficult to identify

any underlying flow conditions; a degree of clusteripgrticularly with gold nanoparticlesjould

be required to reliably observe particles in a bright field configuration, which is not seen uniformly

throughout thevolume of the microfluidic chamber for the concentrations used.

Figure 6.9: Patterning behaviour of metallic particles in mineral oil on glass. A) Gold nanoparticles ansihgy
nanowires areconsider@ ® b2 LI GGSNYyAy3a Aad 20aSNBSRP {OFtS o6F NI AA
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In contrast, patterning is evident on lithium niobate substratéigure6.10 depicts the results of
substrate scaning. Due to the size of the nanoparticles used, there is a high contrast between
non-patterned (where individual particles are hard to perceive) and patterned areas (the
clustering previously mentioned helps in identifying particles). As a result, thehement factor

calculated is far greater than with silica beads.

As a result of their geometric anisotropy, particle assembly with silver nanowires is more
haphazard than all other cases considered. A combination of the fact that the initial orientation of
particles is random, and the fact that the dielectrophoretic trapping force induces a torque on
anisotropic particleg12], [13] causes silver nanowires in the main to align their long axis
perpendicular to the laser spot and pearl chaining to occur subsequently. This iswideat at

the start of the patterning process when the laser spot is static.

Any additional heating caused by the plasmonic stimulation of the particle has no effect on the

ability to trap particles.

Figure6.10: Patterning behaviour of metallic particles in mineral oil on lithium niobat8) Gold nanoparticles and B)
AfOSNI yIy26ANBa | NBE O2yaARSNBR® {OFLfS 061N AA pn >YoO
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6.3.4 Effects of scanning speed on pattern resolution

The primary application for the demonstrated patterning effect is as a photoresist free ogioflui
lithographic technique. Arbitrary patterning can be used in a similar manner tepeatip
nanolithography for the patterning of biomolecules such as proteins, virumed DNA[14].
Arrayed molecules can be used for the study of cellular interactj@b} or as scaffolds for the
selfassembly of other entitiefl6],[17] Alternatively, metallic particles can be patterned for the
fabrication oftransparent conductive electrodes for use as touch screens and photovoltaic thin
films[18], [19]

The ability to control resolution is important if patterning is to be adapted for lithographic
purposes. Byonsidering the laser route to be formed of a grid of infinitesimally spaced elements,
it can be shown that the scan speed is inversely proportional to the dwell titaece, by varying
this parameter, its effect on the resolution of the pattern can bewsh. Based on the patterning
process discussed previously, long dwell times result in larger clusters of padiatea larger
depletion region as particles are able to traverse furthertagisesto a central point. The

behaviour of silica beads, silveanowires and gold nanoparticles in mineral oil are considered.

Figure6.12 depicts the effects of scanning speed on pattern integrity for experiments performed
using silica beads in mineral oil. These results are the closest adherents to the proposed
hypothesis i.e. in general, the enrichment factor decreases as scanning speed increases. There ar
d42YS RSQOAlIGA2ya G2 GKAAa osBakring dgpeedzNBte hb\Reuer, that e =
particle enrichment begins earlier and line thickness is wider than observed with other
experiments, suggesting that the lateral assembly of particles is more significant at this speed. In
addition to this, the peak enficY Sy i FI OG2NJ 200dzN& |4 | RAFFSN
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observed in the remainder of the experiments. These deviations suggest that the patternsaare of

different nature.

Figure6.12: Effects of scanning speed on radial distribution of silica beads

A potential source of the deviation from the initial hypothesis is the effect of viscous resistance
which was not accounted for in the initial analysis. Long dwell times mean that particles
preferentially assemble in clusters, as they accumulate roughly at a single point. As a result, the
concentration of particles in the area to be patterned is amiform leading to unevenly covered
patterns (Figure6.13). The low viscous resistance characterised by slow moving speeds means
that the weaker trapped beads (i.e. those &ketedges of a cluster) are able to follow the laser
spot. As transported particles reach a critical density, some are deposited in new positions filling
the spaces between larger clusters. Patterns thus become more uniform with successive laser
scans.Forlarger speedspatterning is more uniform; particles accumulateaseries of central
locations.However, the distance between thedecationsis such that no gaps are perceived in

the final pattern Figure6.14). The anomalous decrease in enrichment factor appears to indicate a
crossover where dwell time is long enough to support the more clustered behaviour but the
scanning speed is too fast to allow complete redligition of particles on successive passEsis

results in incomplete patternswhich somewhat explains the modified nature of the plot of
enrichment factor oberved Though the normalisation process performed in calculating the
enrichment factor is aimedt mitigating the effects of variable particle density, it crucially does

not account for the effect this has on the completion of a particular patterrhow incomplete
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