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Abstract

Optical tweezers have allowed us to harness the momentum of light to trap, move, and
manipulate microscopic particles with Angstrom-level precision. Position and force feedback
systems grant us the ability to feel the microscopic world. As a tool, optical tweezers have allowed
us to study a variety of biological systems, from the mechanical properties of red blood cells to the
quantised motion of motor-molecules such as kinesin. They have been applied, with similar impact,
to the manipulation of gases, atoms, and Bose-Einstein condensates. There are, however, limits to
their applicability. Historically speaking, optical tweezers have only been used to trap relatively
simple structures such as spheres or cylinders.

This thesis is concerned with the development of a fabricational and optical manipulation
protocol that allows holographical optical tweezers to trap photonic membranes. Photonic mem-
branes are thin, flexible membranes, that are capable of supporting nanoplasmonic features. These
features can be patterned to function as metamaterials, granting the photonic membrane the ability
to function as almost any optical device. It is highly desirable to take advantage of these tools in a
microfluidic environment, however, their extreme aspect ratios mean that they are not traditionally
compatible with the primary technology of microfluidic manipulation: optical tweezers.

In line with recent developments in optical manipulation, an holistic approach to optical
trapping is used to overcome these limitations. Full six-degree-of-freedom control over a photonic
membrane is demonstrated through the use of holographical optical tweezers. Furthermore,
a photonic membrane (PM)-based surface-enhanced Raman spectroscopy sensor is presented
which is capable of detecting rhodamine dye from a topologically undulating sample. This work
moves towards marrying these technologies such that photonic membranes, designed for bespoke
applications, can be readily deployed into a microfluidic environment. Extending the range of tools
available in the microfluidic setting helps pave the way toward the next set of advances in the field
of optical manipulation.
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CHAPTER 1

Introduction

This thesis is concerned with the optical manipulation of photonic membranes via holographical
optical tweezers. This work not only aims to extend the applicability of photonic membranes down
to the microscopic scale, but also to augment optical tweezers technology by presenting a protocol
that enables them to manipulate structures with extreme aspect ratios.

Here I provide some context for this work, both in terms of optical manipulation and the
application of photonic membranes, before concluding with an outline of the thesis itself.

1.1 Optical manipulation

In 1619, Kepler conjectured that solar forces were responsible for pushing the tails of comets away
from the Sun, leading him to believe that light carried momentum which could be transferred to
physical objects. Almost three hundred years later his conjecture was confirmed by Nichols [1] and
Lebedev [2], who observed this transferal of momentum in a terrestrial setting. It was not until after
the invention of the laser that the field of optical manipulation really started in earnest. The earliest
optical manipulation experiments were performed by Ashkin in the 1970’s and 80’s, in which several
trapping configurations were developed [3]. These included counter-propagating traps, and optical
levitation traps, but it has arguably been the configuration developed in 1986, optical tweezers, that
has seen the most use in the field [4].

In an optical tweezers system a single beam of light is brought to sharp focus. Microscopic
particles are drawn into the high-intensity area of the beam focus, and held there, due to a force
known as the "optical gradient force". Optical tweezers allow particles and cells to be trapped and
manoeuvred with Angstrom-level precision, all while measuring the external forces acting on the
trapped object.

Because of this precision, and the ability to measure the properties of the local environment,
optical tweezers have become commonly used tools in the field of microfluidics. They can be used to
transport particles for study, moving them between various portions of a microfluidic system that
have been designed to fulfil specific tasks. This could be as simple as moving a particle towards the
entrance of a microfluidic channel, or holding a particle onto a sensor [5]. However, optical trapping
of microscopic particles is not limited to simply allowing the trapped particles to be studied.

A complementary paradigm is to trap particles which are then used as tools themselves. The
most typical "tool" that is trapped is a spherical bead, usually made from silica or polystyrene.
Trapped beads have been used as microscopic objective lenses which can be manoeuvred through
a sample and used to image the undersides of objects [6]. If angular momentum is imparted to a
trapped bead, one can also take advantage of its rotational motion. Pairs of rotating beads have been

1



1. INTRODUCTION

used to drive fluid-flow through microfluidic channels [7], with single beads demonstrated to act as
micro-rheological probes [8].

The capabilities of optical tweezers have also been applied to biological systems, and enabled
a lot of early studies in biophotonics. These included the trapping and manipulation a range of
cells, in some cases even probing the elastic properties of the cells themselves [9]. Fundamental
investigations into the mechanical behaviour of various molecules were carried out, using microscopic
beads, tethered to the molecules, as handles. Thanks to these studies, kinesin, a motor molecule,
was observed to move in a quantised fashion. The "steps" with which it moved were found to be
directly linked the discrete spacing of deoxyribonucleic acid (DNA) base pairs, showing that the
kinesin was transcribing itself along the DNA as it moved [10]. Furthermore, by measuring the
force required to make such movements it was found that kinesin hydrolysed a single molecule
of adenosine triphosphate (ATP) each time it moved along a base pair. In a similar experiment, a
bacteria flagellum was tethered in a sample cell and optical tweezers were then used to study its
rotational compliance [11]. The elastic properties of DNA and similar molecules have also been
probed by trapping both ends and stretching them [12]. Large numbers of DNA strands have been
interrogated simultaneously in this fashion, by trapping their two ends in standing wave patterns
generated in near-by optical waveguides [13].

Optical manipulation of biological systems has been strengthened by the addition of compliment-
ary optical tools such as laser scissors [14] and optical stretchers [15]. These tools have granted us
the ability to probe the elastic properties of cells and even to transfect cells via optoinjection [16].
This is again another example of the advantages that can be garnered from the high precision of
these techniques.

Outside of probing the mechanical properties of biological materials, optical manipulation has
enabled the chemical structure of materials to be studied too. A prominent example is where
optical manipulation has been used alongside other optical techniques such as Raman spectroscopy
[17]. This has applied directly to particles trapped from both free-space and optical fibre-based
configurations.

Advancement in the field of optical manipulation is furthered via the design and fabrication of
novel tools which can be utilised in a microfluidic environment. However, quite often the structure of
these tools makes them too complicated to trap directly. A relatively recent solution to this limitation
is to use structure-mediated design to incorporate simple, spherical, "handles" into the structure
somehow. This approach extends the applicability of optical tweezers into new regimes, and has
already allowed membranes and complex three-dimensional structures to be trapped.

Structure-mediated design [18] is itself indicative of a larger trend in optical manipulation at
present in which the trapping beam and the particle being trapped are given equal consideration.
Historically there has been much work done in improving optical tweezers by focussing attention on
the trapping beam itself. Typically this means that the beam is shaped in some way, either by having
its wavefront corrected for spherical aberration [19], or by manipulating the particle via a more exotic
beam (e.g. Bessel beams) [20]. In contrast, not much attention has been paid to the particle and how
its properties can be harnessed to improve the trapping quality, although this is now beginning to
change. Perhaps one of the most notable and elegant examples of this is the work by Jannasch et al.,
whereby particles given an anti-reflection coating can be trapped with nN forces [21]. This holistic
approach towards optical manipulation seems both promising and exciting.

1.2 Photonic membranes

Photonic membranes are of particular interest to this thesis in their capacity to be deployed into a
microfluidic environment. PM are thin, flexible membranes, typically on the order of tens of nm thick,
and ranging in lateral size from 5um to several cm. They are particularly useful in their capacity



1.3. Structure of the thesis

to host plasmonic features, whereby they effectively act as flexible metasurfaces - two-dimensional
equivalents of metamaterials.

In direct analogy to conventional materials, a metamaterial (MM) is made up of meta-atoms -
sub-wavelength features typically made from metal. The meta-atoms are patterned in arrays with
sub-wavelength periodicity, such that the incident light does not "see" this periodicity but instead
experiences a homogenous material with emergent properties. The key aspect of MMs is that their
emergent properties can generally not be found in nature, e.g. negative refractive index.

Early examples of MM include stained-glass, in which metallic nanoparticles have been added
in nanocolloidal form. These plasmonic features display resonant behaviour which dictates the
reflection and transmission coefficients of the glass. This effect can be seen in the coloured panes of
glass found in church windows, for example, whereby different colours are created by altering the
plasmonic constituents of the glass. A particularly striking example of plasmonic resonances at work
is the Lycurgus cup, dating back to around the 4th century A.D, which appears green in reflection
and red in transmission.

The resonant behaviour of a metasurface (MS) can be engineered such that they can perform the
function of any number of optical elements. MS have been demonstrated which act as lenses, filters,
sensors, and axicons, just to name a few, and as such they represent a tremendously powerful tool
[22], [23]. The additional advantage to using a PM as a MS is that PM are flexible. This allows the
plasmonic functionality to be transferred to a broad range of objects, simply by wrapping the object
with the PM.

The ability to trap PM in a microfluidic environment carries with it two main advantages. Firstly,
successful manipulation of PM allows their versatile properties to be utilised in a new (microfluidic)
environment. One can imagine using a PM-based sensor to take chemical readings from a group
of cells, simply by moving it from cell to cell and wrapping it around them. Alternatively, one can
imagine a PM patterned to act as a Fresnel lens being used for in situ imaging applications. Secondly,
PM themselves can strengthen the field of optical manipulation by providing pathway to trapping
planar features. In this regard, even a PM without plasmonic features can be useful. These "blank"
PM can themselves act as ultra stable "handles" for trapping experiments, and furthermore, the
fabricational techniques developed to make them can then be applied to the manufacture of a range
of microfluidic tools.

As mentioned above, the main limitation surrounding these sorts of applications is that optical
tweezers cannot typically manipulate planar structures like PM. This thesis outlines a fabrication
and optical manipulation protocol that makes it possible to manipulate PM using optical tweezers.
Full control over the translation, pitch, yaw, and roll of a PM is demonstrated, despite the PM having
an aspect ratio of over 200. This demonstration paves the way toward using PM-based MS in a
microfluidic setting.

1.3 Structure of the thesis

Chapter 2 presents the background physics to optical manipulation. Here the history of optical
manipulation is discussed further, with a particular focus on the major ways in which the field has
developed over the last fifty years. This chapter also addresses the physics of optical manipulation,
looking exclusively at the case of single-beam, optical gradient trapping, or optical tweezers. The
forces imparted on a trapped object by optical tweezers will be explored, as will the important
properties of the trapped particles themselves i.e. polarizability, size, shape.

Chapter 3 is concerned with fabrication procedures used, developed, and in some cases created,
during the course of my PhD. The chapter is broken down into distinct processing steps, such as
polymer deposition, electron-beam lithography, and processing. Each of these stages is commented
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on in turn, and taken together they represent a complete procedure for the fabrication of the devices
presented in this thesis.

Chapter 4 discusses holographical optical tweezers, both briefly in terms of their historical
perspective, and more deeply from an operational perspective. Included here is a discussion on
the underlying physics of a holographical optical tweezers (HOT) system, the practical concerns
regarding their calibration, and their operational limits. The section concludes with an in-depth
discussion on the software that was designed and built during this thesis to control the HOT system,
and to process the results obtained. Specifically, this processing of data led to the extraction of several
key metrics of the HOT system, notably the trap stiffness, which allow this system to be compared
to the current state-of-the-art.

Chapter 5 demonstrates the optical manipulation of PMs using HOT. Here a PM is manipulated
using optical tweezers by trapping handle structures at each of its four corners. The optical traps are
controlled such that the user can directly control the translation, yaw, pitch, and roll of the photonic
membranes, either on-the-fly, or as part of an automated sequence movements. The performance of
the system is reported, showing the trap stiffness with which the membranes are trapped.

Chapter 6 concerns the application of PM to surface-enhanced Raman spectroscopy (SERS). The
ultimate aim is to apply a PM to a curved biological object, such as a cell, and take a SERS reading
from it. As an intermediate step towards this goal, a PM is applied to a biological "phantom" sample
that has been doped with rhodamine 6G (Rd6G). The flexibility of the PM allows it to conform to the
"hills and valleys" surface of the sample and detect the Rd6G from the bottom of valley features.

Chapter 7 summarises two further avenues of interest that were explored through this thesis.
These applications seed novel research directions and demonstrate the versatility of the platform.
They include the development of microscopic mechanical tweezers that can be actuated using optical
tweezers, and PM-based optical filters, both to be employed in a microfluidic environment.

Finally, chapter 8 is the conclusion. Here I summarise the main points of this thesis, discussing
how this work has built upon previous studies and added to the current state-of-the-art in the field.
The potential for development of the work presented here is also discussed.



CHAPTER 2

Optical manipulation: background and
theory

This chapter is summarises the underlying physics and historical background of optical manipulation.
Early observations which inspired the field are summarised, and a range of the original optical
manipulation schemes are discussed. One of these schemes in particular, optical tweezers, is then
addressed in more detail. The basic forces which are at work in optical tweezers are outlined, as are
the methods used to determine a system’s performance.

Some more advanced topics are introduced, such as beam-shaping and structure-mediated design.
These two advances are complementary, and represent two aspects of an holistic approach to optical
manipulation where both the properties of the light and particle are given equal importance. This
trend in optical manipulation is central to this thesis, and is explored further in the final section of
the chapter where the optical manipulation of photonic membranes is considered.

2.1 An historical perspective of optical manipulation

2.1.1 Back-of-the-envelope calculations

The fact that light carries linear and angular momentum had been widely accepted centuries before
the invention of modern-day optical manipulation, although it was not until the turn of the 19th
Century, when Nichols [1] and Lebedev [2] demonstrated the transferal of this momentum to
microscopic objects and gases, that the effect was measured. It appears that interest in this field
began and ended with these demonstrations as the forces involved had, to quote Poynting, "...a
minuteness which appears to put them beyond consideration in terrestrial affairs..." [3]. Indeed,
it was not until the invention of the laser in 1960 [24] that we had access to the high light fluxes
required to make optical manipulation a viable area of study.

Around this time, Arthur Ashkin, working at Bell Laboratories, became interested in the idea of
light momentum following a simple "back of the envelope calculation” [3]. He considered the case of
a 1 W laser, focussed down to a spot size of 1 pm, transferring its momentum to a perfectly reflective
particle, also 1 pm in size. The force acting on the particle is given by

F= ¥ (2.1)

where P is the power of the beam and c is the speed of light in vacuum, and is typically on the
order of 10nN in magnitude. Assuming a particle density of 1gcm™3, this translates into a particle

acceleration of =~ 1 x 10° cms 2.
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Figure 2.1: Common alternative schemes for optical manipulation. (a) Counter-propagating traps,
whereby two weakly-focussed beams trap a particle in place by balancing each others scattering
forces. (b) Optical levitation trap, where a single weakly-focussed beam has its scattering force
balanced out by the gravitational force acting on the particle.

Ashkin tested his conclusion by focussing a laser on microscopic latex spheres suspended in
water, and as predicted, he found that the spheres were accelerated through the water by the laser
beam [25]. The force responsible for this acceleration, the scattering force, always acted along the
propagation direction of the beam, and scaled directly with the beam power. What was not predicted
was the presence of another optical force at work in the system. Not only were the particles pushed
by the laser, but particles near to the beam focus would be drawn into it. The force responsible for
this secondary behaviour was termed the "gradient force" as it acted in the direction of maximum
optical intensity.

2.1.2 Early traps

From these observations Ashkin went on to create the first stable trapping system, based on two
counter-propagating beams. In this setup, a beam-splitter was used to divide the input beam into
two loosely-focussed beams which were made to counter-propagate. The scattering forces of the
beams act to cancel each other out, while their gradient forces reinforce each other, leading to a
stable trapping position [26]. It was noted that the gradient force is indeed a requirement of having
a stable trapping position, and that it is not enough to simply counteract the scattering forces of
the two beams (as would be the case for two counter-propagating plane waves, for example). This
is analogous to the Earnshaw theorem in electrostatics, namely that it is impossible to form an
equilibrium positon for a charged particle using only electrostatic fields. Indeed, when applied to
optical manipulation, this theorem is often described as the optical Earnshaw theorem [27]. Ashkin
also investigated a similar trapping scheme whereby a particle is trapped from below by a single
laser. The scattering force from this beam is then balanced by gravity to form a so-called "optical
levitation" trap [28]. Figure 2.1 shows the balancing of forces in both of these types of traps.



2.2. The basic forces in optical tweezers

2.1.3 Optical tweezers

In 1986 Ashkin succeeded in creating a stable optical trap from a single laser beam without relying
on an external force such as gravity to cancel out the scattering force from the beam [4]. These
single-beam optical gradient traps, or "optical tweezers", rely on focussing a Gaussian beam using a
high numerical aperture (NA) lens. If the NA is high enough, then the component of the gradient
force acting backwards along the beam axis will itself be enough to overcome the scattering force,
hence creating an equilibrium position for the trapped particle. This is shown in figure 2.2.

Aside from the obvious advantage that optical tweezers can trap particles regardless of angle of
incidence of the trapping beam while optical levitation traps must necessarily originate from below
the trapped particle, optical tweezers also perform better in terms of stability. In a levitation trap the
gravitational force acting to counteract the scattering force is on the order of ~ mg, where m is the
mass of the particle and g is the acceleration due to gravity. In contrast, the counteracting gradient
force in an optical tweezers trap can be thousands of times mg and is limited only by the optical
power in the beam. This is particularly important when trapping microscopic particles in liquid,
where the influence of gravity is negligible compared to that of Brownian motion [29].

2.2 The basic forces in optical tweezers

The optical force, F, on a particle of radius, 7, and volume, V, exposed to an optical field is given by
[30]
(F) =12 / P (TM)dvV, (2.2)
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where (TM) is the Minkowski form of the Maxwell stress tensor, and 7 is the unit vector in the radial
direction. The Minkowski form of the Maxwell stress tensor is defined as

(TM) = %%(ereoE ®E* + prpoH @ H*) — %(ereoE “E* + pypoH - H)I, (2.3)
where ® is the outer product, I is the unit tensor, E is the electric field, H is the magnetic field, € is
the permittivity of free space, i is the permeability of free space, and €, and y, are the material’s
relative permittivity and relative permeability respectively. The Minkowski form of the Maxwell
stress tensor is chosen as it takes into account the momentum carried by the particle. This is in
contrast to the Abraham form, in which the momentum is viewed to be contained solely within
the electromagnetic field [31]. This makes the Minkowski form more appropriate when calculating
light-matter interactions.

The study of optical trapping is usually divided into various regimes, depending on the radius, 7,
of trapped particle relative to the wavelength, A, of the trapping beam. Here it is useful to define
the wavenumber, k = % where 1y, is the refractive index of the surrounding medium. Trapping
of particles that are large with respect to the wavelength (kr >> 1) can be fully described using a
ray-optical approximation whereby the particle refracts the incident beam. When particles are small
compared to the wavelength (kr < 1) they are viewed as dipole oscillators (the dipole approximation).
The optical trapping reported in this thesis took place in the intermediate regime (i.e. kr ~ 1), and
yet understanding gleaned from both the ray optics and dipole approximations is still valid. For
this reason both of these extreme cases are used in forming an intuitive understanding to the optical
trapping problem.

By employing the Maxwell-Faraday equation, V x E = iwpoH, and knowing that the optical
force given by the dipole approximation is:

(F) = o (Zapgi(r)vgj (r)> , (2.4)
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we can write that the force felt by the particle in an optical trap is given by [32]

1

(F) = 1R(ay) |+ Do)

2c

€0
4wi

R(E x H*) +0(ap)cV x (—E x E), (2.5)
where U(txp), the total particle cross-section, is defined as the sum of the scattering and absorption
cross sections, i.e.

U(D‘P) = USC(D‘P) + Uubs("‘p)’ (2‘6)

where all cross-sections are a function of the particle’s polarisability, a,. The polarisability of a
material can be viewed as a measure of how readily it will become polarised when exposed to
external field, i.e.

p = ayE, (2.7)

where p is the induced dipole in the material, and E is the externally applied electric field.

The first term in equation (2.5) represents the optical gradient force [33], [34], while the second
and third terms are non-conservative forces collectively representing the optical scattering force. The
second term is the radiation pressure force, which acts on the particle to push it along the direction
defined by the Poynting vector, S = HLOE x B* [35], [36]. The third term, the spin curl force, arises
from nonuniform distributions in a beam’s helicity, and was only identified recently [32]. Before
it was discovered, it was thought that the radiation pressure force was exclusively responsible for
the optical scattering force. In most cases the spin curl force can be ignored, but it does have an
appreciable effect in beams which are tightly focussed.

The key aspect to note from equation (2.5) is that all three factors depend upon the polarisability
of the particle in question. The polarisability, &, of a material is a measure of how readily it will
become polarised when exposed to an applied electric field, E. The gradient force, Fg,4, scales
linearly with the real part of the particle’s polarisability thus

Forad = }L%(a,,)v (JEP). 2.8)

The polarisability for small dielectric particles is given by [37]:

&

My = ————, 2.9
P 1 — k3 /671e0 @9)
where the definition of « is given by the Clausius-Mossotti relation:
m? —1
= 47T7’l$,1,1€07’3 <m2 T 2) . (2.10)

Here we can see that the polarisability of a particle is a function both of its size, and the ratio of
the real part of its refractive index to the real part of the refractive index of the surrounding medium,
ie.m= % Here we have noted that refractive index, 1y, is generally complex:

n;; =np1+ Ny, (2.11)
having a real part, 1,1, and an imaginary part, 1. The imaginary part of the refractive index
relates to the absorption cross section, and will influence how much the particle will heat up. This
is not a significant effect in dielectric materials, and so for the remainder of this thesis we simply
equate total refractive index with its real-part, i.e. n, =1n,1.

From equation (2.10), it would seem that simply increasing either the refractive index contrast
of the particle or its radius would result in the particle being trapped more strongly. Of course in
reality it is not this simple, as the scattering force is also dependant on the particle’s polarisability.
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Figure 2.2: Ray-optics explanation of the forces in an optical tweezers trap. Particles with refractive
indices greater than the surrounding medium act as positive lenses, bending the light that is incident
upon. The light-rays are brought to focus at a point different from the default focal point, f, where
they would have been focussed had the particle not been there (the default trajectory of the beams is
shown by the dashed lines). The resultant change in momentum of the light is balanced by change
in the momentum of the particle, giving rise to the gradient force. The top figure shows the case
for a loosely focussed beam, while the bottom figure shows that for a tightly focussed beam. In the
latter case the condition for a stable tweezers trap is met, namely the component of the gradient
force acting backwards against the beam direction is larger than the forward scattering force.

As shown in equation (2.6), the cross section of the particle can be divided into the scattering
cross section, o, and the absorption cross section 0. The scattering cross section is proportional to
the absolute square of the polarisability:

4

k
sc(ap) = mp‘p‘z (2.12)
0

while the absorption cross section is proportional to the imaginary component of the polarisability:
k
Uahs(‘)‘p) = %S(zxp). (2.13)

The scattering cross section determines how much the particle will scatter incident light, with larger
values being increasingly detrimental to the trapping ability of optical tweezers. The absorption cross
section determines how much light the particle will absorb. Absorption can be a problem because
the particle will locally heat the system, leading to instabilities linked to an increased Brownian
motion in the sample. In this thesis typically only dielectrics (which have very low absorption cross
sections) were trapped, meaning that heating of the sample was not usually a problem.

To understand how the optical force on a particle depends on the particle’s refractive index
we continue with the approximation that 1, = n,,1. We note that the refractive index determines
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the phase velocity of light passing through the material, and therefore determines the extent of
refraction that incoming rays will undergo as they enter the particle. From figure 2.2 it is clear that a
greater degree of refraction leads to a greater optical force on the particle. This can be demonstrated
explicitly by considering the momentum of a photon as it passes from the surrounding medium into
the particle. In the surrounding medium, each photon will carry a momentum, p,, of

Pm = nmhik, (2.14)

while in the particle its momentum will change to

pp = nphk, (2.15)
where 71 is Planck’s constant. Therefore each photon will impart a force onto the particle of:
_ép ¢ 0
F= i E(sznp — hkny,) = Ehk(An), (2.16)

from which it is clear that an increase of the refractive index contrast between the particle and the
surrounding medium, An, results in an increase in the optical force acting on the particle. This
also explains why particles with refractive indices smaller than their surrounding medium (i.e. air
bubbles in glycerine) are pushed away from the trapping beam; the sign of the optical force is
negative for negative refractive index contrasts [38].

The dependence on refractive index contrast can also be demonstrated in the dipole regime.
Reformulating equation (2.8) in terms of refractive indices, using the identities (2.9) and (2.10), gives:

2

m-—1 fp + Ny
I3 —— | =AM——F— 217
grad & (m2+2> nn%,+2n%1 217)

and for the scattering force:
2

m? —1 2 ny + Ny
E — ) =(an)* | L—2Z ), 2.18
se & <m2+2> (An) n3 +2nf, 218)

where have assumed that the scattering force scales with reflectivity of the particle, which itself
scales with (An)2.

In this form it becomes clear that the scattering force increases much more rapidly than the
gradient force does. So, even though it is true that increasing the refractive index of the particle leads
to a greater gradient force, and in principle stronger trapping, the fact that the scattering force also
depends on the refractive index places an upper limit on the refractive index of particles that can be
trapped. Work has been done with particles which have been modified through the addition of an
anti-reflection (AR) coating which greatly reduces their reflectivity and, hence, the scattering forces
imparted on them by the light. With AR coatings one is able to trap particles with higher refractive
than would otherwise be possible. This grants access to far higher gradient forces, and allows the
trapping forces applied to the particles to reach into the range of several nN [21].

The other option when it comes to increasing the polarisability is to increase the size of the
particle. If we take equation (2.8) and actually calculate the form of the gradient force for a particle
of radius, r, we get:

2
_ 32 (m—1 2
While from equation (2.12) we can see that the scattering cross section of a particle depends on its
radius via: )
1287° (m? —1
_ 6
Osc =71 34 <m2+2> ’ (2.20)



2.3. Measuring the performance of an optical tweezers system

|<trap

Figure 2.3: Equipartition model for particle trapped in an optical tweezers. The system is analogous
to that of a mass on the end of a spring, attached to a immovable object. In both cases small
deviations of the particle or mass are met by a linear Hookean restoring force. The natural frequency
of the harmonic motion of the mass is determined by the spring constant of the spring. For the
trapped particle it is determined by the trap stiffness of the optical trap.

From these relations it is clear that the scattering cross section increases much faster than the gradient
force, putting an upper limit on the size of particle that can be trapped. The optimal trap stiffness
will obtained when the particle being trapped is equal in size to the beam waist. As particles get
larger, e.g. the size of a PM, the trapping beam no longer experiences a refractive index interface that
has a curvature large enough to refract the light as shown in figure 2.2. As a result, the particle will
not experience any significant gradient force, the scattering force will dominate the system, and the
particle will simply be pushed through the sample by the laser.

2.3 Measuring the performance of an optical tweezers system

One would ideally wish for a trapped particle to remain perfectly still inside the optical trap, moving
only as the trap does. In reality of course, this is not the case. The trapped particle is typically
surrounded by a fluid of some description (normally water), and the molecules in this fluid move
the trapped particle via Brownian motion. As a result, trapped particles will oscillate around the
focal spot of the beam with a characteristic frequency. This is analogous to the case of a mass on a
spring whereby the spring is "fixed" to the beam focus (see figure 2.3). For small displacements from
the optical trap, x, the restoring force felt by the particle, F, obeys Hooke’s law:

F = —Kipapx (2.21)

where ki, is the trap stiffness (in direct analogy to the spring constant of a mechanical spring).

By improving the quality of the optical traps, one increases the trap stiffness. This reduces the
mean absolute displacement of the bead from the trap and increases the frequency of the oscillatory
motion. There are several methods for measuring the trap stiffness of an optical tweezers system.
Three of the most common of them are described below.

11
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2.3.1 Equipartition theorem method

By considering the thermal fluctuations experienced by a trapped particle, one can infer the trap
stiffness from the equipartition theorem [39]:

1 1 >
Eka = Ektrap <x >/ (2.22)

where kirqp is the trap stiffness of the trap, kp is Boltzmann’s constant, <x2> is the variance of the
particle’s position, and T is the temperature of the system. By rearranging equation (2.22)), one gets

an expression for the trap stiffness:
kgT

trap — @ (2-23)

The equipartition theorem method is straightforward to implement, and is advantageous in that
it can be employed without knowledge of the size or shape of the trapped particle, or the viscosity of
the surrounding medium. One particular limitation of the technique is that it relies on the variance
of the particle position, which is an intrinsically biased indicator. Any noise or drift in position
measurements become positive when squared, which results in an overestimation of the variance,
and a subsequent underestimation of the trap stiffness.

2.3.2 Power spectrum method

The one-sided power spectrum for a trapped sphere describes the characteristics of the particle by
expressing the power in the system in terms of the frequencies present in the particle’s motion. At
the certain frequency, known as the "corner frequency”, the power spectrum drops off linearly, and
as a result it can be fitted well to a Lorentzian [40], [41] defined by:
k,T
S(f) = = mmy (2.24)
B (f5f)

where f is the hydrodynamic drag coefficient for the particle, and f is the roll-off frequency.

For a spherical particle of radius, 4, in a medium with a viscosity, 7, the drag coefficient is given
by the Stokes relation:

B = 6mya. (2.25)
The trap stiffness can be calculated from the roll-off frequency and drag coefficient via:
ktrap = 271B 0. (2.26)

In order to calculate the trap stiffness one must ensure that the detector has sufficient bandwidth
to fully capture the power spectrum of the particle well pass the roll-off frequency. If sufficient
bandwidth is not used, low-pass filtering of the spectrum can occur which leads to an underestimated
value for the roll-off frequency. Power spectra measured in this thesis were captured by taking
high-speed video recordings (~ 1000 Hz) of the trapped particles.

2.3.3 Drag force method

Finally, there is the drag force method, which is perhaps the most direct method with which to
measure the trap stiffness. Here a particle is trapped and the sample stage is moved at a known
speed, imparting a drag force on the particle. As long as the drag coefficient for the particle is known
one is able to extract the trap stiffness by equating the drag force and restoring force of the trap.
Arranged in terms of trap stiffness, ktqp, this gives:

1 pv?BA

ktmp = ET; (2.27)
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where p is the density of the medium, and A is the projected surface area of the particle along the
direction of travel.

2.4 Beam shaping for optical manipulation

The basic form of optical tweezers can be improved upon via some form of beam shaping. This
allows optical traps to be moved around inside the sample, or for several traps to be generated
from a single beam, or both. Beam shaping also allows one to move away from the optical tweezers
scheme entirely, through the use of exotic beams, for example. This can have many advantages,
although of course these come with unique limitations. Ultimately, the form of optical manipulation
chosen is the one that best addresses the challenges being faced.

This section will explore the role that beam-shaping has had in the field of optical manipulation.
Its impact on optical tweezers is addressed first, followed by a discussion on some of the more exotic
optical manipulation schemes available.

2.4.1 Generating many tweezers traps and making them steerable

Using a simple optical tweezers system, one has a single, stationary, trap in the plane of the sample.
One can trap an object and then move the sample around the trap via the use of a steerable stage,
however this sort of manipulation is rather limited in scope. The first fundamental improvement to
optical tweezers systems was to make them steerable.

This is achieved by Fourier engineering the transverse light distribution of the laser in the back
focal plane (BFP) of the objective lens. The light-field in this plane undergoes a Fourier transform as
it is focussed by the lens into the sample-plane, i.e the BFP of the objective and the sample plane are
Fourier transform pairs. By understanding this relationship between the light in these two planes
one can alter the light-field in the BFP of the objective such that the form of resultant light-field in
the sample plane is desirable to the user. In reality it is very difficult to physically access the BFP of
the objective lens, and so instead a relay telescope is used to form a plane which is conjugate to the
objective lens” BFP. It is in this plane that the transverse structure of the beam is Fourier engineered.

By placing a steerable mirror in this Fourier plane one can alter the k-vectors of the ray-bundles
leaving the plane simply by tilting the mirror. The spot that these ray bundles form as they are
focussed by the objective lens will lie on the image plane, but are offset laterally from the optical
axis. The greater the tilt in the mirror, the greater the change in the k-vector of the ray bundle and,
hence, the greater the offset in the trap’s position. In most cases a pair of steerable mirrors are used,
controlled via a galvanometer, with each mirror being responsible for a single axis of rotation [42].

Similarly, acousto-optic modulator (AOM)s can also be used to influence the light-field in
the Fourier plane. Acousto-optic modulators are typically made from a piece of quartz with a
piezoelectric transducer attached to their side. The piezoelectric transducer causes the quartz to
vibrate, which sets up a standing wave pattern across it. This standing wave pattern alters the density,
and hence the refractive index, of the quartz periodically across its lateral aspect, effectively making
it a diffraction grating. The system is aligned such that the first order diffracted beam reaches the
objective lens and hence the sample. By altering the frequency of the vibration one can determine the
pitch in the resultant grating. This has the effect of changing the angle of the first diffracted order,
which is equivalent to the case of the steering mirror. The major advantage that AOMs have over
steering mirrors is the speed with which they can be updated [43]. By switching quickly between two
or more different grating patterns, an AOM can "share" light between various positions, effectively
generating multiple tweezers traps from a single beam. This "time-sharing" approach to creating
multiple traps is fine for AOMs, where switching times are greater than the time taken for a particle
to diffuse away from a trap, but are not valid for slower modulation methods.
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Finally, the Fourier plane can be influenced "holographically”, typically through the use of a
spatial light modulator (SLM). A thorough discussion of the structure and operation of SLMs is
left for chapter 4, but for the time being it is sufficient to view a SLM as a small, pixellated, device
capable of generating distinct phase delays in each of its pixels. The SLM as a whole is then able to
impart near-arbitrary phase delays across the transverse aspect of incident light-beams. Using a SLM,
one is able to generate a large number of tweezers traps, and address each one individually. The
pattern which is displayed on a SLM can be updated at video frame rates, allowing the distribution
of traps to be altered in real-time.

Despite having slower response times than AOMs, SLMs are widely used because of their
unparalleled versatility which can allow extremely complex optical distributions to be formed. When
highly-precise, feedback-based, optical trapping is required AOMs find more use.

2.4.2 Optical manipulation using "exotic" beams
2.4.2.1 Angular momentum

In addition to linear momentum, light can also carry angular momentum which it can impart to
particles. Angular momentum is split into two distinct types: orbital angular momentum (OAM) and
spin angular momentum (SAM). Spin angular momentum is associated with the polarisation state of
the light. For example, a circularly polarised beam carries a SAM or 7 per photon. In contrast, OAM
is associated with beams that have helical phase fronts, with the Laguerre-Gaussian (LG) mode set
representing a perfect basis for OAM. LG beams have azimuthal phase structures, ¢/?, meaning that
their Poynting vectors have non-zero azimuthal components at all points along the beam radius, r,
where ¢ is the azimuthal angle. Unlike with SAM, LG beams carry [ OAM per photon, where [ is
the mode number. An interesting consequence of the phase ambiguity at the centre of beam is that
the light intensity there is zero. This gives LG beams a characteristic "donut" shape. LG beams are
typically generated via modulating a Gaussian beam using a forked diffraction grating, displayed on
some form of diffractive optical element. The forked grating generates a phase singularity in the the
centre of the beam which cancels out the amplitude in the centre of beam, hence the donut-shaped
intensity profile of the beam.

Both kinds of angular momentum can be imparted to particles through various mechanisms
such as birefringence, absorption, and scattering [44], [45], with induced rotation rates of particles
reaching several hundred Hz in water [46] and 5 MHz in vacuum [47]. This has enabled fundamental
investigations into the nature of angular momentum, [48] as well as applied work in the field of
microfluidics and biophotonics. These include the use of a rotating microparticle as a probe to
measure the local viscosity of a medium via the rotational Stoke’s drag [49], [50]. Such sensors can
perform over a large dynamic range (in excess of 2 orders of magnitude). Additionally, a distribution
of such LG beams can be used to make a series of micropumps that can drive fluid flow in a
microfluidic channel. Particles with refractive indices that are lower than the surrounding medium
can be isolated in the central dark region of a LG beam, which has been proposed as a means of
manipulating and mixing microdroplets [51].

Some investigations in to the polarisation of the light used in trapping has been explored,
particularly in regards to its affect on both radial and axial trap stiffnesses. It has been found [52]
that for radially polarised light, the axial trap stiffness increases with respect to plain polarised light,
and at the same time there is a reduction in the lateral trap stiffness. It is clear then that there is
relationship between the trap stiffness and the polarisation of the trapping beam.
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2.4.2.2 Non-diffracting beams

Beam shaping is also used to form so-called "non-diffracting” beams. These beams are of interest
as they can travel for long distances without changing shape, and can "heal" themselves if they are
disturbed in some way (e.g. passing through a scattering medium) by re-establishing their original
form. The most simple non-diffracting beam is an ideal, infinite plane wave. This meets the condition
for non-diffraction that its wavevector in the direction of propagation must remain unchanged with
time. Because ideal plane waves are not realisable, and are necessarily limited in size, this condition
is only approximately met for real "plane waves".

Indeed, all beams which we might have an interest in studying are finite in extent, and as a
result they must be composed of a sum of many spatial frequencies. The fact that each component
frequency travels with a different speed in dispersive media would seem to suggest that diffraction is
unavoidable. While this is true in a strict sense, it is possible to make beams which diffract very little,
which we call "non-diffracting" beams. This is accomplished by considering the k-vectors of all the
waves which make up the beam. Specifically, a beam is classed as non-diffracting if the components
along the propagation direction of each of the constituent waves’ k-vectors are equal [53]. This is
the case for several families of beam, most notably Bessel beams, Airy beams, and Mathieu beams
[53]-[55].

Because these beams persist over long length scales, they are useful for long range "optical
guiding". Here a particle is confined inside the beam due to a lateral gradient force and pushed, or
guided, along the beam by the scattering force. This effect is particularly striking in Airy beams,
which propagate along curved paths. In these instances so-called "optical snowblowing" [56] has
been used to move particles between adjacent microfluidic chambers by "blowing" them over the
chamber walls [57]. Mathieu beams have been used to make light moulds for microscopic structures
[58]. Extended particle "conveyor belts" have also been demonstrated, formed from Bessel beams
[59], which can transport particles over several mm. Bessel beams have also been useful in the
study of optical binding phenomena [60]. Optical binding provides a pathway to forming 2- and 3-
dimensional, crystalline arrangements of particles known as "optically-bound matter". The behaviour
of these optical lattices has revealed much about the behaviour of natural crystals, with fundamental
phenomena such as laser-induced freezing and melting having been observed [61], [62].

2.5 Manipulation of novel geometries

Since Ashkin’s original work on the trapping of spherical beads, there has been growing interest in
the manipulation of more complicated structures, many of which have been designed to perform
particular functions. This is of particular interest to the field of microrobotics, in which the ability
to fabricate structures at the microscopic scale has lead to an explosion in new applications [63]
Examples include micropumps, either in the form of spherical particles or more complex "motor"
designs, which can drive fluid-flow in microfluidic environments [64]-[70]. These microscopic tools
can also be used to probe the microrheological properties of the surrounding medium [71]-[74].
Microscopic grippers and levers can provide intuitive means of particle manipulation and can also
serve to amplify the the weak optical forces at work.

Microrobotics relies upon control over two key aspects: microfabrication and micromanipulation.
In both of these regards light can play an important role.

2.5.1 Microfabrication

Direct-write techniques can define three-dimenisional structures by using a pulsed laser to write the
features in the host material [75]. Similarly, two-photon polymerisation (2PP) has been used to define
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structures beyond the diffraction limit of light [76]-[78], as has light-suppressed polymerisation
[79]-[81].

These techniques are able to define complicated structures, although reproducibility can be an
issue when the complexity of the design is too great. Additionally, because they are all scanning
techniques, fabrication times can be long. However, recent speed gains of several orders of magnitude
have been achieved by using several beams working in tandem [82]-[84], giving beam speeds of up
to 550 mms ! [85].

The fabrication procedure outlined in this thesis, which is discussed further in chapter 3 is to
use nanolithography. Nanolithographic procedures, like those developed in the silicon photonics
industry, are complementary to the direct-writing techniques outlined above. In general nanophotonic
techniques have better resolution due to the fact that sample writing is done with electrons rather
than photons. These electrons have DeBroglie wavelengths far smaller than optical wavelengths.
There are several factors which mean that limit represented by the DeBroglie limit is not reached in
practice, but the sample writing with an electron beam can still reach resolutions of ~50nm. They
are also capable of higher throughputs. Once a write has been set up it is entirely automated, and
will typically be set to run overnight. During this time (typically 15h) in excess of 150,000 structures
can be defined. One major advantage to the direct-writing approach is that one can make truly 3-D
features, whereas nanolithography is inherently 2-D. Choice of technique is ultimately dependant
upon what aspects of the design are most important to the user. Direct-writing can create novel 3-D
structures, while nanolithography can produce higher precision, 2-D structures.

Due to scaling laws, often a microscopic tool is not simply a scaled-down version of its macro-
scopic self. Microtool design is a very active field at the moment, with some of the best designs either
taking inspiration from biology [86] or taking the basic feature of the tool and simplifying it as much
as possible [87]. Fields such as topological optimisation (used frequently in engineering) are seeing
increased usage in this area, often producing designs which are somewhat counter-intuitive [88].

2.5.2 Micromanipulation: structure-mediated design

Spherical particles are the most common object manipulated by optical tweezers. Spheres represent
the simplest geometry in terms of behaviour in an optical trap, because of their perfect rotational
symmetry. As one moves away from a spherical geometry, anisotropy in the design demands
a more complicated description of the object’s reaction to an optical trap. Figure 2.4 shows the
rule-of-thumb behaviour for three distinct "families" of trapped structures, namely spheres, cylinders,
and membranes. In general, extended structures such as cylinders and membranes will reorientate
themselves within the trap to align their longest axes along the beam axis. This realignment is in
response to their increased polarisability along the long axis (there is more material in that direction),
with the orientations shown in figure 2.4 representing the lowest-energy states for the structures.
Although it is possible in some cases to trap non-spherical microscopic objects, one does not
have access to fully arbitrary translational and orientational positioning in 3-D space (six-degree-
of-freedom (6DOF) control). The most common way to circumvent this issue is through structure-
mediated design. This involves adding features to the microscopic object of interest that act as
"handles" for optical tweezers. These handles are typically spherical in shape (polystyrene or silica
beads being common choices), which makes them amenable to optical tweezers. They can be adhered
to the target that one wants to trap, or, in the case of microfabricated samples, integrated into the
design itself. Figure 2.5 highlights a few examples of this sort of structure-mediated design.
Spherical beads have ben incorporated into the design of many microfludic structures, with
one of the more notable examples being demonstrated by Oeherlein et al., in which they tethered
silicon beads to planar silica structures [90]. The extreme aspect ratios of the silica structure makes
it effectively impossible to trap directly, yet through the addition of the silicon bead "handles"
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Figure 2.4: Default orientations for three trapped objects in the ray-optics regime. (a) The behaviour
of spherical particles is well understood, their rotational symmetry making all orientation degenerate.
(b - ¢) Extended objects will re-orient themselves to align their longest axis along the beam axis. This
is the case for (b) rods and (c) membranes.

Figure 2.5: Optical manipulation through structure-mediated design. (a) Spherical features incorpor-
ated in shape-complementary objects which can be assembled using optical tweezers. Reproduced,
with permission, from [89]. (b) A series of stills, reproduced, with permission, from [90], showing a
silicon membrane being transported through a microfluidic environment using optical tweezers. (c)
Artist’s impression of optically actuated waveguide sensors, reproduced, with permission, from [91].
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manipulation is made possible. This configuration of a structure tethered to a bead is known as an
"optical trailer hitch". Using this scheme it is possible to translate the planar structure and rotate it
about the beam axis, yet access to out-of-plane rotations is limited.

Spherical handles can also be defined in the design of microscopic structures themselves. Optical
probes with handles have been trapped and used for scanning probe microscopy (SPM) [92]-[95].
These probes are brought toward the object of interest and scanned along its surface, with the
surface’s profile being discerned from the movements of the trapped handles. One advantage that
these probes have is their ability to extract the surface profile from the sides of objects rather than
only being able to access the top surface, as is the case with more traditional SPM methods.

Similar structures, made using 2PP, have been demonstrated that act as waveguides which focus
the light at the end of the (tapered) waveguide [96]. These waveguides can be controlled with 6DOF
control, and the waveguides allow low NA light to be coupled into them and converted to high NA
light at the output facet. Because the waveguides can be positioned almost arbitrarily they can be
used to deliver and collect light from target cells over a wide range of angles.

Light-driven microtools that were capable of performing a "syringe action" have recently been
demonstrated which were defined via 2PP and controlled via counter-propagating beams [97]. Four
of these beams are focussed onto the four spherical handles that are bound to the device, while
another beam, use for heating, is directed into a hole in the top of the structures. By heating and
cooling the fluid inside the device, small particles in the sample can either be drawn into, or expelled
from, the device via a syringe-like protuberance at the front of the structure through the expansion
and contraction of the fluid.

Optical assembly of structure-mediated devices has also been demonstrated. Banas et al. showed
that it is possible to trap a number of structures that have complimentary shapes and to assemble
them in a jigsaw fashion [98]. This paradigm circumvents some of the issues surrounding some of
the complex fabrication procedures in nano-fabrication. It also extends the applicability of optical
manipulation into optical assembly - a necessary capability if true microrobotics is to be realised.

2.5.3 Manipulation of photonic membranes

This thesis is concerned with the manipulation and application of photonic membranes - thin, robust
membranes capable to supporting plasmonic features [99]. These PM can be made with a range
of thicknesses and lateral aspects, but for the sake of this thesis we focus on PM that are 90 nm
in thickness and 20 pm in side length. These dimensions give the PM an aspect ratio of over 200,
placing them firmly in the category of planar structures.

When they are used to support nanoplasmonic features, PM can be considered to be flexible
metasurfaces - the 2-D equivalent of a metamaterial [23]. Just as a traditional material is composed of
atoms, a MM is composed of meta-atoms [100], [101]. However, where a material gains it properties
from the specific atoms it is made from (i.e the chemical element), this is not such an important
requirement of MMs. Rather, it is the size, shape, and periodicity of the meta-atoms which ultimately
define the behaviour of the MM. Whatever form of meta-atom is used, they must be distributed in a
sub-wavelength, periodic array. The result is that the light does not "see" the periodicity of the MM,
but rather it discerns a uniform material with "effective" properties [102], [103]. A crucial aspect of
MMs is that they can exhibit properties not found in nature. This has lead to applications in cloaking,
negative refractive index, and epsilon-near-zero materials. The MS simply takes this same behaviour
and confines it to a single 2-D surface.

The advantage of a MS is that it occupies far less space than a MM, and its reduced bulk allows
it to be manoeuvred more easily. It planar structure also lends itself to established fabricational
procedures, particularly those used by the silicon photonics industry. Using such techniques MS
have been demonstrated to act as filters [104], axicons and lenses [22], sensors [105], and can even
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Figure 2.6: Artist’s impression showing what it would be like to trap a membrane via handles
patterned on each of the four corners. The photonic membrane has been patterned with a gold
fishnet, allowing it to be used in microfluidic sensing applications.

create interfaces that override Snell’s law [106]. For the most part MS are rigid, but their utility can
be further extended if they can instead be defined on a flexible substrate, as is the case with PM.

Plasmonic effects are inherently short range, therefore to maximise the functionality of a MS it
must be placed as close as possible to the object of interest. Because most objects are non-planar,
it is extremely difficult to insure good contact using a rigid MS. The flexibility of PM allows it to
circumvent this problem, as it can wrapped around the object, ensuring excellent contact. This gives
greater contact between the two and maximises the utility of the PM, effectively by "dressing" the
object with the photonic response of the PM.

The transferral of a PM’s photonic response has been demonstrated in the case of an optical fibre
[107]. Here a PM filter was wrapped around the end facet of the fibre, and successfully filtered the
fibre’s output. The PM could easily be removed and reapplied, and was robust enough to resist
degradation. This is in stark contrast to the more traditional means of functionalising the end facet of
a fibre, i.e. direct-writing. Direct-writing of an optical fibre is challenging, and any functionalisation
is effectively permanent. Removing the photonic function means cleaving the fibre; an inherently
destructive, wasteful, and non-reversible process. The application of PM to SERS is discussed in
chapter 6, whereby a PM, patterned with a gold fishnet structure, is used to build a 2-D map of the
chemical content of an undulating surface.

Both of the applications outlined above have been performed at the macroscopic scale, where
positioning the PM by hand is sufficiently precise. In order to produce similar applications in a
microfluidic environment, one needs to be able to position PM with far higher degrees of accuracy.
It is with this requirement in mind that we explore optical tweezers as a means of manipulating
photonic membranes.
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2.6 Summary

The theory surrounding optical tweezers is well understood in the cases where simple objects such
as spheres and rods are manipulated. The optical forces acting on a particle are known to depend
upon on both the material properties of the particle and the optical properties of the beam. The
picture becomes more complicated when one attempts to manipulate more exotic structures such
as membranes, or microtools. To date, the most successful method to circumvent these issues is
through the use of structure-mediated design. This involves fixing handle-like structures (usually
spherical particles) to the target object, and trapping them instead. In this way one can achieve 6DOF
control over structures and objects which could not be trapped directly.

The ability to manipulate these structures opens the door to the trapping of microscopic tools,
including PMs. PMs have been used in a number of sensor and filtering applications at the macroscale,
and yet have not been deployed into a microfluidic environment due to their strict manipulation
requirements. The ability to optically manipulate PMs opens them up to new applications, most
notably biophotonic applications such as in vitro SERS or filtering.
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CHAPTER 3

Fabrication

This chapter outlines the fabrication protocol that I developed to realise the photonic membranes.
Considering the full spectrum of photonic membranes made in this thesis, thicknesses range from
90nm to 1 pm, with lateral aspects ranging from 20 pm. Modifications can be made to the design of
these devices to increase flexibility or stability, as desired.

The outline of this chapter starts with an overview of the fabrication procedure used, before going
process by process and exploring the various aspects of the procedure in more depth. Complete
recipes are provided for all the devices discussed here. The fabrication of substrates used for
surface-enhanced Raman spectroscopy will also be covered, both in their rigid and flexible forms.

3.1 Overview

The fabrication protocol outlined in this thesis is a top-down process that utilises the tools and
techniques typical of the silicon nanophotonics industry. Through this procedure a number of layers
are applied to the sample, from which unwanted material is stripped away though various processing
steps. An overview of the fabrication protocol is shown in figure 3.1.

Fabrication begins with a silicon wafer substrate, cleaned using acetone and propan-2-ol (IPA)
(fig. 3.1(a)). A sacrificial layer (fig. 3.1(b)) and a membrane layer (fig. 3.1(c)) are spin-coated on
top, baked, and patterned by ultra-violet (UV) or electron beam lithography (EBL). Non-patterned
areas are removed through chemical development (fig. 3.1(d)). Another layer can be applied and
patterned to define handles for optical manipulation, if desired (fig. 3.1(g)). If plasmonic features are
called upon by the design, then gold can be evaporated onto the device and patterned through a
combination of EBL and reactive ion etching (RIE) (fig. 3.1(e)).

Once the photonic membrane has been defined, it remains only to remove it from the substrate.
This is achieved by submerging the sample into the appropriate lift-off solvent (fig. 3.1(h)). The
photonic membranes can either be mounted onto a frame for applications where they will be
manipulated by hand, or they can remain in solution with a view to using them in a microfluidic
environment.

All the fabrication steps outlined were performed in a class 10,000 cleanroom, with spin-coating
and development steps being carried out in class 1,000 wetdecks. The class of a given environment is
equal to the number of particles under 0.5 pm in diameter, found in a cubic foot of air. A generic
environment, such as an office space, typically "operates” in excess of class 10,000,000. Low particle
counts are a must for this type of precise nanofabrication.
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(a) (b)

Figure 3.1: Overview of the fabrication steps discussed in this chapter. For demonstration purposes
the example of a photonic membrane, hosting plasmonics, used in a microfluidic environment is
shown. (a) A silicon substrate is spin-coated with (b) Omnicoat, and (c) SU-8, thickness 90 nm. (d)
This layer is patterned via EBL, and developed chemically. (e) Gold is evaporated onto the sample,
SU-8 is spin-coated on top, and the sample is patterned, developed, and etched via RIE. (f) A thicker
SU-8 layer is spin-coated onto the sample, before (g) it is patterned via EBL and developed to reveal
handle structures. (h) Finally, the sacrificial layer of Omnicoat is removed and the membranes are
left freely suspended.
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3.2 Substrates

Either glass or silicon were used as substrates, depending on the application. In the framework
of our application, both materials can be considered as perfectly flat. Silicon has the advantage
that its superior electrical conductivity prevents it from charging to the same extent that glass does
during EBL, making the process easier. Its lattice-like structure is also advantageous. Whereas silicon
will give a very straight edge when it is cleaved, glass, with its amorphous crystal structure, will
typically produce a less tidy edge when it is cut. Aside from it being cheaper, the only advantage
that glass has over silicon is that it is transparent in the optical region of the electromagnetic (EM)
spectrum. For this reason, glass was chosen when rigid substrates, used for surface-enhanced Raman
spectroscopy, were being made. Transparency was a critical property in this case as the substrates
were directly incorporated into an optical microscope. For all other applications silicon (supplied by
Soitec) was used as the substrate.

Before a substrate can be used it must first be cleaved to a manageable size, usually a square 2 cm
in length. Silicon can be cleaved very easily. A diamond-tipped scribe or a LatticeAx 220 cleaver
(LatticeGear) are used to make a small indentation in its surface that, as close as possible, runs
along its lattice direction. This introduces a structural weakness into the substrate. By applying firm
pressure to both sides of this indentation the silicon breaks in two, leaving an extremely fine edge.
Glass does not have a regular lattice-like structure and therefore it cannot be "cleaved" in the strictest
sense of the word. Instead, a diamond-tipped glass cutter is used in conjunction with a ruler. A
single score is made in the glass (repeated scoring only makes it less likely that the glass will break
along a straight line), and the glass is placed on an elevated surface with the score overhanging the
edge. A single downward blow with a finger is enough to cause the glass to snap along the score,
and has been found to be the most reliable way to form a relatively clean edge. In the case of glass
substrates, coverslips were used (Agar Scientific, thickness no. 0 - part number L46524-0).

Whether glass or silicon is chosen, the substrate needs to be cleaned before it can be used. Because
fabrication occurs at the nanoscale, the presence of dust has severely affects the uniformity of the
subsequent membrane layers. To clean the substrates, they are immersed first in acetone for 2 min,
and then in IPA for 2 min. In each case they are exposed to an ultrasonic bath. Acetone is a good
organic solvent which dissolves any of the typical contaminants found on the substrate. This action is
aided by the ultrasonic bath which acts to dislodge dust and dirt from the substrate’s surface. Upon
removal from acetone, one must be careful to ensure that the acetone does not simply evaporate
from the surface of the substrate, re-depositing the particulates which were dissolved in the acetone
back onto the substrate. To avoid this the sample is moved quickly from the acetone to the IPA. IPA
dilutes any remaining contaminants, and keeps them in solution longer than acetone does, due to its
higher boiling point. This latter point is important, as it gives one more time to perform the final
step in the cleaning process: drying with a nitrogen gun. This involves removing the sample from
the IPA and placing it on an absorbent cleanroom towel. From here, it is pressed gently into the
towel such that it wont easily blow away, and a nitrogen gun is brought in from above. Nitrogen is
blown onto the sample for about twenty seconds, making sure that any remnants of IPA are removed
from the substrate’s surface without evaporating.

3.3 Membrane deposition and definition

3.3.1 Spin-coating

The sacrificial and membrane layers are deposited onto the substrate via spin-coating. Spin-coating
works by pipetting a few drops of a chosen polymer onto the substrate, and then spinning the
substrate at high speed. The interplay between the centrifugal force and the surface tension of the
polymer defines the thickness of the layer, which can be tuned by altering the spin speed. The

23



3. FABRICATION

24

Membrane parameters

Function Solution Spin Speed  Thickness
Sacrificial layer Omnicoat 1000 rpm 20nm
Microfluidic membranes  SU-8 2000.5:Cyclopentanone 1:2 5000 rpm 90 nm
Handles SU-8 2000.5:5U-8 2050 3:1 3000 rpm 1.5pm
Flexible SERS substrates  SU-8 2000.5:SU-8 2050 1:1 5000 rpm 4pm

Table 3.1: The various membranes defined throughout this thesis, their parameters, and the specific
function they performed.

technique is highly repeatable, and creates optically flat layers. After spinning the sample is baked
to evaporate the solvent that that polymer is dissolved in, making the layer solid. Spins lasted 1 min,
with an acceleration and deceleration of 50 rpm s~ on either side of this.

The first layer to be spin-coated (with the exception of rigid SERS substrates) is the sacrificial layer
of Omnicoat (supplied by MicroChem). A spin speed of 1000 rpm is used, giving a layer thickness of
approximately 20 nm. The Omnicoat is then baked at 230 °C for 1 min. SU-8 (also from MicroChem)
is then spun on top, at a speed dictated by the desired thickness [108]. It is then baked at 100 °C for
5min, although the temperature is ramped up from 65 °C to 100 °C over the first minute to prevent
bubbles from forming in the SU-8.

Two different viscosities of SU-8 were used: SU-8 2000.5 and SU-8 2050. When spun at 3000 rpm
these give layer thicknesses of 0.5 um and 50 um, respectively. By combining these two viscosities in
various ratios, it is possible to create a SU-8 mixture that spins to any thickness between these two
extremes. Additionally, if SU-8 2000.5 is diluted with cyclopentanone it can be spun at thicknesses
below 0.5pm. Table 3.1 shows a list of membrane thicknesses and recipes used in this thesis,
determined through the use of a Dektak surface profilometer (Veeco).

SU-8 is chosen to form the membrane layer because it is optically transparent and mechanically
robust, having a Young’s modulus of 2.9 GPa to 3.5 GPa depending on the specific baking parameters
used [109], [110]. Mechanical robustness is important, as the membranes must be strong enough
to support their own weight once they are made thin and flexible. SU-8 is also a negative-tone
photoresist [111], [112], meaning that area of it which are exposed to UV lithography or EBL become
cross-linked and resistant to chemical development. This makes multi-layered structures, such as
photonic membranes with handles, easier to fabricate as lithography runs no risk of influencing the
previous membrane layers through accidental exposure. Additionally, SU-8 is biocompatible, making
a suitable material on which to make in vivo sensors [113].

3.3.2 Membrane definition

Photonic membranes are defined through either UV lithography or EBL. Regardless of which
technique is used, the energy introduced into the SU-8 is enough to trigger a cross-linking process.
This causes the areas of SU-8 that are exposed to polymerise, with this polymerisation being further
enhanced by a subsequent post-exposure bake.

Typically UV lithography is used when larger membranes, some cm in side-length, are desired.
Under these circumstances the sample is loaded into a UV mask-aligner and exposed for 2 min, after
which it is unloaded, and baked at 200 °C for 2 min. Patterning the membrane through EBL is more
involved, but can produce excellent results, particularly when it comes to defining the photonic
membranes used for optical trapping. Most of the membranes discussed here were made via EBL
and so this technique is outlined in more detail below.
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Electron beam lithography parameters

Area Line

Basic SU-8 dose SERS 10pAscm—2 12pAscm™!
Basic SU-8 dose Membranes 3.5pAscm™2  n/a
Basic SU-8 dose Handles 3.75pAscm™ n/a

Gun voltage 30kV
Aperture size 10 um
Working distance 10mm
Write field size 100 pm x 100 pm
Basic step size 5nm

Area step size 20nm
Settling time auto

Table 3.2: Typical EBL parameters used for the various SU-8 features.

3.3.2.1 Electron beam lithography: General principles

EBL works by scanning a stream of electrons across a sample. For negative-tone resists like SU-8, the
electrons “write" a pattern in the sample by cross-linking the areas they interact with. The extent of
this cross-linking is dependent on dose, D, delivered to the area, defined as

o
A

where [ is the beam current, T is the dwell time, and A is the area being exposed. The doses used
are dependent on the process, and can either be applied to areas of the sample or along lines. Typical
values used in this thesis are listed in table 3.2.

The resolution of this technique depends on the aperture size and gun voltage used, and is on
the order of 20nm [114] for the values shown in table 3.2. Resolution is also affected by the thickness
of the sample one wants to pattern. This is because the electrons undergo small scattering events
(known as forward scattering) which broaden the beam. The increase in the beam diameter, d s
measured in nm, due to forward scattering is given by

B R; 15
df =09 <Vb> (3.2)

D 3.1)

where R; is the thickness of the resist, in nm, and Vj, is the beam voltage. Although forward scattering
is usually seen as a limit to EBL resolution [115], if harnessed correctly it can be advantageous to
certain designs [116].

Figure 3.2(a) shows a typical Monte Carlo simulation of an electron scattering in EBL. The beam
broadens with a characteristic "plume" shape, reducing the resolution [117]. Additionally, the beam
undergoes backscattering from the substrate, leading to a further decrease in resolution known as
the "proximity effect” [118]. The proximity effect causes features to be overdosed as they receive
additional electrons from neighbouring features, see figure 3.2(b—c). The range of these backscattered
electrons depends on the beam voltage, and on the type of substrate used. For a beam voltage of
30kV and a Si substrate, the range is on the order of 10 um [119].

The proximity effect is typically overcome in one of two ways. One can use "pattern biasing", in
which the sample’s design is altered in some way to take into account the higher dose it will receive.
An example of this would be taking the desired output shape of a vertical pillar or column, and
biasing the pattern such that it is slightly concave. The extra dose that comes from neighbouring
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Figure 3.2: (a) Monte Carlo simulation of the scattering of an electron beam as it propagates through
a dielectric medium (reproduced, with permission, from [117]). The beam broadens as it passes
through the resist due to forward scattering, while electrons which penetrate into the substrate
undergo back scattering. (b - c) The proximity effect, whereby backscattered electrons lead to
an overdosing of designs. (b) Microtool design suffering from proximity effect, and (c) the same
microtool but with an adjusted dose to counteract this effect.

pillars then acts to "fill in" the concavity, resulting in the straight pillars as desired. Alternatively one
can adjust the dose each feature receives, rather than altering its design. The underlying philosophy
is the same: the sum of this dose with the dose from neighbouring features results in the desired
outcome.

3.3.2.2 Machine operation

Figure 3.3 shows a block diagram of the main components of the EBL system [120]. At the top of
the machine is an electron gun, which generates the electrons needed to pattern the sample. These
electrons are formed into a beam as they pass through the column, by being conditioned by a series
of electron lenses and apertures. This beam is then focussed onto the sample by the final lens. The
beam is scanned across the surface of the sample by deflecting it with a pair of electromagnetic coils.
As the beam is moved off-axis, aberrations are introduced into the beam which worsen linearly with
deflection angle. To limit the impact of aberrations, the angle deflection is limited by defining a
"write field" for system. This write field is the area which can be patterned by deflecting the electron
beam, and is related to the magnification and working distance of the system. The EBL parameters
used in this thesis are summarised in table 3.2.

When a pattern is generated, the EBL system breaks it down into write fields. Within each write
field the beam is deflected in steps of several nm as defined by the system’s "step size". The beam
is blanked as it is moved through the sample to ensure that unwanted areas are not exposed. The
beam is kept stationary for a brief "settling" time at each position in order to give the system enough
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Figure 3.3: Block diagram showing the major components of an EBL system, recreated from [120].

time to un-blank the beam and write the desired feature. Once one write field is patterned, and the
stage then drives to the next write field. This continues until the entire pattern has been written.
This approach means that beam deflection is limited to an extent that aberrations are not an issue,
however one does have to consider the positional accuracy of the stage. In general EBL will suffer
from "stitching errors" whereby adjacent write fields do not match up with each other, and may
produce overlaps or spaces between them. To minimise this effect, a computer-controlled algorithm
known as "write field alignment" is used.

Write field alignment presents the user with an image of the EBL system’s current location on
the sample. Typically the user writes a few contamination spots in this area such that the image is
mainly black with a few bright, recognisable features. The stage is then driven away, in a lateral
direction, by some amount (usually 100 pm at first) and the beam is deflected back by the same
amount. The user is shown the resultant image from this deflected beam scan. If the write fields
are perfectly aligned then the two pictures will be identical, however this is almost never the case.
In general there will be some shift between the images due to the fact that beam deflection and
stage movement are not properly calibrated to one another. Provided with the second image, the
user manually enters the position of one of the recognisable features that was defined earlier. By
doing this, the EBL system learns how far away it is from acceptable calibration of the stage and
beam. This process is carried out a total of four times (positive and negative displacements in the x-
and y-axes) per run. Typically one run is done at a low magnification, one run is done at a medium
magnification, and as many runs as necessary are carried out at high magnification (usually 3 or 4).

3.3.3 Chemical development

After the cross-linking and post-exposure bake are completed, the areas which have not been cross-
linked are removed by submerging the sample in a beaker of EC solvent (MicroChem) for 30s. The
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active ingredient in EC solvent is ethyl lactate (also present is a small amount of surfactant) which
dissolves non-polymerised SU-8. From the EC solvent, the sample is transferred to IPA where it
is left for 30s. IPA stops the reaction brought about by the ethyl lactate, and helps clean off any
contaminants that may have formed. The sample is again addressed with a nitrogen gun to remove
the IPA and any dirt or dust that may be dissolved in it.

3.4 Plasmonics

In the instances were plasmonic features are desired, an additional fabrication step is required. With
the exception of rigid SERS substrates, where gold is applied directly onto the glass, the plasmonic
layer is defined immediately after the membrane layer. Although it is possible to generate plasmons
in any metal, it is common to define plasmonic features using either silver or gold. This is because
the imaginary parts of the refractive indices of gold and silver are the lowest of all metals. As a
result, they are the metals which produce the lowest losses. Silver has the lowest losses but will
readily react with air to form silver oxide. Gold, with the second-lowest losses, is much more inert
and therefore does not form its oxide so easily. The plasmonic features discussed here are made
from gold because the benefit gained from their resistance to chemical degradation far outweighs
the disadvantages related to their increased losses. Not only does gold bond readily with SU-8 [121],
but, like SU-§, it is also biocompatible [122], making it an ideal candidate for use in a biophotonic
environment.

3.4.1 Electron-beam evaporation

Electron-beam evaporation is primary method used to deposit gold onto photonic membrane samples.
An Edwards AUTO 306 electron-beam evaporator was used for all recipes presented here, with all
gold layers deposited to a thickness of 40 nm.

The main components of the machine are an electron source, and a crucible containing the
material one wishes to deposit i.e. gold. The electrons are focussed using magnets, and directed
to crucible, were they cause the gold to evaporate. A deposition rate of 0.05nms~! is achieved by
using a beam current of 80 pA, with the thickness being monitored by a quartz crystal detector. This
detector is effectively a crystal attached to the end of a cantilever. As gold is deposited its mass is
added to that of the crystal, which results in a shift in its resonant frequency. The thickness of gold
deposited is then inferred from this frequency shift. The electron-beam evaporator is pumped down
to a pressure of 9 x 10~ Pa before evaporation is commenced. The pressure during the evaporation
process is typically 2 x 107> Pa.

3.4.2 Patterning via EBL

In order to pattern the gold layer, one first spin-coats a layer of SU-8 on top of it at a thickness of
90nm (see table 3.1). This layer is baked in the standard way, at 100 °C for 5 min with a temperature
ramp from 65 °C to 100 °C over the first minute.

The plasmonic features fabricated in this thesis were fishnet gratings, with a wire spacing of
400nm and a wire width of 90nm. For flexible SERS sensors, these fishnets were 7 mm by 7 mm in
size, whereas for rigid SERS substrates they were organised into a 3 by 3 array of fishnet "pads", each
one 200 pm by 200 pm in size. They were patterned using the same EBL procedure outlined above,
albeit with different parameters (see table 3.2 for specific details). After EBL the sample is baked at
100 °C for 2 min to finalise the cross-linking process.
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Figure 3.4: Cut-away diagram of RIE. A RF signal ionises the gas present in the chamber, creating a
plasma, and the anode and cathode accelerates this into the sample. The gate valve is adjusted to
maintain the appropriate pressure at the sample.

3.4.3 Development

Development of the sample is carried out in the standard way, by submerging it in EC solvent
for 30s followed by IPA for 30s. The sample now has areas of exposed gold where the SU-8 was
not patterned by EBL, and these areas can be removed via RIE. The cross-linked SU-8 shields the
underlying gold from the etching process. The sample is etched for long enough that the cross-linked
SU-8 will just be removed by the RIE, leaving the patterned gold underneath.

3.4.4 Reactive-ion etching

Figure 3.4 shows the a diagram of the major components of the reactive ion etcher. Once the sample
has been loaded onto the stage, the sample chamber is pumped down to a pressure of 3 x 107%Pa
to eliminate any impurities found inside. Argon is pumped into the top of the chamber at a rate
of 500cm® min~! and the gate valve is adjusted until the pressure settles to 5 x 1072 Pa. At this
point a RF signal (13.56 MHz) is produced between the top of the chamber and the sample stage
which ionises the argon. The argon nuclei are relatively heavy, and hence remain stationary, while
the lighter electrons are free to move around in the chamber. Those electrons which reach the
top-plate or walls of the chamber are conducted to ground, whereas the electrons incident on the
electrically-insulated sample stage cause charge to build up there. This creates a potential difference
inside the sample chamber. This potential difference, or direct current (DC)-bias, is one of the
most critical parameters in RIE because it is responsible for accelerating the Argon ions toward the
sample, and is directly related to their kinetic energy. A DC-bias of —330V was used during all RIE
performed in this thesis. This was achieved by setting the RF power to 19 W.

Argon is chosen as the gas used in RIE for two main reasons. Firstly, argon ions are heavy nuclei
which allows them to etch the sample’s surface. Secondly, on a related note, argon is inert. This
means that any argon-based etching will be purely physical. Other gases can give a secondary
etching affect due to them interacting chemically with the sample, but as gold is already non-reactive,
this is not necessary. RIE of the samples was performed for 11 min 30s.
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Figure 3.5: The effects of three point alignment. (a) Poor three point alignment resulting in a
shift between the membrane and handle layers of a photonic membrane. (b) The result of correct
alignment, demonstrated on another photonic membrane. Note this time that the handles are
positioned symmetrically about the membranes’ centres. Inset shows closer view of a handle,
highlighting that the angular alignment is also of high quality. (c) An alignment mark used during
the procedure, as seen through an optical microscope.

3.5 Handles for optical manipulation

Handles were required on any sample that was to be manipulated via optical tweezers. Defining
these handles meant repeating the procedure for fabricating the membrane layer, but with different
parameters. A 3:1 ratio mixture of SU-8 2000.5 and SU-8 2050 was spun at 3000 rpm in order to
give a layer thickness of 1.5um. As usual, this was baked at 100 °C for 5min with a temperature
ramp from 65 °C to 100 °C over the first minute. Four square handles were written directly over
each membrane, using EBL, such that there was one handle in each corner of the membrane. After
EBL the sample was developed in EC solvent for 30s, before being cleaned using IPA (30s) and a
nitrogen gun. No post-exposure bake was performed with this layer in order to give the handles a
slightly curved profile. It was hoped that this would improve stability of the handles when they were
trapped, as light refracted at sharp corners does so in an eratic manner that would be detrimental to
trap stiffness.

The EBL system uses two different coordinate systems: global coordinates and local coordinates.
Global coordinates have a physical basis and are linked to the sample chamber itself. In contrast,
local coordinates are defined through software by the user and are typically made relative to the
sample. After the sample has been loaded into the EBL system for the writing of its handles, it will
no longer be sitting in the exact position it was in during the writing of the membrane layer. In other
words, it now has a different set of global coordinates. This is not a critical requirement however, as
long as its local coordinate system matches the one that it had before.

To this end, an algorithm known as "three-point alignment" is used. Alignment marks are
incorporated into the design of the membrane layer, usually around the perimeter of the sample, and
as such their positions relative to the membrane features are known. These marks are covered with
tape whilst the handle layer of the sample is being spin-coated so that they are still visible when the
sample is viewed through the EBL machine. The user drives the stage to the position of one of the
markers, and tells the computer where its centre is in terms of the global coordinates of the system.
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Figure 3.6: Diagram showing the importance of cleaving during the lift-off process. Silicon substrate
shown in grey, Omnicoat shown in purple, and SU-8 shown in light blue. (a) By default the sacrificial
layer is not accessible, but (b) after cleaving it is fully exposed to lift-off chemical.

The software then compares this to where it knows the marker must be located in local coordinates.
This process is repeated for a total of three markers, at which point the computer will have generated
a coordinate transform between the global and local coordinate systems. This transform allows the
computer to knows where to write the handle features such that they match up with the membrane
layer. As the name suggests, this algorithm needs three points in order to work, however for the sake
of redundancy five or six alignment markers are typically made.

An additional complication to the fabrication process is that performing three point alignment
using marks that are so thin (under 90 nm) requires a change in the acceleration of the beam. As
mentioned earlier, a higher acceleration voltage gives better resolution, which is why the maximum
voltage of 30kV is used. However, this voltage is so high that electrons simply penetrate the
alignment marks, making them impossible to see.

Initially the approach towards this problem was to perform three point alignment at a lower
voltage, i.e. one that could detect the markers, and then switch back to high voltage to perform the
actual writing. However, the problem with this technique is that the beam condition changes as
one changes the accelerating voltage. Specifically, one will have a shift between the two layers. To
counteract this, a procedure was developed which effectively aims to make the alignment marks
visible at the high accelerating voltages used for EBL. The first stage in the process is to find the
alignment marks using low accelerating voltages (in the range of 5kV), and to burn contamination
spots in the middle of them. The accelerating voltage is then increased in steps of 5-10kV, and
another contamination spot is patterned directly on top of the previous one. After each stepwise
increase in voltage, the stigmation and alignment of the beam are readjusted to ensure that the
contamination spots that are being written are as reliable as possible. Once the spots are visible at
30kV, three point alignment can be carried out as normal. Alignment of the two layers extremely
good, to the extent that no shift between them can be detected when they are analysed under a
scanning electron microscope (resolution = 10nm).

3.6 Lift-off and sample preparation

To remove the finished sample form the substrate it is necessary to dissolve the sacrificial layer,
either in N-Methyl-2-pyrrolidone (NMP) or Microposit MF-319 developer. The edges of the sample
are cleaved to allow the lift-off chemical better access to the sacrificial layer, see figure 3.6. The
choice of chemical comes down to considerations of process time, and eventual application of the
photonic membrane. NMP heated to 70 °C results in membrane detachment over the course of 1h to
3h, whereas MF-319 (at room temperature) can successfully lift-off a membrane in 30 min. When
processed with NMP, the membranes exhibit hydrophobic behaviour which can be useful in the
mounting process outlined below. If MF-319 is used as the lift-off chemical no such behaviour is
observable.
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Figure 3.7: The sample presented in this thesis are typically prepared in one of two ways. (a) Large
membranes for SERS applications can be mounted in acetate frames, while (b) microfluidic photonic
membranes are incorporated into microscope sample cells, ready to be integrated into an optical
tweezers system.

As a general rule, if large membranes were being processed for SERS applications then NMP was
used. In these cases, the sample is submerged in a Petri dish containing NMP. Once it has lifted-off, it
is scooped from the NMP using a piece of silicon and transferred to a beaker of deioinised (DI) water.
Here it becomes suspended on the surface of the water due to its hydrophobic nature, which makes
it much easier to access and manipulate. From here it is mounted onto an acetate or polystyrene
frame where it is stored until it is used in an experiment, see figure 3.7(a).

The lift-off procedure for photonic membranes that are to be optically manipulated utilises
ME-319 as the lift-off chemical. Not only does one benefit from a decreased membrane detachment
time, but the resulting membranes are not hydrophobic; as a consequence their behaviour is not
complicated in a microfluidic environment is not complicated by the presence of hydrophobic forces.
The sample is placed into a vial (with the sample being cleaved into strips to ensure that it fits) along
with 0.5 pl of MF-319. Lift-off proceeds as normal and within 1h one has a photonic membrane
solution. This solution can be incorporated into a microscope slide to be used in an optical trapping
experiment in the same way that more typical microsphere solutions are. This involves taking a
microscope slide and applying an adhesive vinyl spacer to it, see figure 3.7(b). 100 ul of the photonic
membrane solution is dropped inside the spacer and a glass coverslip (L46S24-1, Agar Scientific)
is placed on top, taking care to make sure that no air bubbles have become trapped in the sample.
The sample area is then sealed by applying nail polish to the four corners of the coverslip, and once
this has dried, around the remaining perimeter. Applying the nail polish to the corners first ensures
that the coverslip is adhered to the microscope slide. This prevents the coverslip from moving
around as the nail polish is applied to its edges. Nail polish is used as a sealant because it is cheap,
quick-drying, and transparent.
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3.7 Summary

This chapter has outlined the fabrication procedures responsible for creating rigid and flexible SERS
substrates, as well as photonic membranes that are capable of being manipulated via optical tweezers.
The application towards optical manipulation is particularly novel, in that membranes have not
historically been compatible with this technology. Because of this fabrication protocol, the utility of
optical tweezers is extended to a new class of target geometries.

The main limitation of this fabrication protocol arises from the inherently planar nature of EBL.
EBL is capable of creating high resolution features, on the order of 10nm in size, however this
resolution is only achievable in directions perpendicular to the normal of the sample. Due to the
diffusive nature of the electrons, the range of structures that can be fabricated into the sample itself,
along the beam direction, is limited. While this is not a problem for any of the structures discussed
here, if one were to extend this work into more complicated, 3-D, structures then another fabricational
approach would be required, e.g. two-photon polymerisation (TPP). The major advantage that EBL
has over techniques such as TPP is its throughput and automatability. An EBL write will take
approximately 1h to set up, and once it is running it is entirely automated. When the sample is
unloaded the next morning, the number of photonic membrane features that have been defined is on
the order of 2,500,000.

Contributions

The basic fabrication recipe for photonic membranes was introduced to me by my supervisor, Andrea
Di Falco. Since then I have made continuous modifications and improvements to the fabrication
procedure, making the first membranes that we could use in a microfludic environment, capable of
being manipulated via optical tweezers.
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CHAPTER 4

Holographical optical tweezers: set-up and
characterisation

This chapter outlines the use of HOT for optical manipulation. I will describe the system that I
built during my PhD with a particular focus on the discussion of the SLM, the key component in a
HOT system. Additionally, I will discuss the methods used to extract metrics of performance of the
system. This was achieved by tracking trapped objects and analysing their dynamics through the
equipartition theorem.

All of the apparatus and computer programmes described in this chapter were built from scratch,
by me.

The structure of this chapter is as follows. A brief overview of the HOT system employed in this
thesis is provided, followed by a discussion on the importance of HOT technology as a technique for
beam-steering. The various components and operation of our HOT system is given, with a particular
focus on the SLM. Discussion of the SLM includes its underlying working principle, its operation,
and its application to trap generation and wavefront correction. The methods used to characterise
the performance of the HOT are then explained in detail, with examples.

4.1 Overview

HOT were chosen as the means of optical manipulation in this thesis due to their versatility and
relatively simple design. While many HOT systems are built by incorporating a laser into a confocal
optical microscope, simpler, stripped-down designs are also commonly used [123]. Such a stripped-
down design was used here, which can be seen in figure 4.1, with the key components highlighted.
The operating wavelength of the laser is 830 nm, with a maximum achievable power of 230 mW. To
generate a net force backwards along the beam direction we use a water-immersion objective lens
with a NA of 1.2.

The SLM is controlled via a custom built graphical user interface (GUI) written using LabView.
This GUI allows the user to manipulate the optical tweezers manually, in real-time, or as part of a
pre-defined automated sequence. This programme is also capable of saving images or videos of the
trapped objects. Videos of trapping membranes or particles are passed onto a Matlab programme
where they are analysed. This programme tracks the movements of trapped structures and extracts
their trap stiffnesses.
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Figure 4.1: Schematic diagram of the holographical optical tweezers system used in this thesis [124].
A 830nm laser is expanded, and passed through polarisation-control optics, before overfilling a SLM.
Desired phase structures displayed on the SLM are imaged into the back focal plane of an objective
lens via a 4f relay-telescope. The objective lens (a 60x, water-immersion objective with NA=1.2)
forms an array of optical tweezers while also imaging the sample as part of an optical microscope.
This microscope is illuminated from above via a Kohler illumination arrangement, and uses a tube
lens with a focal length of 150 mm.

4.2 HOT system

In this section I describe the HOT set-up used in this thesis, addressing the three major components
of it in turn. These components are: the imaging system, the laser used for trapping, and the SLM.
In the case of the SLM I will discuss its operating principles and the specific computer programme
used to control it.

The HOTs system was used to manipulate the membranes and other devices in an aqueous
environment. For a basic optical tweezers system, a gaussian laser beam is focussed using a high
numerical aperture lens such that the focus comes to a plane inside the sample cell. Particles can
then become trapped in the focal spot due to gradient force of the laser beam [39]. In addition to
the laser line, there is also an illumination line, typically running in a counter propagating direction
to the laser, and a camera. Some setups are simply converted microscopes, with one of the ports
being used to accept a laser line input. However, in the interest of cost and simplicity, the system
described below was built using minimal components. Despite this, it retains all the functionality of
a microscope-integrated system while its minimalist design grants it increased ease-of-access and
versatility.

4.2.1 Imaging system

The sample of interest is illuminated from above using a white light-emitting diode (LED) (Thorlabs,
model number LEDWE-15). It is then imaged onto a charge coupled device imaging sensor (CCD)
camera via a telescope consisting of an objective lens and a tube lens. The objective lens used was an
infinity-corrected, UPSALO 60X water-immersion objective from Olympus, which had a NA of 1.2.
The tube lens was a biconvex N-BK7 lens with a focal length of 150 mm (Thorlabs).
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Figure 4.2: Schematic diagram of a Kohler illumination system. Two lenses act to provide even
illumination of the sample by ensuring that light rays leaving from the same point in the light source
reach the sample as parallel ray bundles. Two diaphragms control the brightness and contrast of
resulting images. Adapted from [125].

To prevent hotspots being visible in the imaged sample, the LED was integrated into a Kohler
illumination structure [125]. This arrangement of lenses and apertures allows the user to create flat,
distributed illumination even when using a point-like source such as a LED. The key characteristic
of such a Kohler system is that all light-rays which originate from a particular point in the plane of
the light source will arrive at the sample plane as parallel ray-bundles. In this way the image of the
light source is completely defocussed at the sample (figure 4.2).

The procedure for achieving Kohler illumination is to use a "collector" lens to image the light
source onto an adjustable iris. This iris is known as the aperture diaphragm (AD). A second lens, the
"condenser" lens, is then placed one focal length behind the AD, i.e. the AD lies in the front focal
plane (FEP) of the condenser lens. The final component is the field diaphragm (FD), which is placed
in the BFP of the collector lens. The FD is conjugate with the sample, and therefore controls the size
of the illuminated area of the sample, while the AD, conjugate with the LED restricts the angular
spread of the light which arrives at the sample from a single point on the source.

In this thesis biconvex N-BK7 lenses from Thorlabs were used for both the FD and AD. These
lenses had focal lengths of 30 mm and 25.4 mm, respectively. The diaphragms were typically adjusted
such that the FD was almost completely closed, whilst the AD was adjusted until the contrast in the
microscope image was optimal. The Kohler system was mounted above the sample on a z-steerable
stage. This allows the height of the system to be adjusted until the FD was successfully imaged onto
the sample.

4.2.2 Trapping laser

The choice of laser for an optical tweezers system must be compatible with the environment in which
one wants to trap. A continuous wave LuxX 830-230 diode laser operating at 830 nm (supplied by
Omnicron Laserage) was used in this thesis. The laser was able to achieve a peak power of 230 mW,
and operating and operated in the TEM-00 mode with a M? value of 1.05. Using infrared (IR)
wavelengths is advantageous from a biophotonic perspective, as they are not strongly absorbed by
biological substances such as cells. This reduces photo-damage caused to the cells, and allows higher
optical powers to be used [126]. Operating at 830 nm also has the advantage that the absorption of
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water is relatively low (= 0.05cm™!). This is in contrast to another commonly used wavelength of
1064 nm which has an absorption coefficient that is roughly 1,000 times higher.

The same objective lens that is used to image the sample also forms the optical traps from the
laser. The choice of a high NA objective is important not just for good imaging, but is crucial for
forming stable optical tweezers. As the NA of an objective lens is increased, the component of
the optical gradient force acting backwards along the optical axis is made larger. The larger this
component of the gradient force is, the more stable the optical traps become. A water immersion
objective benefits from an increased NA because the refractive index of the water is higher than
that of air. Additionally, spherical aberrations introduced into the wavefront when the light travels
between media with different refractive indices is also lessened because water is used as both the
immersion medium and the sample suspension medium [127].

One of the key components in a HOT system is the SLM. To be used effectively the laser is
expanded such that the SLM becomes over-filled. This ensures that distribution of light across the
surface of the SLM is as even as possible, while maintaining a Gaussian profile. To this end the laser
beam is first expanded, by a factor of 8, using a telescope made from plano-convex lenses to maintain
good beam quality. After the expanding telescope the beam is passed through a linear polariser and
half-A wave-plate which together control the beam’s polarisation. The beam is then incident upon the
SLM which is imaged into the BFP of the objective using a 4-f relay-telescope. Because the SLM and
BFP of the objective are approximately the same size, and because the relay-telescope has a lateral
magnification of 1, the condition that the beam overfill the SLM means that the objective is also
over-filled. This is desirable as it means the full NA of the objective is utilised. Finally, the objective
lens focusses the laser down to a spot in the plane of the sample, where it is used to manipulate the
desired structures or particles.

In order to integrate the laser beam into the optical path of the setup a dichroic mirror is placed
between the objective lens and the eyepiece lens. This allows the laser to enter through the objective
lens and be focussed into the sample, while also allowing some of the laser light to be reflected back
down the microscope where it is imaged by the camera. Visualising the beam in this way aides
in manipulating particles. Once the desired object has been trapped, the image of the beam can
be blocked by adding a short-pass filter immediately before the CCD camera. In this way one can
observe the behaviour of trapped particles without the image being washed-out by the residual
radiation of the trapping beam.

4.2.3 Spatial light modulator for Fourier-space engineering

To generate multiple beams, and have all of them be steerable, a SLM is typically placed in a plane
conjugate to the BFP of the objective lens [128] (although alternate designs are possible [129]). This
was achieved by using a 4f-relay telescope made from two biconvex N-BK7 lenses with focal lengths
of 150 mm (Thorlabs). The incident Gaussian beam experiences a phase delay across its wavefront
that is dictated by the pattern displayed on the SLM. The resultant optical field distribution in this
plane will then be Fourier transformed into the sample-plane by the objective lens. In general a
SLM can display near-arbitrary patterns; the only real limit being the restricted size of the SLM
itself. Therefore, the key to its operation is in knowing which patterns to display in order to obtain a
particular result in the sample-plane.

Here I discuss the operating principles of a SLM, the way one decides on which patterns to
display on them, and the LabView programme I created to allow the user to control the optical
tweezers in the desired way.
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Figure 4.3: The inner workings of a spatial light modulator. Individual pixels can be addressed
with a voltage, changing the refractive index of the liquid crystal in front of the pixel. This allows
arbitrary phase delays to be applied to the incoming laser beam for beam shaping purposes.

4.2.3.1 SLM: operating principles, calibration, and constraints

At its core a SLM acts like a liquid crystal display (LCD) [130], see figure 4.3. At the rear of the device
sits a C-MOS circuit which is used to apply voltages between the pixel electrode and transparent
electrode, with each pixel receiving its own individual voltage. In between the two electrodes is a
liquid crystal layer. The liquid crystal is composed of uniaxial organic molecules which can be made
to align to an externally applied electric field. The final layer, on the front of the SLM is a sheet of
glass. This encloses the device, and is typically anti-reflection coated to improve performance at the
desired wavelength.

When a voltage is applied to a particular pixel the liquid crystals in front of that pixel start to
rotate. As the voltage is increased the liquid crystals rotate more and more until they have fully
aligned their long-axes with the electric field. Because nematic liquid crystals are also birefringent the
refractive index of the liquid crystals in front of a particular pixel is in fact a function of the voltage
applied to that pixel. Light which is incident on a particular SLM pixel will therefore experience
a delay in phase which is proportional to this applied voltage. The SLM used in this work was an
electrically-addressed SLM from Boulder Non-linear Systems. It had a 512 x 512 array of pixels
which covered an area of 7.8 mm by 7.8 mm.

The SLM is attached to the computer and treated as a second monitor. Greyscale images are then
displayed on it, with the greyscale value of each pixel determining what voltage will be applied to
it. The voltages applied to a pixel translate into a change in refractive index of the liquid crystal
immediately in front of that pixel, and so one can relate the greyscale value of a pixel to the optical

delay imparted onto light that is incident onto that pixel. This relationship is illustrated in figure 4.4.

The full range of 256 pixel values will typically correspond to several full 27t phase delays. To
successfully modulate the phase of incident light using the SLM one only needs access to a single 27t
delay, meaning that one operates over a limited range of pixel values. This range of pixel values are
chosen such that the response in the phase delay is linear, as highlighted by the red region in figure
44.

This region was accessed by defining two controls in the LabView programme that controlled
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Figure 4.4: Cartoon illustrating the delay in the optical path in front of a pixel as a functions of that
pixel’s greyscale values. The SLM should be used in the linear region marked out in red.

the HOT. These controls, named "amplitude" and "offset", changed the gradient and y-intercept of
the straight line representing the SLM response. They were altered until the straight line matched
the linear regime shown in 4.4. In practice this is accomplished by displaying a blazed grating on
the SLM and observing the relative intensities of the zeroth and first diffracted orders. The optimal
values of the amplitude and offset are those which maximise the intensity of the first diffracted order.

Even once the performance of the SLM has been maximised there will still be losses associated
with it [131]. An as example case, consider a SLM displaying a single blazed grating. Because only
the first diffracted order is used in HOT, optical power that remains in the zeroth order is effectively
lost by the system. Additionally, the structure of the SLM itself leads to further loses. Although
SLMs are available which use their whole surface [132], most do not. Rather, the surface of the SLM
is not continuous, but is instead made from a collection of pixels, each padded with a deadzone. As
a result, the SLM acts as a 2 — D grating and therefore diffracts light into other orders regardless of
what phase pattern is displayed on it.

Finally, if one tries to define a grating with too fine a pitch one runs into problems with the size
of the SLM display itself. If the pitch is too high then there will not be enough pixels over which to
alter the pixel values. The limit is where blazed gratings actually become binary gratings, where the
pixel value simply alternates from high to low from pixel to pixel. The increase in the number of
diffractive orders due to a blazed grating transitioning into a binary grating represents an additional
source of losses.

It should be noted that these limitations do not degrade the quality of the traps which are formed,
rather they restrict the amount of power which is directed into the usable first order diffracted mode
As long as this limitations are kept in mind, HOT perform extremely well. This is especially true in
terms of the versatility and control they grant the user.

4.2.3.2 Fourier-space engineering for HOT

The great advantage that HOT has over traditional optical tweezers is the ability to generate
complicated phase patterns which can be updated in real-time [45], [133]. Of particular interest to
this thesis is the ability to generate several optical traps from a single beam. Each of these traps
can be moved independently of the others or, alternatively, an array of traps can be organised in a
particular arrangement and then moved as a whole. This is of particular interest when it comes to
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Figure 4.5: Diagram highlighting the function of a lens as a "Fourier lens". Fourier space (the plane
of the SLM) a real space (plane of the sample) are related through a FT-inverse FT pair. The panel on
the right shows affect that certain phase distributions in the SLM-plane have on the optical tweezers
in the sample-plane.

trapping photonic membranes, as traps can be placed on the handles at each of the four corners and
then moved in unison to manipulate the membrane.

The problem faced by the user is to calculate the appropriate phase structure to display on the
SLM that gives the desired optical field at the sample. Since the SLM plane and the sample plane are
a Fourier transform pair, there is a clear mathematical description which links the intensity of light
in one plane to that of the other, see figure 4.5. However, although it is straightforward to calculate
the amplitude of the optical field in the sample plane for a given optical field in the SLM plane, the
opposite is not true.

Given a particular optical field distribution in the sample plane, one cannot simply perform an
inverse Fourier transform to determine the field distribution in the SLM plane. This situation is an
example of an inverse problem: a problem that is easy to solve in one "direction" but is extremely
difficult to solve in the other. The classic example cited here is that, upon seeing a dragon one is able
to predict what its footprints will look like. However, when faced with the footprints of a dragon it
is impossible to infer its size, shape, colour and other properties.

The general solution to determining the appropriate pattern to display on the SLM is to perform
some form of iterative algorithm, such as the Gerchberg-Saxton (GS) algorithm [134], see figure 4.6.
In the GS algorithm one considers the amplitude and phase information of the light in both SLM
and sample planes, in addition to the "source" intensity (in the case of this work, a Gaussian beam
profile) and the "target" intensity (four optical traps). Starting in the sample plane, one considers a
light-field with a flat phase structure and an amplitude equal to the target intensity. This light-field
is then inverse Fourier transformed, resulting in a random phase and intensity distribution in the
SLM plane. The phase information is kept while the intensity is replaced by the source intensity,
with the resulting field being Fourier transformed back into the sample plane. This cyclical pattern
of Fourier transforming and replacing intensity information leads to a gradual convergence in the
phase information. This retrieved phase profile is then displayed on the SLM, giving the desired
distribution of the optical-field in the sample plane.

The advantage to using iterative algorithms such as the GS algorithm is that one is able to generate
arbitrarily complex field distributions in the sample plane. One disadvantage of this approach is
that even to calculate a slightly different optical field the entire algorithm needs to be run again,
which can be extremely time-consuming. Run times can be improved by using other algorithms
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Figure 4.6: Graphical representation of the Gerchberg-Saxton algorithm.

besides the Gerchberg-Saxton [135], [136], but for the purposes of HOT, where relatively simple
intensity distributions need to manipulated quickly, iterative algorithms are not well-suited and
other methods tend to be employed instead.

The algorithm chosen for this thesis is known as "superposition of prisms and lenses". With
superposition of prisms and lenses (SPL), a library of "solved" cases, namely blazed gratings (prisms)
and Fresnel zone plate (FZP) (lenses), is used. These two basic patterns can be added together to
displace the optical traps laterally and axially, respectively. This is ideal for HOT where any desired
light-field in the sample plane is always in the form of some distribution of Gaussian focal spots.
The simplicity of the algorithm makes it extremely fast and versatile.

To define SPL in LabView, a 256 x 256 matrix is generated which represents the display size of
the SLM. The pixels can take values from 0 to 255, representing the grayscale value of the pixel
as it will eventually be displayed on the SLM. To define a blazed grating one first defines a ramp
in pixel value along a certain direction and uses modular devision to define the frequency of the
grating. Similarly for the case of FZP, one takes the sum of the squares in x and y directions to define
a radially varying pixel greyscale value. The pitch of this FZP can then be modified via modular
division as before.

Most of the time four optical traps were used, with one trap being used to trap each of the
four handles on a photonic membrane. By default these four traps are all generated in the same
focal plane. Interfacing with HOT systems has been done in a number of ways [137]-[139], notably
through the use of an Apple iPad [140] and real-time tracking of the user’s hands [141]. The user
controls the generation and manipulation of the optical traps through the use of a GUI written in
LabView, see figure 4.7.

Each of the four traps can be turned on or off by clicking one of four virtual buttons, with each
activated button generating its own blazed gratings and hence creating its own trap. The coordinates
of each trap in x and y come from the x and y components of the vector which defines their blazed
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grating. As the slider controls for the x and y coordinates of the trap are increased the pitch of blaze
grating also increases, which translates the optical traps farther from their (0,0) position. There is
one such pair of slider controls for each of the traps. Similarly, each trap had its own slider control
to govern its translation along the z-axis.

Additionally, another set of controls (two for lateral displacement and one for axial displacement)
are defined within the system which are responsible for manipulating all optical traps simultaneously.
In practice this allows the user to turn activate the desired number of traps, position them individually
(e.g. one trap centred over each handle of a photonic membrane), and then move the entire
distribution of optical traps in unison. The ability to control the optical tweezers on both an
individual and group basis is incredibly useful, and is the first step towards defining higher level
controls parametrically.

Parametric control over structures such as photonic membranes is achieved by defining a default
orientation for the membranes and expressing this as a vector. In-plane rotations are achieved by
taking the membrane vector and multiplying it with a rotation matrix. Control over membrane
"pitch" and "roll" is achieved by altering the axial position of various opposing pairs of traps by
applying a pair of FZP. These FZP would have the same focussing power but act opposite sign i.e.
if one trap was displaced downwards by 1 um then the other trap would be displaced upwards by
1pm.

All of the controls mentioned were available to the user to change manually in real-time. However,
to free up the user and to make manipulation more precise, all controls can also be fully controlled
via computer automation. This is achieved by utilising a state-machine architecture in LabView,
whereby the programme passes through a number of states, with the condition of the current state
determining which state the programme will pass into next. In each of these states there are a
sequence of movement commands which are carried out in turn. These commands are set by the
user and are typically in the form of "translate North 10 pm, rotate anti-clockwise 45°". Having
the membrane follow a pre-defined path in an automated routine allows the user to focus their
attention on other tasks. One can imagine photonic membranes functionalised as optical filters
moving between particles in a sample. As they reach each particle they rest over them for a number
of seconds, during which time the user can acquire a spectrum from the particle. This sort of
computer-controlled manipulation can allow for a great increase in efficiency when it comes to
experiments of this type.

4.2.3.3 Application of SLM to wavefront correction

The ability of the SLM to generate arbitrary phase patterns was also used to correct aberrations in
the optical system. It is assumed that the laser beam incident on the SLM is perfectly Gaussian, but
in reality this is not the case. In general there will be some form of optical aberration present in
the beam that is responsible for altering the phase profile of beam away from the ideal case of the
Gaussian beam. Aberrations can even arise from imperfections in the surface of the SLM itself [142].
These aberrations can be severely detrimental to the quality of the optical traps as they adversely
impact the quality of the beam’s focus [143]. Usually wavefront correction is achieved by detecting
the aberrations in the beam using a Shack-Hartmann sensor [144], [145], with the SLM displaying a
weighted sum of Zernike polynomials which counteracts this aberration [146], [147]. In this thesis,
an in-situ method was used in which the signal from a probe embedded in the sample was used to
correct the wavefront in the plane of the sample without the need for additional sensors [19].

The wavefront correction procedure consists of two distinct stages. The first stage is to determine
the exact optical aberrations in the system, and the second is to calculate and apply an appropriate
phase pattern on the SLM which exactly counteracts these aberrations. The underlying principle
of the procedure relies on expressing the trapping beam as a "composition of modes in an arbitrary
representation” [19]. The optimal focal spot is then obtained when the light in all of these orthogonal

43



4. HOLOGRAPHICAL OPTICAL TWEEZERS: SET-UP AND CHARACTERISATION

44

Image Out

Eopapvicnhorn

T - | i gL
ol - — ] Sm— -
[stasiss 0523 8-t image (824220 e uug = A 300
[ recerd 00 300
| = =
- c = 5 4
x o e Spve film 0 o &
o3 Tak 3 ]
= 4 T [~ T
et top 200- 0 o s 0§ o———
N A A I O
g g a8 M 00 I
= wadth Pezight
" 1 Stop Programme
& &
el g g YPEbS 7 rote
Q - 0
g o || B om &
LY z "—
EEEIE 0: m*;:lﬂ: Flait Fendifig
Recy EoN T T
r omection
LM Eimoform -300- x
O520E-baimage 81 (11506) STEFOIHITOTT,

Figure 4.7: The custom-built LabView programme used to control the optical tweezers. The GUI
included several sliders used to control the optical traps, as well as controls for SLM calibration. It
also allowed the user to manipulate trapped objects in a pre-defined sequence of movements.

modes interfere constructively at beam focus. The display of the SLM is broken up into squares of
pixels (typically 16 x 16 pixels in size), with these squares either displaying a flat phase structure
(said to be in an "off" state) or a blazed grating ("on" state). Due to the interference conservation
relation, the fact that none of the areas on the SLM overlap with each other is adequate to ensure
that the light leaving each of these areas is orthogonal to all others [148]. With the light leaving the
SLM now described as a collection of orthogonal ray-bundles, optimal focusing can be achieved by
insuring these ray bundles interfere constructively at the beam focus.

A square of pixels near the middle of the SLM is switched on, diffracting the light incident upon
it into the first diffraction order of the grating. This square of pixels is left on for the duration of the
wavefront correction procedure, with the diffracted beam acting as the "reference” beam. Other "test"
squares of pixels are then turned on, resulting in an interference pattern between the light leaving
the test square and the light leaving the reference square. This interference pattern has maximal
intensity when the two beams interfere constructively; a condition that can be met by applying a
phase delay to the test square which varies from 0 to 27r. The applied phase which satisfies the
condition for constructive interference is then assigned to the test square.

This process of testing squares is repeated until the entire area of the SLM has been probed and
all squares have had an optimal phase delay assigned to them. When applied to the SLM these
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phase delays correct any alterations to the Gaussian profile of the laser beam, thereby optimising the
beam focus and trap stiffness. This "correction mask" is typically displayed on the SLM in such a
way that it improves the quality of all traps simultaneously. Furthermore, any new traps which are
generated after the application of the correction mask will still benefit from it and will have their
focii optimised.

4.3 Characterisation through video analysis

As outlined in chapter 2, the equipartition model is used to determine the trap stiffness of the
HOT system. A Matlab programme was written to process video files recorded during trapping by
extracting the position of particles (or membrane handles) and tracking them frame-by-frame. Over
the course of a single video (typically 10,000 frames) statistics are built-up around the position of
each of the trapped particles from which the trap stiffness is inferred.

4.3.1 Identification of membrane handles

To illustrate this tracking algorithm the case of a membrane, trapped via handles at each of its four
corners, is considered. The primary task is to identify the four handles, which is done in one of two
ways. The first method is to use a centre of mass (COM) algorithm. Here a region of interest (ROI) is
first defined around the area the handle is approximately located, with a padding factor to ensure
that the handle does not leave this ROI during the procedure. Each pixel in this ROI has an x and
y coordinate as well as a greyscale value, or "mass". In general, the pixel (x;, y;) has a mass of m; ;.
Considering the x-direction, the centre of mass theorem states that if one takes the mass of each pixel
multiplied by its pixel index and sums this quantity over all pixels, the result is the same as would
be expected from assuming all the sum of all pixel masses, M, is concentrated at a single point. This
single point, X¢os, is the COM in the x-direction, i.e.

P
XeomM =Y _ xjm;. 4.1
i=1

Rearranging this equation, one arrives at the definition of the COM in the x-direciton

1 2
Xcom = M 1221 Xim;, (4-2)

with an equivalent expression in the y-direction:

1 q
Yeom = E  Yimi, (4.3)
M5

where the COM is calculated over a ROI that has dimensions (p, g).

Handles typically have bright centres and dark edges, and are set against a background that has
an intermediate intensity. The Matlab function im2bw is used to convert the default image into a
binary image, whereby all pixels with intensities less than a chosen value are given a value of 0,
while pixels with values higher than this are set to 1. This "chosen value" is known as the threshold
value, and is set such that the bright central features of the handles will appear as bright spots on a
black background. In reality there will be areas which "pass" this first thresholding condition which
are not part of the handles; typically they are small areas of a few pixels. These unwanted regions
cannot be removed through intensity thresholding alone as their intensities are so close to those of
the handles. Furthermore, finer-scale intensity thresholding is not possible as a margin of error must
be incorporated into the procedure to deal with variations in pixel intensity between video frames.
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Figure 4.8: Screenshot of the custom-built Matlab programme used to track particles and membranes,
based on a centre of mass tracking algorithm. The panels show the various stages of intensity and
size thresholding necessary to extract the position of membrane handles.

To further distinguish handles from stray regions size thresholding is used. All areas which pass
the initial intensity thresholding stage will have a particular size. As mentioned previously, the size
of stray areas is far less than that for the handles and so by removing areas which are deemed to be
too small one can successfully extract the positions of the four handles. Figure 4.8 shows the various
stages of the thresholding procedure used to identify membrane handles.

The second approach to handle tracking was used when the centre of the membrane handles
did not appear as a single bright region, but rather as a array of bright squares (as can occur when
the focussing conditions of the handle are not optimal), the COM algorithm would fail because
these bright squares were not large enough to pass the second thresholding condition. When this
happened a second approach was used; one which detected edges in the image. The Matlab function
edge was applied to each frame, and returned an image consisting of a series of lines representing the
edges in the original image. These lines could either be open or closed. As only closed edges could
define the boundary of the handles, all pixels belonging to open edges were discarded. Closed edges
were then infilled to form solid areas such that the COM algorithm could then be applied to them.

Determining the position of handles using this approach was not as robust as the COM method,
and so generally care was taken to ensure the focal conditions of all handles were such that they
appeared as single bright spots. That being said, the reliability of the edge detection method could
be increased by using multiple edges per handles, i.e. and inner and outer closed edge could be
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found for most handles. Both of these could be in-filled, and there COM calculated. The eventual
COM value used was then the average of the edges used.

4.3.2 Analysis of membrane dynamics

Once the handles of a PM have been identified, the membrane can then be tracked, and its behaviour
calibrated [149], [150]. Tracking of trapped objects allows for characteristic quantities such as trap
stiffness to be extracted from the system [151]-[153]. Additionally, it can allow force and positional
feedback [154] to be added to the system which greatly improves their performance and applicability
[155]-[157].

To ascertain how stably the membranes are trapped, the COM of each of their handles is recorded
through all the frames in the video and histograms are generated of their position against time (see
figure 4.9). The x-axis in the histograms represents the pixel number where the COM is located,
and the y-axis gives the count of how many frames the COM appears at that position. Because any
variations in handle position are caused by Brownian motion, a random process, the histogram data
is fitted to a Gaussian distribution. The standard deviation of the Gaussian fit is related to the trap
stiffness via

k, T
k= % (4.4)
where k is the trap stiffness (typically quoted in units of pN/um), k;, is Boltzman’s constant, T is the
temperature in the medium, and ¢ is the standard deviation of the fit.

Occasionally during analysis, the histograms would not fit well to a Gaussian distribution. This
was usually caused by sub-optimal thresholding during the tracking procedure which led to the
extracted COM "hopping" between two values. This can be seen in some of the histograms in figure
4.9 as two distinct peaks. This has the effect of broadening the Gaussian distribution, which is
no longer representative of the true behaviour of the system. To negate the affect of these stray
occurrences, all histograms were subject to a goodness-of-fit test. Put simply, the data was analysed
to see how Gaussian it really was, with a value of 1 representing a distribution which was perfectly
Gaussian while a value of 0 represented completely random data. This test was not able to discern
whether or not a particle was trapped (both trapped and non-trapped particles would generate
Gaussian-like histograms), rather it could only discern whether or not the tracking algorithm was
behaving "correctly”. Any data which returned a value of less than 0.85 was discarded.

4.4 Summary

A HOT system was built from scratch, and controlled via a custom-built LabView programme.
It allows membranes to be trapped and manipulated either manually or as part of a pre-defined
sequence of movements. It addition to translating membranes, the system also grants control over
the membrane’s pitch, roll, and yaw.

Matlab was used to analyse the dynamics of trapped membranes using the equipartition model.
This first involved designing a reliable method to extract the positions of the membrane’s handles,
which was demonstrated using both COM and edge-detection procedures. The extracted handle
positions were plotted in histograms, with trap stiffnesses being extracted from the Gaussian
distributions fitted to this data. Improvements could be made by pursuing a more robust form of
membrane-tracking algorithm such as auto-correlation-based methods. These would be invariant to
changes in the lighting conditions of the membrane due to sub-optimal focal conditions.
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Figure 4.9: Screenshot of the custom-built Matlab programme used extract their trap stiffness
of membranes and particles. The COM of the handles are tracked over all video frames, with
histograms plotted of their position over time. This histograms were fitted to Gaussian distributions
from which the trap stiffness of the optical tweezers was determined. Histograms which did not
pass a goodness-of-fit test comparing them to an ideal Gaussian distribution were discarded.
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CHAPTER 5

All-optical manipulation of photonic
membranes

This chapter demonstrates the optical manipulation of PMs through the use of HOT. The PMs
discussed here are fabricated as outlined in chapter 3, and measure 90 nm in thickness and 15 pm to
20 pm in side length.

We begin with a discussion on why there is a need for this kind of optical-manipulation protocol,
before moving on to report the capabilities of the system itself. Firstly, it is demonstrated that PMs
are manoeuvrable with 6DOF control. Secondly, the performance of the system is determined by
extracting values for the trap stiffness of a trapped PM. Finally, modifications in PM design are
discussed. These come in the form of "fishnet" membranes which are more flexible than the standard
PM.

The chapter concludes with a discussion of the impact of this work on the field of optical
manipulation, particularly as it relates to the fields of microfludics, microrobotics, and biophotonics.

5.1 Introduction

The growing trend in optical manipulation is to take an holistic approach to optical trapping systems.
With this approach the light and the particle are viewed as two sides of the one coin, both of which
must be addressed if optical trapping is to be optimised. This shift in perspective has seen a great
deal of emphasis placed on the design of the trapping object, as historically the properties of the
particle have been overlooked in favour of those of the light. As a consequence, there has been an
explosion of newly developed microscopic tools and particles which seek to extend the impact of
optical manipulation in microfluidic environments. This work furthers this trend by considering the
optical manipulation of PM.

5.1.1 Motivation

The driving force for this work is to exploit the versatile optical properties of PM in a microfludic
environment. PM can have near-arbitrary optical functions, allowing them to act as any number of
optical elements and devices. Their use at the macroscopic scale has been well documented, where
their flexibility and robustness allow them to function as reusable, conformable, and robust filters and
sensors. Their extension to the microscopic scale would enable the realisation of a whole family of in
situ optical elements. Furthermore, because they are flexible, PM conform well to external objects
when wrapped around them. This provides a pathway for PM to effectively transfer their photonic
properties to other objects with the need to alter the object directly. One can imagine a PM being
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(a) (b)

Figure 5.1: Sketch of a PM applied to cell in order to take a chemical readout from it. (a) A PM is
lowered onto the cell and (b) conforms to its shape. The flexibility of the PM insures that contact
between it and the cell is maximised.

wrapped around a cell and taking a chemical reading from it via, for example, surface-enhanced
Raman spectroscopy (figure 5.1).

5.1.2 The need for optical tweezers

One restriction placed upon PM is that they must be positioned as closely as possible to the target
object in order to perform effectively. This requirement stems from the evanescent nature of plasmon
interactions - the basis upon which PM operate. Furthermore, one of the advantages of PM is their
ability to spatially discriminate between various objects in a microfluidic environment. In order
to take full advantage of this ability, a highly accurate positioning technique is needed. Optical
tweezers were chosen to manipulate the PM because they offer extremely precise control over
objects in microfluidic systems. Thus, in principle, they provide the accuracy required to apply the
functionality of a PM to an external object, such as a cell.

As discussed in chapters 2 and 3, structure-mediated design is used in order to make PM
amenable to manipulation via optical tweezers. Cubic handles (1 pm in side length), placed at its
corners, allow the PM to be manipulated. This is accomplished by generating four trapping beams
such that each beam traps one of the handles. These traps are then controlled parametrically to give
the desired control over the PM.

5.2 Results

To demonstrate the capabilities of the developed optical manipulation protocol several different PM
designs were made (figure 5.2). Generic membranes (figure 5.2(a)) were studied, as were PM that
supported additional features such as rings or gratings (figure 5.2(a—b) respectively). It was found
that the PM could be handled just as readily when they had these additional features as when they
did not. In contrast, PM that had been made with a meshed design (5.2(d)) could be manipulated in
a fundamentally different way to their solid counterparts. This stemmed from the fact that they were
more flexible and could therefore be bent. In this section we look first at the degree of control one
has over solid PM (with or without features), followed by an analysis of how effectively these PM
are trapped. The section concludes with a discussion on the flexibility of meshed PM.
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Figure 5.2: Scanning electron microscope images of the structures discussed in this chapter. Note
the handle structures at the membrane corners. (a) An array of generic PM, and (b—c) PM with
additional features (rings and gratings, respectively). (d) PM with meshed structure.

5.2.1 Optical manipulation of photonic membrane

PM like the ones shown in figure 5.2 (c) were trapped using the HOT system described in chapter 4.
Four trapping beams were generated, with each one being placed at one of the handles on the PM.
The optical power in the laser was kept low until the individual traps were all positioned correctly,
after which point the power could be increased. If instead one created four full-power traps first,
and tried to place them in turn, the system would not be stable. Typically the first handle which was
trapped first would be pushed downstream slightly by the beam, resulting in the PM rotating in
the sample. As a consequence of this trapping the other three handles became much more difficult.
By generating and placing four very weak traps first, the membrane handles all responded to the
increased beam power simultaneously.

Once a PM is trapped the arrangement of traps is "locked", with any subsequent movements
of the traps affecting the structure as a whole. In this way the position and orientation of the PM
is fully characterised by a unit-vector in three-dimensions. The origin of the vector is taken to the
current position of the centre-of-mass of the PM, while the direction of the vector specifies the PM’s
orientation. Defining the PM’s position in this way is very convenient as it reduces all movements
of the PM to simple mathematical vector operations. This formalism gave the user had complete
control over the translation, pitch, yaw, and roll of the PM

For the majority of the time PM were manipulated manually by altering the values of various
controls on the LabView GUI However, due to the precise nature with which the membrane could
be controlled, functionality was added to the programme to allow the PM to be controlled via an
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Figure 5.3: Key frames from a movement sequence of a photonic membrane. (a) Membrane starts with
a default orientation, before (b) being rotated through 135°. (c) The membrane is then translated and
tilted out of the focal plane of the microscope. This orientation is maintained while the membrane is
rotated through a further 45°. (d) The membrane is returned to its default orientation and translated
and rotated simultaneously.

automated sequence of instructions. Key frames from such a sequence are shown in figure 5.3. Panel
5.3 (a) shows the default position of a membrane which is subsequently (b) rotated on the spot
through 135°. From here it is translated through the sample where (c) it is tilted out of focal-plane
by approximately 5°, and held in this orientation as it is rotated in the focal-plane through a further
45°. Finally, (d) it is returned to a "flat" orientation, translated through the sample once more, and
rotated by 90°.

5.2.2 Performance of optical tweezers system

To determine how well trapped an object is in an optical tweezers trap, the most commonly used
metric is trap stiffness.

Initially the trap stiffness of the system was found by using a COM tracking algorithm, in
conjunction with the equipartition model method, as detailed in chapter 4. By tracking the motion of
each of the PM handles over hundreds of video frames, one can build up statistics on their behaviour
in the form of histograms. These histograms are fitted to a Gaussian distribution, with the variance
in the Gaussian fit being related to the trap stiffness of the trap. The trap stiffness of the handles is
then averaged to give a single trap stiffness, with the trap stiffnesses in the x- and y-directions also
being averaged over. This is repeated at several laser powers, and a resultant plot of power versus
trap stiffness should reveal a straight-line dependence between the two.



5.2. Results

—
Q)
S

i Power Spectral Density
1 0 T T T

102_A/\ ki .hnn.dl o
TN

10°F

192 |

Spectral density [micronsZ/Hz]

10'4 - L L |

Frequency [Hz]

(b)

Trap Stiffness for Silica Bead (1 micron diameter)

3
'g' 1:6:F
S :
E
2 JdF
=
[72]
0
()
£ 05
7
Q
£
~ of
_0.5 L 1 1 1 1 1 1 |
0 1 2 3 4 5 6 7 8

Power [mW]

Figure 5.4: Performance of the optical trapping system. (a) Typical plot of the power spectral density
of a trapped silica bead (diameter 1 pum). The data is fitted to a one-sided Lorentzian, shown in blue,
with trap stiffness being calculated from the corner frequency of the fit. (b) Trap stiffness for the
same bead, as a function of trapping power.
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However, this approach suffered due to the susceptibility of the tracking algorithm to changes in
the scattering from the trapped membrane. Because the algorithm is based on finding the COM of
the trapped handles, small changes in the lighting conditions can be interpreted as movements in
the membrane. This effect is most prominent when the lighting conditions on the handles are very
close to the intensity thresholding values described in chapter 4. Fluctuations in the light intensity
can cause the algorithm to recalculate the COM of a handle up to 2 um away from where it actually
is, and when the behaviour of the COM is analysed it seems as though it has been moving large
distances. The algorithm assumes this motion to be part of the expected oscillatory behaviour of
a trapped particle, and so it attributes a trap stiffness value to that handle that is lower than it
realistically should be.

If this approach to tracking is chosen, then the importance of using appropriate lighting conditions
must be taken into account. Although the tracking algorithm does allow the user to perform
thresholding procedures, it is greatly beneficial to optimise the experimental conditions before any
data is acquired.

An alternate method of retrieving the trap stiffness, employed later in my PhD, was to calculate
the power spectrum of the object being trapped, as outlined in chapter 4. Figure 5.4(a) shows a
typical power spectrum (shown in red) for the case of a 1 um diameter bead. The power spectrum
is level up until the corner frequency, f., where it then falls off as f~2. The corner frequency can
be ascertained by fitting a one-sided Lornetzian (blue) to the data. From the retrieved values of
the corner frequency, one can then calculate the trap stiffness as k = 2717y f., where 7 is the viscous
drag coefficient for the bead. Figure 5.4(b) shows a plot of trap stiffness versus power for the 1 um
diameter bead, where the data has been fitted to a straight line.

The trap stiffness for trapped bead was (0.24 4 0.03) pNum ! mW~!. Trap stiffnesses on this
order of magnitude are generally expected, making this system comparable to most state-of-the-art
systems.

By adhering the same sort of bead onto the middle of a PM, and using it as a tracker, it was also
possible to accurately record the movement of a trapped PM. However, it is not possible to determine
a trap stiffness value for the PM as it lies beneath the detection limit of our system. Instead, our
approach is to characterise its behaviour via its Brownian motion. This is part of an ongoing study,
and is being written-up for publication.

5.2.3 Flexibility of photonic membrane

As outlined above, the properties of PM were probed further by studying their flexibility. While PM
made on the macroscopic scale are highly flexible, microscopic PM are difficult to bend. This is in
part due to the way the physical properties of a PM scale with size, and in part due to the limited
forces one can exert on an object when light is used for actuation.

To understand this difference in behaviour it is helpful to consider the flexural rigidity, D, of a
membrane:
En3

D=—_—"¢ _,
12(1—12)

(6.1
where E is the Young’s modulus of the material, /. is the elastic thickness of the membrane, and v is
the material’s Poisson ratio. The flexural rigidity of a membrane is defined as the force-pair needed
in order to bend the membrane to a unit curvature. In other words, it indicates how resistant a
membrane is to bending. Equation (5.1) indicates that the thinner a membrane is, the more flexible it
becomes. Also, the lower the Young’s modulus of the membrane is, the more flexible the membrane
will be.

Because the PM used here were 90 nm thin, making them thinner is challenging from a fabrica-
tional perspective. For this reason, increasing PM flexibility by altering membrane thickness was
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Figure 5.5: Flexibility of a meshed PM. (a) PM held level, with all traps in the same focal plane. (b—d)
Deformations can be induced in the PM by altering the focal depth of the various trapped handles.
Scale bars represent distance of 10 pm.

ruled out. In contrast, the alternative approach of reducing the Young’s modulus of the PM seems to
suggest a change in material is required (Young’s modulus strictly being a property of the material
used). Although PM could be made from other materials, SU-8 is an ideal choice for our fabrication
protocol. The solution to this problem was to alter the PM structure itself, by patterning it as a mesh
rather than a solid membrane. This reduced the effective Young’s modulus of the membrane, as there
was less material in the membrane that had to be bent.

To test the flexibility of these meshed PM they were trapped and then twisted by displacing the
membrane handles in the z-direction by different amounts (figure 5.5). Various surface deformations
could be imparted onto the PM in this fashion, although the output was not particularly controllable.
The most extreme deformations were induced when two opposite handles were trapped, while a
third beam was scanned across the surface of the PM between the two remaining corners. In addition
to making the PM more flexible, the meshed structure also meant that deformations were easier to
see.

5.3 Discussion

The fine control over the position and orientation of PM demonstrated here represents a significant
advancement in the field of optical manipulation. Although other membrane-like structures have
been manipulated via optical tweezers (most notably perhaps by Oehrlein [90]), the manipulation of
a PM has additional value in that they can be used as extremely versatile tools. The fact that the
trapping handles are directly defined within the PM means that control of the membrane is more
responsive and precise than would be the case if spherical beads were adhered to the membrane via
DNA tethers, for example. It is this finer level of control that allows more complex movements to be
performed reliably - a notable example being the out-of-plane rotations demonstrated in figure 5.3
().

Having complete 6DOF control over structures is an increasingly important capability for an
optical tweezers system to have, particularly because of the increasing number of microscopic tools
being developed at the moment. Combining 6DOF control with an automated control routine is
extremely powerful, particularly in light of the growing interest in microrobotics. The capabilities of
the system could easily be expanded to incorporate elements of machine vision, for example. One
can imagine the impact such a system could have in the area of biophotonics. Given a sample with
an array of particles in it, particle positions could be automatically extracted and fed into a "flight
path" for a PM. A PM could then be trapped and made to follow this flight path, stopping over each
particle for a predefined amount of time. While stationary over a particle, certain diagnoses could
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be made, e.g. Raman spectra could be taken from the particle with the PM giving enhancement
in the optical signal. There is similarly no reason why "swarms" of PM could not be operated
simultaneously, the only practical limitation being the available optical power in the trapping beams.

Some fundamental limitations of the system cannot be avoided, however. The range of depths
over which one can generate two distinct traps is limited by the objective lens. Specifically, the
higher the NA of the lens, the shallower this focal range is. If one tries to trap beyond this limit,
the spherical aberrations introduced into the beam degrade the trap quality so much that trapping
becomes impossible. One solution is to use a lens with a lower NA, but this has the draw back that
lower NA lenses make weaker optical traps. One potential circumvention of this problem could be
to use a counter-propagating-beam geometry for the trapping system. This relaxes the condition
of needing high NA lenses for stable trapping, and yet offers a larger range or depths over which
trapping can occur. This would, however, require a remodelling of experimental apparatus. An
alternative approach is to combat the problem through structure-mediated design. By replacing
cubic handles with rod-like handles one can cause PM to flip orientation via 90° when the handles
are trapped. The most versatile PM designs would likely include both cubic and cylindrical handles.

Handle design could also be useful in improving the stability with which PM are trapped too.
Ultimately optical trapping is a scattering problem, with the forces imparted onto the particle from
the light being dependant on the shape of particle and the condition of the light. The cubic handles
shown in this thesis are probably sub-optimal, even when one takes into account the fabricational
limitations of EBL. Optical manipulation of PM would benefit greatly from a study of how trapping
strength varied as a function of particle size and shape. This could be achieved by calculating the
T-matrix [158]-[160] of various shapes of particle and modelling their behaviour in the optical trap
one was using. Genetic algorithms may be useful in this regard, as a starting set of handle designs
could be defined which would improve with each iteration of the programme. Addressing the
particle properties as well as the properties of the beam is also in line with contemporary "holistic"
approaches to optical trapping.

Outside of handle optimisation (see appendix A), the performance of the HOT system also could
be improved. The most straightforward approach is to use the SLM to correct spherical aberrations
in the system. This procedure is outlined in full in section 4, and can lead to a threefold increase in
the trap stiffness. This work was largely a proof-of-principle study, and so maximising trap stiffness
was not of primary concern. The data shown in figure 5.4 presents the trap stiffness for PM and
polystyrene (PS) beads, measured on the same system, so that their performances may be directly
compared. With that being said, improved trap stiffness (in absolute terms) would be beneficial as it
allows greater forces to be imparted onto a PM before it falls out of the traps. This is particularly
important in relation to the studies on membrane flexibility, which are currently limited by the
bending force we can apply to the PM.

Control over the flexibility of PM is crucially important for any application that involves wrapping
the PM around a target object (figure 5.1). At present the control one can exert over a membrane’s
flexibility is rather limited. Although it possible to impart deformations into the PM, this relies on
using the scattering force of a scanned beam to impart "kicks" onto different points on its surface.
Far more useful would be the ability to hold a PM by its four handles and impart quantifiable
deformations through the application of constant forces. Two approaches to obtaining this level of
control would be to either focus on improving the trap stiffness, or to focus on making PM more
flexible.

The former approach has largely been discussed already and would involve things like wavefront
correction of the trapping beam, increasing the laser power. Two simple alterations to PM design can
be made that make them more amenable to bending. The first one is simply to make them larger
in their lateral dimension. This increases the distance between adjacent handles which generates a
larger force couple on the PM for a given pair of optical forces, as the forces are applied a greater



5.4. Conclusion

distance apart (cf equation (5.1)). The second design alteration, outlined above, is to use a meshed
membrane rather than a solid one. Not only does this reduce the effective Young’s modulus of the
PM, but it also reduces the drag force acting on the membrane as it begins to bend.

With precise translational and rotational control over PM having been achieved, the next step
in the development of this protocol should be to focus on increased control over the membrane
deformability.

5.4 Conclusion

In this chapter we have seen that precise translational and rotational control over PM is achievable,
despite PM having aspect ratios in excess of 200. Structure-mediated design, in the form of cubic
handles, not only allows the PM to be manipulated in this way but also results in them being trapped
with trap stiffness several times higher than are achievable with PS beads. This paves the way toward
using PM-based filters or sensors in a microfluidic environment in situ. This holds particular interest
in the case of cellular SERS, where one can now imagine a PM functionalised to act as a SERS sensor,
taking Raman spectra from individual cells. Through the use of automated movements routines this
capability can easily be extended, with PM taking a series of such readings across a large ensemble
of cells.

The field of microfluidics is particularly exciting at the moment, with sub-fields such as microro-
botics starting to gain momentum. Microscopic tools are being developed at an accelerating rate,
with the number of proposed applications growing similarly. PM are highly versatile tools, having
been used in a range of applications at the macroscopic scale. With the development of a fabrication
and manipulation protocol that allows PM to be deployed in a microfluidic environment, they too
can now lend their services to this rich and burgeoning field.
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CHAPTER 6

Surface enhanced Raman spectroscopy

This chapter outlines the development and application of rigid and flexible substrates used to identify
the chemical constituents of a material via SERS. By patterning these substrates with sub-wavelength
gold fishnet designs, we are able to acquire quantitative SERS readings; in contrast to most SERS
methods which provide only qualitative information. We further show that flexible SERS substrates
are capable of taking Raman spectra from materials which have non-planar topologies. This is
demonstrated by first creating a "phantom" sample patterned with a "hills and valleys" topology,
where the valleys are stained with Rd6G dye. A flexible SERS substrate placed on the phantom is
able to detect the Rd6G in the valleys because it can conform to the undulating surface.

The chapter begins with the history and underlying physics of Raman spectroscopy and SERS
before outlining the fabrication procedure for rigid and flexible substrates. Typical SERS spectra
collected with the rigid substrate are shown, followed by the key result of the chapter: using a
flexible substrate to acquire the SERS spectrum of Rd6G from an object that has non-planar topology.

The chapter concludes with a discussion on the impact of this work has to the field of Raman
spectroscopy, and biophotonics more generally.

6.1 Introduction

Raman spectroscopy is a powerful, label-free, optical technique used to identify molecules by
measuring their vibrational spectra [161], [162]. Surface-enhanced Raman spectroscopy increases
the utility of Raman spectroscopy by introducing metallic particles or objects into the system being
measured. Plasmonic resonances in the metal lead to an enhancement of Raman signal, thereby
reducing the time required to take a spectrum. Being label-free techniques, both Raman spectroscopy
and SERS are used extensively in biological environments, however they are somewhat limited by
their qualitative nature.

This work is driven by the desire to make Raman spectroscopy more quantitative. Obtaining
quantitative information on a material’s chemical make-up would enable more studies, e.g. to
track the concentration of a chemical with time, or to assess how the relative abundance of multi-
component mixtures affects cellular function. Furthermore, by making SERS substrates flexible we
move closer to the ultimate goal of this research: to wrap a SERS substrate around a cell and take
quantitative chemical readings from it.

6.1.1 Raman spectroscopy

When light interacts with a molecule, the photons can either pass through unchanged, or be either
absorbed or scattered from it. In these latter two cases, information about the molecule can be gained
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Vibrational states

Figure 6.1: Jablonski diagram showing three fundamental scattering processes, namely (a) Stokes
scattering, (b) Rayleigh scattering, and (c) anti-Stokes scattering. Rayleigh scattering is bar far the
most dominant, and is elastic in nature, while both Stokes and anti-Stokes are inelastic scattering
processes. In Stokes scattering the scattered photon has less energy than the incident photon, while
in anti-Stokes scattering the opposite is true. In this thesis, Raman spectroscopy was performed
using the Stokes scattered photons.

by capturing these scattered photons. Spectroscopic techniques which achieve this are, respectively,
IR absorption spectroscopy and Raman spectroscopy. Both of these techniques aim to determine the
structure of a molecule by detecting its vibrational modes, yet the underlying physics is different
in each case. These two techniques are viewed as being complementary, and are often utilised in
parallel.

In IR absorption spectroscopy, a broad range of wavelengths passes through a molecule and is
subsequently collected by a spectrometer. Any photons in the beam that carry an energy equal to a
vibrational transition in the molecule can be absorbed, and this absorption is observed as a dip in
the collected spectrum. In contrast, Raman spectroscopy uses a single wavelength of light and it is
photons which are scattered from the molecule that are measured. These scattered photons undergo
a change in energy equal to one vibrational unit of energy.

Choice of spectroscopy technique is dictated by the specific molecules one wishes to detect. Most
vibrational modes that give a strong signal with one of these techniques will give low-to-no signal
using the other. Raman spectroscopy was chosen for this work as it lends itself well to plasmonic
enhancement, in addition to the fact that the molecules of interest to us give strong Raman signals.
Below is a short review of the underlying physical processes at work in Raman spectroscopy.

6.1.1.1 Scattering processes

We can gain a good understanding of Raman spectroscopy by considering how photons from an
incident laser are scattered by a molecule. The incident light polarises the electron cloud surrounding
the nuclei in the molecule, forming a short-lived "virtual state". Virtual states are unstable, and so
the process of photon absorption and re-emission is almost instantaneous. This process is commonly
described as "scattering".

Because electrons are so light, very little energy is required to distort (polarise) the electron cloud.
As a result, photons typically experience negligible changes in energy (and frequency) as they are
scattered, i.e. they are scattered elastically. Elastic scattering, or Rayleigh scattering, is the dominant
scattering pathway for photons incident on a molecule. In some instances nuclear motion can be
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induced by incident light in which case energy is exchanged between the photon and and molecule.
This inelastic scattering is known as "Stokes scattering”, and was first postulated by Smekal in 1923
[163] and subsequently observed experimentally by Raman and Krishan in 1928 [164]. It is these
Stokes scattered photons which are measured in Raman spectroscopy.

Each of these scattering processes can be represented in a Jablonski diagram, as shown in figure
6.1. Figure 6.1(b) shows two Rayleigh scattering processes, whereby the electron before and after
scattering resides in the same vibrational state. When photons are scattered inelastically, the electron
can end up in a higher energy state (6.1(a)) or a lower energy state (6.1(c)) than the state it started in.
These photons are known as Stokes scattered and anti-Stokes scattered, respectively.

Although both Stokes and anti-Stokes scattering are possible, Stokes scattering occurs far more
frequently than anti-Stokes. This is because anti-Stokes scattered photons need to interact with
electrons that are in excited energy states. It is clear from a thermodynamical perspective that
these excited electrons occur far less frequently than electrons residing in the energetically preferred
ground state. This thesis considers only Stokes-scattering-based Raman spectroscopy and, as is
common, uses the terms "Stokes scattering” and "Raman scattering” interchangeably.

6.1.1.2 Molecular vibrations

Figure 6.2 shows a typical Raman spectrum for ethanol. Each peak in the spectrum is attributable to
a particular molecular vibration of the ethanol molecule, with these peaks being superimposed on a
background signal that is mainly due to fluorescence. The y-axis values used are somewhat arbitrary,
as the only important quantity is the photon count i.e. how many photons at each wavelength are
incident on the detector. It is standard in spectroscopy to identify photons by their wavenumber, 7,
rather than their wavelength, A. This is largely due to convention, since wavenumber, with units
of cm™1, can be a convenient choice as it is directly proportional to the energy of each photon.
Wavelength and wave number are of course related by:

1
U= n (6.1)
The values of wavenumber that are quoted in a Raman spectrum are not usually the absolute values
of the collected photons. Instead they represent the shift in wavenumber of the scattered photons, i.e.
the difference in wavenumber between the incident photon and the photon after it has been scattered
from the molecule.

To interpret a Raman spectrum a spectroscopist notes which peaks are present (often the relative
height of certain peaks are taken into account also) and attempts to attribute them to a particular
vibrational mode. This is usually done with the aide of look-up tables. Certain wavenumber ranges
are known to be "home" to certain families of vibrations [165], some of which are outlined in table
6.1. The fingerprint region is so-named because the Raman spectrum in this region is primarily used
to identify the molecule. The band assignment for ethanol, in the fingerprint region, is shown in
table 6.2.

Band [cm~!']  Assignment Examples
<1500 Fingerprint region Complex C - C, C - N vibrations
1500 - 2000  Double-bond region -C=0
2000 - 2500  Multiple-bond region -N=C=0
2500 - 4000  Single-bond region X-H

Table 6.1: Raman bands for typical molecular bonds.
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Figure 6.2: Raman spectrum for ethanol. Raman spectra are acquired by counting the number of
photons that arrive at the detector with a particular wavenumber shift compared to the exciting
beam. A relatively simple molecule, ethanol was used to calibrate the SERS system.

6.1.2 Surface-enhanced Raman spectroscopy

One of the disadvantages of Raman spectroscopy is that Stokes scattering is a spontaneous process,
whereby only one in every 10° - 108 photons scattering this way. As a result, the Raman-scattering
cross-section of molecules is incredibly small - between 10~2° cm? and 10~3° cm?. This means that
Raman signals are very weak (especially when compared to the light that is Rayleigh-scattered), and
can often be obscured by background fluorescence. One solution to this issue is to collect photons
over a longer period of time (acquisition time), giving the detector a chance to register enough
Raman-scattered photons to build-up a representative Raman spectrum. When the technique was
first used, acquisition times in excess of 100 h were needed in order to obtain a single spectrum [162].
Increasing the signal obtained during Raman spectroscopy has been a major driver of research in the
field.

Band [cm™] Assignment Bond structure
886 C-C stretch
1056 C-O stretch |;| |
1116 CHj3 rock - e
1280 CH; torsion 3 (|: (|: O=H
1456 CHj3 and CH; bend H H
1486 CH3 bend

Table 6.2: The Raman band assignment of ethanol [166], [167].
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The power of the Raman-scattered photons, Sy, for a particular wavelength, A.y, varies as
SR(ARaman) x N‘TRI<AEX)/ (6-2)

where N is the number of molecules in the sample, oy is the Raman cross-section of the molecule,
and I(A.y) is the wavelength-dependant intensity of the excitation laser.

To increase the signal one could in principle either try to increase N, og, or I. However, there
are practical limitations which limit the enhancement in signal one can achieve in this manner. N is
typically set by the condition of the chemical or analyte one wishes to identify, and is therefore not a
variable the user can typically change. Conversely, I can easily be increased, but will potentially lead
to sample degradation before appreciable increases in Sk can be achieved. The only viable option is
to increase the Raman cross-section, 0.

One can model the Raman cross-section as an incident photon which creates a phonon and a
secondary, less energetic photon [168], [169]. The Raman cross-section is then given by:

4
oR = (}\) X f(T) x L x R(Aex,ARaman)/ (6.3)

where f(T) is the probability that the molecule is in a particular state, L is the local electric field
factor, and R(Aex, ARaman) are matrix elements defining the overlaps in a Hamiltonian, and the initial
and potential end states.

In this thesis, the Raman cross-section was improved by using SERS to increase the local field
factor, L. This effect was discovered by accident when it was observed that the signal for pyridine
was greatly enhanced when the pyridine was first adsorbed onto the surface of a roughened silver
electrode [170].

The local field factor is given by:

L= ‘E(/\ex)|2|E(ARaman)|2/ (6.4)

where the electric fields E(A¢y) and E(Argman) are taken at the location of the scattering molecule.
Provided one has a broad enough resonance for enhancement with a small Raman shift, i.e
ARaman = Aex, ONe can assume that the local field factor scales with the forth power of the electric
field:
L=|E} (6.5)

showing the potential massive potential for optical enhancement.

A more rigorous treatment accounts for the fact that the SERS enhancement factor, G, defined as
the ratio of the signal in a SERS experiment to the signal obtained in a Raman measurement where
no enhancement from metals was present, is attributable to two factors [171]:

‘Estruct (Aex) |2 ‘ Estruct ()\Ramﬂn) |2
G = EF(Ae) X EF(A =
( ex) ( Ramun) |Ei()\ex)|2‘Ei()\Raman>|2

These two SERS enhancement factors are known as the local field factor, also known as the EM
effect, and the chemical effect. The chemical effect arises from the electrochemical bonding of the
molecule to the surface of the metal, and typically grants an enhancement factor of no more than
100 [172]. In addition, it can have the adverse affect of shifting the relative heights of the Raman
peaks [173]. In contrast, the EM effect is capable of providing enhancement that is many orders of
magnitude higher than this, and although SERS enhancement cannot be solely contributed to the
EM effect, it does seem to provide the dominant contribution [174].

In this thesis any enhancement of the Raman signal is assumed to have originated from the EM
effect. Typical SERS enhancement factors are on the order of 1 x 10* to 1 x 108 [175] although higher
values are possible. Enhancement factors as high as 1 x 10'%, have been achieved, allowing SERS
signals to be collected from single molecules [176].

(6.6)
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6.1.3 Motivation - flexible SERS

Most substrates made for SERS are rigid, however some flexible SERS substrates are beginning to
come into use, with early examples were structures fabricated onto polydimethylsiloxane (PDMS)
blocks or on aluminium foil [177]-[180]. In these cases the flexibility of the substrates was not
actually utilised, as the focus of the work was on making cheap, disposable SERS substrates.

There have been several demonstrations of flexible SERS substrates which do capitalise on their
flexibility. Microfluidic SERS systems can benefit from flexible substrates as they make delivery
of molecules to the SERS sensor easier [181]. At the other end of the scale, sandpaper covered in
silver can act as simple and cheap flexible SERS substrate. These are durable enough to swab and
detect pesticides directly from fruit [182]. Another advantage of flexible substrates is their tunability,
whereby the plasmonic resonance of the substrate can be altered simply be stretching it [183], [184].

The interest in SERS in this thesis is to create a flexible SERS substrate capable of being wrapped
around an object with near-arbitrary topology. The motivation for this is to allow SERS readings to
be taken directly from individual particles or cells either in vitro or in vivo. With such a substrate, the
aim is then to generate a spatially-resolved map of the cell or particle’s chemistry.

An intermediate step toward the cell-wrapping concept was performed, in which a polymeric
"phantom” was created to act as a stand-in for a genuine biological sample. The phantom was
patterned with ridges which were doped with Rd6G, and a flexible SERS substrate was used to see if
the doped regions could be detected. Having previously designed the phantom, it was then possible
to compare the results of the SERS reading to see how well the doped regions had been mapped.

6.2 Methods

This section gives a brief outline of the fabrication of rigid and flexible SERS substrates, as well as
the biological phantoms. The optical system used is also discussed.

6.2.1 SERS substrates

Using the same fabrication procedure outlined in chapter 3, flexible SERS substrates were made
using an SU-8 photoresist to both define the membrane itself, and to act as a mask for the patterning
of the gold fishnet pattern. The membranes discussed in this chapter are 1 pum thick, making them
both flexible and robust. Using membranes of this thickness also helped to reduce fluorescence from
the SU-8. The flexible SERS membranes were approximately 5cm in side length, and were patterned
with a gold fishnet design that was 7mm by 7 mm in size. The fishnet period was 400 nm, with wire
widths of 90nm. The thickness of the gold was 40 nm.

The fishnet pattern was employed because it is a simple, repeating pattern with four-fold
rotational symmetry. The high regularity in the design grants reproducibility in the SERS signal
gathered, both in terms of measurements made at the same point at different times and also across
different locations on the membrane’s surface. This reproducibility is further enhanced when one
considers that the simplicity of the design minimises any machine errors in reproducing it many
times. The rotational symmetry of the fishnet allows it to operate irrespective of the polarisation
of the light, which allows the membranes to utilise all of the light from the unpolarised excitation
source used in the SERS experiments. The detection limit of such substrates is concentrations on the
order of 10nM [105].

Rigid SERS substrates were also fabricated, based on the same gold fishnet design outlined above.
These substrates were made from glass, and instead of having a single fishnet covering a large area
they had nine smaller fishnet areas, spaced in a 3x3 grid.
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Figure 6.3: SERS substrates used in this work. (a) Solid SERS substrates were patterned with nine
gold fishnet pads, while (b) flexible SERS substrates were completely covered in the gold fishnet. (c)
SEM image of the fishnet design used in both cases.

6.2.2 Optical setup and calibration

The optical setup used for the SERS experiments consisted of an excitation laser (a Gem 532 from
Laser Quantum), operating at 532 nm, integrated into a standard optical microscope (a Nikon Ti-
Eclipse), see figure 6.4. The laser entered the microscope through one of the rear ports where it was
directed upwards and focussed onto the sample by the objective lens. A wavelength of 532 nm was
chosen over longer wavelength choices because the Raman cross-section scales as 1/A*. The laser
had a narrow bandwidth, on the order of 0.1 nm, which allowed high-precision measurements to
be taken. Narrow bandwidth sources are important for Raman spectroscopy, as the width of the
measured peaks is a convolution of their true width and the line width of the source used.

A variable neutral density (ND) filter placed immediately after the output of the laser allowed
the power of the excitation beam to be controlled. This could be used to perform low intensity
measurements without the need to reduce laser currents to potentially unstable levels.

The sample was illuminated from above using the microscope’s integrated white-light source,
and imaged onto the camera by the same objective lens used for focussing the Raman laser. This
allows the user to see where SERS measurements are being taken from, although the illumination
source must be turned off during the SERS acquisition itself.

Two different objective lenses were used depending on the particular experiment being carried
out. In general, higher NA objectives are desirable as they will confine the light to a smaller focal
volume and lead to a higher SERS signal. When rigid SERS substrates were used, a Nikon 100x
oil-immersion objective with a NA of 1.3 was utilised. Conversely, when flexible SERS substrates
were used, a Mitutoyo 100 x objective with a NA of 0.7 had to be chosen. This change in objective
lens was necessary because high-NA objectives are constrained by incredibly short working distances
(The Nikon objective used in this thesis had a working distance of 0.16 mm compared to 6 mm for
the Mitutoyo). For flexible substrates, which are designed to follow the surface structure of the
objects they are placed on, it is important to use an objective lens that has a long working distance
and a large depth of field in order to insure that the whole membrane stays in focus.

The Raman signal was collected by a 200 um diameter multimode fibre and passed on to an
Andor spectrometer. Immediately prior to entering the spectrometer the light was passed through
a notch filter which transmitted the signal but reflected the 532 nm pump light. This meant that
the pump light could not drown out the (much weaker) Raman signal. The CCD embedded in the
spectrometer was cooled to —70 °C to reduce the noise which arises from the dark current, i.e. the
current which flows in the CCD when there is no light present.

The set-up was typically calibrated by taking the Raman spectrum of ethanol (fig. 6.2). Acquisition
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Figure 6.4: The SERS system used in this thesis. A 532nm laser is focussed onto the sample using
a high NA objective lens. The scattered Raman signal is collected by via an optical fibre and sent
to the spectrometer. The addition of a dichroic mirror and a camera allows the user to image the
sample to see if the Raman laser is being focussed onto the desired area. Image adapted from one by
Peter Reader-Harris, using ComponentLibrary [124].

of a recognisable spectrum was taken as an indication that the setup was working well. If no such
spectrum was obtained, or the strength seemed low, the set-up was realigned as required.

6.2.3 Continuous wavelet transformation method

Typical Raman spectra appear as Raman peaks superimposed upon a fluorescent background. In
order to extract the Raman peaks, we use a continuous wavelet transform (CWT) method which
involves measuring the cross-correlation between the spectrum and a chosen wavelet at all spectral
positions in the Raman signal [185], [186]. This method is effective because Raman peaks are typically
very sharp, whereas background fluorescence is a relatively flat and slowly-varying signal. CWT
also has the advantage that no information about the sample is needed. This is not the case, for
example, if the background is removed by subtracting a pre-recorded baseline correction. Using
baseline corrections is appropriate when one has a reference sample to work with, however, the
unknown surface curvature of a flexible SERS substrate would make obtaining such a reference
sample effectively impossible.
The CWT can be defined mathematically as:

Cla,b) = \}a / ix(t)zp*(t_ab> i, ©67)

where x(t) is the Raman signal, a is a scale parameter, b is the index parameter, and ¢* is the complex
conjugate of a wavelet function. C(a, b) is then the cross-correlation between the Raman signal and
the chosen wavelet, where the wavelet has been scaled by the factor 4 and displaced along the Raman
signal by an amount dictated by b.

The most common choice of wavelet is the "Mexican hat wavelet", depicted in figure 6.5, defined
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Figure 6.5: Pictorial representation of the "Mexican hat" function which was used for CWT of Raman
spectra.

The Mexican hat wavelet is chosen because its Gaussian-like peak correlates well with Raman peaks,
while its negative side-bands ensure correlation will be near-zero in regions that are slowly varying,
e.g. the background fluorescence signal.

The CWT method was employed in MATLAB, using the cwtft command. MATLAB returns a
2-dimensional matrix of CWT coefficients, C, which dimensions (a, b), where a and b are the number
of scales and spectral positions over which the cross-correlation is performed. By choosing those
CWT coefficients which correspond to the lowest scaling factor (sharpest wavelet peak), one can then
extract the spectral positions of the peaks. Alternative methods of locating peaks, such as those that
use first and second derivatives of the signal [187], [188], can often alter the positions of some peaks
relative to others. The CWT method does not suffer from these disadvantages, and in general does
not require any human input regarding additional smoothing or fitting.

6.2.4 Sample preparation

Sample preparation falls into two distinct categories, depending on whether the SERS readings were
being taken with a rigid or flexible substrate. The main difference between the two is that with the
rigid substrates the analyte is placed on the substrate and allowed to dry, while with the flexible
substrates the analyte is present on an object onto which the substrate is then placed.

For rigid substrates, a 2 pul volume of analyte is dropped onto the centre of SERS pads, enough to
cover them completely. Because the water is a polar solvent, and because the substrate is hydrophobic,
the edges of the droplet become pinned to the substrate and the size of the droplet remains the same
as it dries [189]. This is known as the coffee ring effect, and results in a uniform layer of analyte
being deposited on the pad while an increased concentration of precipitate is found at the edges of
the drop [190]. In these situations the analyte is left to dry for a minimum of 1 h at room temperature
prior to a SERS experiment being carried out.

For flexible substrates Rd6G was pipetted into the grooves in the phantom, and the flexible
substrate was placed on top. This was then allowed to dry at room temperature for over 1h after
which time the phantom was be placed on the sample holder of the microscope.

6.2.5 Fabrication of biological phantom

The basic design of the phantom was a periodic hills-and-valleys pattern along one direction,
surrounded on all sides by an additional ridge. RdA6G was pipetted into the valley sections of the
phantom, with the outer ridge preventing any of escaping. Ethanol was used as a solvent as it
evaporates much fast than water, allowing experiments to be carried out more quickly.

The first generation of phantoms were made by depositing SU-8 onto a glass substrate. SU-8 2050
was spin-coated to a thickness of 40 pm and baked at 100° for 23 min. The baking temperature was
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Figure 6.6: (a) Sketch of biological sample used in this thesis, showing the central "hills and valleys"
region, doped with Rd6G (shown in pink). (b) Bird’s eye view of doped region. (c - d) Typical
phantom samples with flexible SERS substrates applied to them. Black square and pink lines added
to highlight the doped area. Both (c) glass and SU-8 phantoms and (d) PDMS phantoms were made.

ramped from 65° to 100° over the first 5min of baking to ensure that bubbles did not form inside
the phantom. A patterning mask, made of Rubylith photo-resistant film (Ulano Corporation), was
cut to shape using a Graphtec CE6000-40 cutting plotter. The mask had four rectangular channels
cut out of it, each 500 um wide and spaced by 500 um. The length of each channel was typically
between 6 mm and 8 mm. The sample was then placed in a mask-aligner and exposed with UV light
for 12 min, after which the mask was peeled off and the sample was subjected to a post-exposure
bake at 100 °C for 25 min. Areas of unexposed SU-8 were developed in EC solvent for 45s.

Second generation phantoms were made entirely from PDMS, using a SU-8-on-glass stamp. The
stamp was made using the same procedure outlined above, the only difference being that the SU-8
was deposited onto the glass as the inverse of the desired hill-and-valleys pattern. The completed
stamp was placed into the bottom of a 3-D printed mould, onto which PDMS was poured. PDMS
comes in two separate components (base and reagent) which begin to set once they are mixed
together. The mixed PDMS (mixing ratio of 5:1 by weight) was poured into the mould and allowed
to set overnight at room temperature. To prevent bubbles from forming in the PDMS, the phantom
was housed in a desiccator for the duration of the setting process.
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Raman peak Band assignment Bond structure
[em™']
613 in plane and out plane XR deformations
775 out plane C-H bend; in plane XR deformation HSCW
1184 in plane XR deformation; C-H bend; N-H bend HN
1312 in plane XR breathe N-H bend; CH, wag
1364 XR stretch; in plane C-H bend H,C
1512 XR stretch; C-N stretch; C-H bend; N-H bend
1577 XR stretch; in plane N-H bend
1651 XR stretch; in plane C-H bend

Table 6.3: The band assignment for the molecule Rd6G [191].

6.3 Resulis

To demonstrate that a flexible SERS substrate could conform to an object and provide a map of the
chemical compounds found on it, a biological phantom was stained with Rd6G dye. Rd6G was
pipetted into the valley regions of the phantom, leaving the hill regions free from dye. A flexible
SERS substrate was placed on it, with the Raman signal from the substrate being collected at different
points along a linescan.

6.3.1 SERS Spectra of a Macroscopically Curved Material

The glass and SU-8 phantom was prepared by pipetting Rd6G at a concentration of 100 mM into the
grooves between the SU-8 ridges. The hydrophobic nature of glass insured that RA6G spread out
quickly and evenly along the length of the channels. The flexible SERS substrate was applied to the
sample while the Rd6G was still wet, and the sample was allowed to dry before the readings were
taken. The concentration of Rd6G used was not high enough for any Raman signal to be gathered by
the system. This meant that Raman peaks could only be detected in areas that had gold in them,
their SERS enhancement being large enough to make the signal observable.

The excitation laser was operated at a power of 100 uW, and focussed onto the sample using a
Mitutoyo 100 x objective lens. Two spectra were taken at 5 um intervals along the sample, with the
laser focus adjusted manually at each point in order to keep the surface of the membrane in focus.
The mean of these spectra was the used for analysis. An integration time of 2s was used.

Figure 6.7 shows the spectra collected at two particular positions on the phantom. The top panel
corresponds to a raised section of SU-8, while the bottom panel corresponds to one of the valley
regions doped with Rd6G. The colour pink was added to indicate that the spectrum is taken from a
doped region. From figure 6.7 one can see that a Raman signal is only obtained in the doped regions,
confirming the presence of RA6G. The green line in both panels marks the location of the Raman
peak at 1651 cm™!. The height of this peak was used to indicate the strength of the Raman signal.

The linescan data was analysed using a CWT method which was robust to the highly variable
background fluorescent signal from the phantom. Figure 6.8 shows the magnitude of the CWT
coefficient corresponding to the 1651 cm ! Raman peak plotted at the sampling points along the
linescan. The noise in the measurement was taken to be the standard deviation of the CWT spectrum
where no Raman peaks were found, i.e. at wavenumbers in excess of 1800cm~!. This noise is
represented by the error bars shown.

The distinct feature of figure 6.8 is the variation in the height of the 1651 cm ! peak depending
on whether it was measured at a peak or valley of the phantom. In valley sections, the peak has an
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Figure 6.7: Raman spectra acquired during a 2.5 mm linescan of phantom doped with Rd6G. The top
panel shows the Raman spectrum of one the SU-8 ridges, while the bottom panel shows the Raman
spectrum taken from one of the doped valleys. The Raman peak at 1651 cm~! (marked by the green
line) was taken as an indication of the overall strength in the Raman signal. Pink areas highlight
regions where Rd6G is detected.

average value of 45, with a minimal associated error bar. In contrast, the average of the peak size
taken from the SU-8 ridges is averaged around 0, and is considerably noisier. This demonstrates that
Rd6G was indeed detected to be present in the valleys of the phantom, but not on the ridges.

6.4 Discussion

6.4.1 Data acquisition

A large fluorescent signal is registered from both the SU-8 and the glass substrate. Although the
fluorescence was useful as an indicator of where ridges and valleys were located, it is primarily a
source of noise in Raman and SERS experiments. To this end, new phantom samples have been
made entirely from PDMS, a substance that doesn’t exhibit fluorescence. Repeating the linescan
experiment with these new phantoms is of great interest, as greater signal-to-noise (SNR) could
surely be achieved.

That being said, the fact that these flexible SERS sensors still perform well in the presence
of fluorescence is very encouraging. This will likely become evident once they are applied to
genuine biological samples, many of which are likely to produce fluorescence. The PDMS phantoms
themselves also offer some challenges, most notably in terms of how Rd6G disperses inside the
channels. The SU-8 phantoms benefitted from being directly defined on glass - a hydrophobic
substrate. This meant that the Rd6G quickly and evenly distributes itself along the length of the
channel as it is pipetted in. With PDMS phantoms Rd6G is more inclined to form individual droplets
inside the channels, meaning more care has to taken during the pipetting process.

The linescans presented in this thesis were performed at speeds of approximately 1ums~!,
meaning that a single series of measurements like those shown in figure 6.8 take on the order of
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Figure 6.8: (a) The magnitude of the CWT coefficient corresponding to the 1651 cm~! Raman peak
plotted as a function of distance along the linescan. The error bars indicate the variation in spectrum
where there are no Raman peaks. Alongside (b) the SNR of the processed spectrum, this indicates
Rd6G is successfully identified by the PM. The colour pink is again used to mark the doped valleys.

1h to acquire. This is particularly time consuming when one considers that the user must remain
with the system while measurements are being taken in order to manually optimise the microscope
focus at each sampling position. After the stage had moved the 5pum increment to the next sampling
position, the system would wait for 2s to give the user time for this readjustment. Reducing this
waiting time could in principle speed up the process, but at the cost of potentially adversely affecting
the quality of the measurements. Alternatively, one could decrease the integration time taken for
each measurement. This would involve increasing the laser power to maintain a good signal level,
which may lead to damage of the sample. The only other alternative to increase the measurement
speed is to sample the object with lower spatial resolution i.e., increase the separation between
sampling positions. A larger sampling separation could successfully have been used in our linescan,
where the surface being mapped was known in advance to feature relatively large (500 pm) features.
However, when this technique is applied to samples with unknown topologies, one would want the
sampling resolution to be fine enough to sufficiently probe the surface.

The most significant improvement which could be made to the system would be to use a
microscope stage which had auto-focussing capabilities. This would serve to make the entire
measuring process automated, although it may also improve measurement speed as less time is
needed for refocussing. With an automated system, one would be able to set up a sample, provide
the system with a path to take scans along, and let it run. This would be particularly advantageous
when it came to generating 2-D maps as opposed to 1-D linescans. Such 2-D mappings would be
expected to take many hours to complete.

6.4.2 Data analysis

CWT was used to analyse collected spectra primarily because of its simplicity. It was able to extract
peak positions from spectra that had fluorescence backgrounds without requiring any knowledge
of the sample’s condition. That being said, if one wanted to fully recreate the spectra, minus the
background fluorescence, further processing steps would likely be required.

While CWT using a Mexican hat wavelet is good at identifying the positions of peaks, it can
often misrepresent peak width. One promising pathway to reproducing faithful spectra would be to
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perform a CWT with the Mexican hat wavelet to extract peak positions, and to store these positions.
CWT could then be performed again, at spectral positions where peaks are now known to be, using
an alternative wavelet. If a Haar wavelet (or similar) is chosen as the second wavelet, one could
also determine peak width [185]. By combining the information from both CWT runs, a complete
spectrum can be generated.

For the purposes of this thesis, precisely recreating the width of Raman peaks was not a priority.
What was important was that peak positions were correctly represented, and that the heights of
CWT coefficients were directly linked to the Raman signal strength.

6.5 Conclusion

This chapter has outlined the work I have done with SERS, having used both rigid and flexible
substrates. This work has been driven by the desire to use flexible SERS substrates in a biophotonic
setting, making use of their conformability to take readings from non-planar objects. As intermediate
step towards this goal, we have demonstrated that flexible SERS substrates are capable of obtaining
Raman spectra from objects that have curved topologies, using a fabricated "phantom" as a stand in
for a genuine biological system.

The next steps for this work should be to apply the current flexible SERS substrates to a biological
system, which I can see progressing along two fronts. The first of these would some form of
"macroscopic” application, for example the mapping of a fingerprint [192], [193]. SERS has already
been used to identify the chemicals present in a fingerprint, but with our technique it would be
possible to simultaneously map the fingerprint itself. The second front is microscopic in nature,
and would involve incorporating this work with the optical manipulation work outlined in chapter
5. One can imagine using optical tweezers to wrap a flexible SERS substrate around a cell, for
example. A Raman spectrum for the cell can be acquired in vitro, with the SERS substrate then free
to be transported to other cells where further spectra can be collected. Performing experiments
on the single-cell level in an in vitro, and perhaps eventually an in vivo, environment extends the
applicability of our substrates into a region which is rich in interest.

Contributions

The SERS system described in this chapter was already available in my group. I analysed the
collected spectra using techniques which had previously been used by my group also. I made all the
SERS substrates and biological phantoms in the thesis. These samples confirmed and completed
the preliminary data that were acquired before I became involved with this project. I am currently
writing up a paper for publication in this area.



CHAPTER ;

Further applications: microscopic tools for
biophotonics

This chapter outlines several projects which have not yet been brought to firm conclusions. They all
fall under the area of "microscopic tools".

The first project I will discus is optically actuated mechanical tweezers. These are made by
following a similar fabrication procedure as the PM outlined above, and make use of novel "handle"
designs. Their proposed application is for particle sorting in a microfluidic environment.

The second project involves manipulating a PM via optical tweezers, with a view to applying it
to a microfluidic environment also. This specific demonstration involves patterning the PM as an
optical filter and positioning it over cells or particles. The device is then seen to act as an in situ
optical filter, and could be used, for example, to quench the fluorescence signal from a cell.

The final project I will be discussing involves the handles that are used in an optical trapping
experiment. As mentioned above, we are able to trap PM, and other microtools, through structure-
mediated design. That is to say, through informed fabrication protocols which incorporate handles
into our design. These handles are either cubic or cuboidal in our applications, although in most of
the literature they are spherical. The challenge lies in finding the optimal handle design. To this end,
we discuss the use of a genetic algorithm, coupled with the optical tweezers toolbox software by
Nieminen et al [194], to deduce which handle geometries provide the greatest trap stiffness based on
the T-matrix method. This is outlined in appendix A.

These separate projects all tie in to the same theme and act to strengthen the platform for novel
optical manipulation that has been developed in this thesis.

7.1 Microtweezers

Optical sorting has benefited greatly from optical tweezers technology. A range of particles and cells
have been manipulated successfully, covering a large range of size and shapes. There are, however,
limits to the direct application of optical tweezers to particle sorting.

There are several reasons why optical tweezers may not be an effective technology for particle
sorting. These reasons fall into one of two categories: either optical tweezers are not able to trap the
particle in question, or they can, but in doing so they would risk damaging the particle.

In the first instance, a particle may not be trappable if its size, shape, or refractive index do not
conform with the particular specs of the tweezers system. This is the case for certain refractive indices
and shapes, where large enough gradient forces are simply not generated (see figure 7.1). One finds
that small particles (where particle diameter is less than A/4) are trappable for a large range of
refractive indices. As one increases the size of the particle, only those with lower refractive indices
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Figure 7.1: The effect that refractive index and particle size have on trap stiffness and trapping
position. The top panel shows the lateral trap stiffness, while the bottom panel shows the depth
at which equilibrium positions occur (white areas show that there are no equilibrium positions i.e.
trapping is not possible for these particles). Trapping was modelled for particles in water, with
particles sign given relative to wavelength of the trapping beam in vacuum. Edited, with permission,
from [195].

are reliably trapped. For high refractive-index particles a band-like structure becomes apparent, with
only particles of certain sizes being trappable.

Even when an object is capable of being trapped by an optical tweezers system, it may not be
desirable to do so. The primary reason for this is to avoid damaging the object with the optical power
in the beam. Ashkin himself was familiar with this phenomenon, which he dubbed "photocution”,
whereby microscopic organisms killed by the optical radiation from the trapping beam. As the
scattering of such an object was being observed, it was found that there was a sudden, massive
increase in scattering from the organism after which only very minimal scattering occurred. This
subsequent low-level scattering came from the outer shell of the dead organism. Less extreme forms
of photodamage can also occur, or trapping beams can simply lead to quenching in the signal from
a particle which want to be avoided. Even if photodamage is not a major concern, it may still be
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Figure 7.2: SEM image showing some the various microtools which can be made using the presented
fabrication protocol. (a), (b), and (d) show various designs for microscopic tweezers that can be used
to sort novel particles like those shown in (c). (e) Microscopic filters can also be made that will be
moved through a solution of mixed particles, allowing small particles to pass through them while
collecting larger particles.

desirable to not have the light from a trapping beam interact with the particle. This may be for the
simple reason that the presence of light alters the state of the particle in some unknown way, and to
properly study the particle’s behaviour it must be observed in an unaltered state.

The purpose of this work is to create a class of microscopic tools which we know can be trapped
is a predictable way, without any concern for their degradation. These microtools can then be used
to actuate particles in a microfluidic environment. This allows these particles to be manipulated and
sorted without them ever having the "see" the trapping beam. Furthermore, particles which are not
conformable to optical manipulation can still be conformable to the mechanical sorting outlined here.

7.1.1 Methods

The microtools discussed here were fabricated using the same protocol outlined in chapter 3, the
only difference being that where the thin layer were used to define the membrane features they now
define fine features such as threads, with the thicker layer still defining the handles of the object, in
addition to defining any large features in the microtools. Figure 7.2 shows a collection of the some of
the devices made using this protocol.

Figure 7.2 (a),(b), and (d) show three variations on a microtweezer design. These were made for
particle sorting applications, with novel particles also being fabricated which couldn’t be trapped

75



7. FURTHER APPLICATIONS: MICROSCOPIC TOOLS FOR BIOPHOTONICS

76

Figure 7.3: Performance of microscopic tweezers. (a) SEM image of microtweezers which are then
(b—d) deployed into a microfluidic environment. (c—d) show the ability of such devices to bend to a
great extent. Sclae bars are 5 pum.

directly (figure 7.2(c)). The other class of tools that were made were for particle filtering applications,
and can be seen in figure 7.2(e). This were designed to be trapped, and moved through the
microfluidic environment, where they would sort particles by allowing small particles to pass
through them while larger particles became trapped by them.

When introduced to an optical trapping environment, these devices all become trapped via their
handles. All of the handles used in these designs were rod-like in nature, meaning the the tools
reoriented themselves once they were trapped such that the long axis of the rods aligned itself with
the optical axis. This reorientation behaviour is demonstrated in figure 7.3(a-b).

Once in this altered orientation, they are trapped stably and can be manoeuvred through the
sample with a high degree of control. By moving the two handles towards each other in a pinsing
motion, the tweezers can be opened and closed, with the thread section becoming increasingly bent
(figure 7.3(c)).

7.1.2 Results

A sample was made up from novel-shaped particles (7.2(c)) and microtweezers (7.2(b)). The first
stage of the experiment was to try and manipulate the particles directly. It was found that the
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particles would either be kicked away by the optical trapping beam, or would sometimes become
trapped very loosely. Trapping would only occur when the particles had reorientated themselves
such that one of their diagonals was aligned with the optical axis. In this configuration they could
be moved through the sample if the movement speed was kept very slow, however they would
eventually fall out of the traps and be kicked away from the beam.

By contrast, the microtweezers were trapped stably and reliably. They would reorient themselves
as described above, and could then be manoeuvred through the sample towards one of the particles.
By approaching a particle in an open configuration and then closing the tweezers around it, the
object could be "trapped". This was accomplished without the particle feeling the influence of the
trapping beams at all. With the tweezers closed around the particle, they could be moved through
the microfluidic environment, transporting the trapped particle with them.

A demonstration of this sort of particle transport is depicted in figure 7.4. These still frames
from a typical video of the sorting process show first, 7.4 (a) the tweezers approaching the particle
in an opened configuration, before, (b) closing themselves around the particle and (c) transporting
it through the sample. Key features of this sort of particle transport is that the particle itself does
not interact with the trapping beams, and that, additionally, it maintains a "flat" orientation i.e. its
longest axis lies inside the focal plane for the duration of the transportation process.

7.1.3 Discussion

Particle transportation is already something that is achieved at a high level, with many particles
capable of being sorted and transported simultaneously. However, there is always the issue that
these particles have to be directly exposed to the light-beam (assuming light-based transport and
sorting). This carries with it its own problems, namely photodamage or other forms of alteration of
the particle. In many situations, direct manipulation of particles is not even possible.

Our demonstration of particle transport using lithographically defined microtweezers circumvents
both of these concerns. We have shown that microtweezers can be used to manipulate particles
which themselves cannot by trapped, and that they can do so without exposing the particle to the
trapping light directly. These tools, alongside those with complimentary designs (such as filters) can
offer great impact to the field of microfluidics.

The tools demonstrated here went through only a few simply stages of design iteration. The basic
features of the microtweezers are the cuboidal handles which allow them to be trapped, and which
cause them to reorientate themselves as shown above, and the heads of the tweezers which directly
interact with the target particle. Neither of these aspects of the tweezer design have been optimised.

The handles were designed such that their short axes were approximately comparable to the
beam waist of the trapping beam. This condition was chosen as it is typically particles with these
diameters that are trapped most strongly in an optical trap. The length of the trapping handles was
to a large extent somewhat arbitrary. In order to aid with future simulations, no handles were made
that had aspect ratios in excess of 4:1. This was because 4:1 is the largest aspect ratio of particle
which can faithfully have its T-matrix calculated using the optical tweezers toolbox software. The
subject of handle optimisation is left for appendix A.

The tweezer heads were first made as relatively large triangles. Tweezers design quickly moved
away from this when it was found that tweezer heads of that size created a lot of drag when the
tweezers were moved. This was particularly problematic when it came to closing the tweezers around
an object, as this high drag force would often cause the tweezers to fall out of the traps. In those
cases where they did not fall out of the traps, they would not close in an upright orientation. Instead,
the drag would force them to turn slightly as they were closed. This was a problem as it reduced
the finesse with which they could interact with particles. To counteract this problem, subsequent
iterations all made use of smaller tweezer heads which experienced far less drag. Often the issue at
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Figure 7.4: Stills of microscopic tweezers being used to transport a novel particle through the sample.
(a) Tweezers are trapped, and held in an open configuration before (b—c) being brough toward the
particle and closed around it. (d) Once the tweezers are closed around the particle it can then be
transported through the sample. Scale bars are 5 pm.

this stage was that the tweezer heads were too small. Although they did not experience crippling
levels of drag force, they were so small that it was difficult to grab anything with them. The most
recent design strike a balance between these two extremes: the tweezer heads are very slim until the
tip, at which point they become larger again, taking the form of a ring (7.2 (e)). This design allows a
convenient margin of error in the handling of particles while also ensuring that the tweezer heads
do not become unwieldy due to excessive drag forces.

Another aspect to the microtweezer design is the thread that joins the two heads together. At first
these threads were simply made in the same stage as the tweezer heads, and as a result they were
quite thick. After that, the two-stage approach was taken, with the threads being made from much
thinner SU-8. This helped to make them more flexible, although there were still problems regarding
how the tweezers opened and closed. The basic issue was that the tweezers would close at extreme
angles to each other, making precise manipulation difficult. This was counteracted by adding a thick
section in the middle of the thread such that the closing motion happened about two joints. These
joints were the points where the thin threads met the thicker sections. By incorporating a thicker,
more rigid, central section on the thread, the tweezer heads closed together with a more desirable
orientation. This made it far easier to hold and manipulate things in the sample.

Although there are limits to the technique shown here, in particular there are faster and more
efficient methods for sorting large number of particles in parallel. The goal of this work is not to
create a technology that supersedes all other techniques for particle transport and sorting. Rather,
this work should be seen to fill a particular niche. That niche is optical transport and sorting of
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particles that fall into certain a parameter space that would have traditionally meant they could
not be addressed optically. The form of mechanical actuation shown here is capable of venturing
into these forbidden regions of parameter space for us, and we simply use optical tweezers as the
enabling technology. The other consideration to make is that these microscopic tools would probably
only be implemented in scenarios where highly directed, specific sorting was required, at most
addressing a few particles at a time. This is certainly not a problem in of itself. There are many areas
of research where such tools would find great use - studies on the single-cell level being just one of
them.

I am currently writing a paper on this topic, which will be finalised upon the conclusion of a
thorough study into the trap stiffness of handles depends upon their size and shape. The importance
of this study is outlined in appendix A.

7.2 In-situ photonic membrane filters

As has already been discussed, PM have been demonstrated to act in various situations owing to
the fact that they can exhibit the properties of a vast spectrum of optical elements. This broad
scope of applicability stems from their ability to act as a host material for a flexible metasurface. By
engineering the structure and periodicity of the MS, bespoke PM can be made that are targeted for
specific applications. PM can inherit the properties of any number of devices, and because of their
flexible nature they can pass these properties on to external objects simply by conforming to them
physically.

PM have been demonstrated that act as optical filters [23]. They have been used to filter the
output of optical fibres without the need to pattern the fibre facet in any way. The PM is simply
wrapped around the end facet of the fibre and the light is filtered. The PM can be easily removed,
and reapplied repeatedly, leaving the fibre unaltered. Similarly functionalised PM can function as
lenses, sensors, and axicons, amongst other things.

PM are versatile and precise tools, but they have yet to be utilised in a microfluidic setting. In this
section we discuss their application to in situ filtering, whereby a PM is trapped and manipulated
via optical tweezers with the aim of filtering the optical output of a collection of fluorescent particles.
The PM discussed in this section are 20 pm in size. The filtering area that is patterned on them can
cover the PM entirely, or be smaller than 1 um square, depending on the desires of the user. Once
trapped and positioned over a cell or particle, they have the potential to filter a particle’s output in a
highly localised manner. Additional applications of PM in microfluidic environments are discussed
in section 7.2.2, such as using PM that have been functionalised to act as gratings or lenses.

7.2.1 Outline of experiment

Figure 7.5 depicts what such an experiment might look like. A microscope slide is prepared by first
mixing together two distinct fluorescent-particle solutions. Both species of particle could be pumped
with blue light, with one species fluorescing with red light and the other with green light. This
solution is then applied to the microscope slide and allowed to dry. A sample is then prepared using
a solution of PM filters, but instead of using a blank microscope slide to seal the sample, the slide
with beads adhered to it is used instead. The PM are then freely suspended against a stationary
background of fluorescent beads (see top panel, figure 7.5).

If one was to pump the sample with blue light, and measured the transmitted light with a
spectrometer, one would expect to obtain a fluorescent signal that was approximately half green and
half red. The addition of an adjustable aperture would allow one to measure the spectrum from a
reduced section of the sample instead of the sample as a whole. Because the optical trapping laser
enters the sample from the opposite side, the adhered particles do not scatter any of the beam and
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(a)

Figure 7.5: Images depicting the application of in situ filters to a microfluidic environment Top panel
shows a sketch of what such an experiment would look like, with a PM being trapped and positioned
above two species of fluorescent particles; one emitting in the red and the other in green. Bottom
panels show a mock-up of such a sample as seen through microscope, with the particles being
false-coloured to show what type of fluorescence they exhibit. When the appropriate membrane is
used the fluorescence from that particle is blocked will other particles are unaffected. Scale bars are
10 pm.

therefore do not affect the quality of the traps. This allows PM to be trapped in the sample and
positioned between the layer of fluorescent particles and the objective lens. That is to say, if a PM
filter is placed above a bead, the fluorescent signal from the bead must first pass through the PM
before it is detected by the spectrometer.

One can envisage two types of PM filters being made, one that filtered out the green fluorescence
and one that filtered out the red fluorescence. Figure 7.5(b—c) show a mock-up of a what such a
sample might look like. In figure 7.5(b) a random population of red- and green-fluorescent particles
are observable. The particles have been colour-coded depending on the type of fluorescence they
emit. Figure 7.5(c) shows the effect of introducing the PM filters, represented by the coloured squares.
Positioning a red filter over a red-fluorescing particle, or a green filter over a green-fluorescent
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particle, would block the fluorescence from that particle, while placing a non-matching filter over a
particle would have no effect. The particular filtering function attributable to a PM could be easily
ascertained by incorporating markers into the membrane design, making them easily identifiable.
In this way, fluorescence could be selectively turned on or off simply by applying the correct
PM to the particle in question. Alternatively, with polarisation-sensitive filters, one can probe the
polarisation state of the fluorescence simply by rotating the PM using the optical tweezers.

7.2.2 Discussion

The ability to filter the output of objects in a microfluidic environment holds promise for the field
of microfludics and biophotonics. One can imagine the impact this could have in an experiment
where, for example, one was faced a large collection of cells, each prone to fluorescence. Cells could
be addressed in turn, their optical characteristics being determined in the absence of fluorescent
signals which typical obfuscate data of interest. Clearly a combination of filters can be used to
generate a customised filtering landscape, allowing the user to optimise certain conditions for their
particular application. This could allow one to strip back the various layers of optical output in order
to understand the interplay between the fluorescence of two neighbouring particles, for example.

As mentioned above, PM are not limited only to function as filters, but rather can assume the
role of a range of optical elements. One can imagine incorporating PM into a number of microfluidic
experiments, each of which would benefit from their versatile properties. One example could be
the application of PM to optical fibres in a microfluidic channel. Spherical beads have been used
in these systems to influence the coupling between two optical fibres. The bead deflects the light
coming from the input fibre and therefor determines the out-coupling of the light into the second
fibre [196]. The role of the spherical bead in this situation could easily be replaced by a PM that has
been functionalised to act as a blazed grating, for example. The advantage of the PM is that it could
be patterned to function as a superposition of any number of gratings, thereby coupling light out to
a desired selection of the output fibres.

As a further example, the controllable microscopic objective lens demonstrated by Sasaki et al.
[6] could also be extended through the use of PM. PM made to act as lenses could provide this same
function without the considerable spherical aberrations that affect spherical objectives. In addition to
this, one can imagine having a range of PM-base optical elements all controllable in the same way
that the lens would be, and each performing with a high level of precision. Successful deployment of
PM-based filter is the first, exciting, step towards realising this vision.

7.3 Conclusion

This chapter has addressed several avenues of exploration which were not able to be investigated
fully. That being said, they are all important and fit into the theme of microscopic tools in a
microfluidic environment. As we have already seen, this field is expanding at the moment and has
the potential to provide some nice applications to fields such as particle sorting, in situ, single-cell
sensing and filtering, etc. These technologies rely on optical tweezers as an actuation method, and
yet for optical tweezers to be used most effectively the system with which they are interacting with
must be optimised for them.

Here we have shown the potential uses of two types of microtools: a PM-based filter, and a
microtweezer tool. Using the same manipulation procedure that was outlined in chapter 5, the PM
filter could be positioned over cells or particles and filter their fluorescent output - or perhaps even
shelter them from the exciting radiation in the first place. We have shown that the microtweezer
tools are capable of transporting novel objects through a microfluidic environment, most usefully
when these objects cannot themselves be trapped directly. Methods of particle manipulation based
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on this same concept are of great potential impact. They allow new classes of particles to be sorted
using optical tweezers, and also they allow objects to be transported without having to expose
them directly to the laser beam that is doing the trapping. This latter aspect could be particularly
interesting to those working with systems where phototoxicity is a concern.

Finally, the question of finding the optimum handle geometry with which to trap PM is addressed.
This is of chief concern to the experimenter, as it is through the handles that the PM and the optical
tweezers interact. To ensure that one is using optical tweezers technology to its fullest potential,
the highest possible trap stiffness must be achieved. The method outlined here of using a genetic
algorithm to find the optimum handle shape via T-matrix calculation is the proposed solution to this
problem.

The next steps with the work in this chapter are rather straightforward. In the case of the
PM filters, the proposed experiment should simply be carried out. For the case of the optical
microtweezers, a more advanced application of their use could be envisaged. Although they
have been shown to be able to transport objects which themselves cannot be manipulated, a more
convincing demonstration of the power of optical microtweezers might involve the sorting of a
large collection of various novel-shaped particles. It would first be demonstrated that no individual
particle could be trapped directly, and then through the use of the microtweezers, these particles
could all be moved such that they were sorted into separated clusters, based on the type of particle
they were. Finally, the work concerning the modelling of optimum handles for PM and related
microtools could be carried out. A good framework for calculating the T-matrix of various shapes
already exists in the MATLAB environment created by Nieminen, the only additional complication
would be to embed these calculations into a genetic algorithm.

Achieving these goals gives a fuller and more complete treatment of what is a rich and exciting
field. As this field continues to grow, tools with more and more novel designs will no doubt appear.
Understanding the role that the tools presented here can play in such an environment is a good
thing to be able to do, and developing a method to find the best handles is something that will never
not be relevant to the problem of trapping structures in a microfluidic environment.



CHAPTER 8

Conclusion

8.1 Thesis Summary

In this thesis I have presented a fabrication and optical manipulation protocol that enables PM to be
trapped via optical tweezers. PM are versatile and robust devices which can be used for sensing
and filtering applications, amongst other things. At the heart of the PM design is the inclusion of
handle-like features. These handles make the PM receptive to optical tweezers technology, where
they otherwise would not be.

The motivation for this work, as outlined in chapters 1 and 2, comes from transferring the PM
from a macroscopic, in-air, environment to a microfluidic environment. PM have been shown to be
useful at macroscopic scales, where they have been wrapped around the end facet of an optical fibre
and filtered its output. The versatility of PM means that they can exhibit the optical functionality of
any arbitrary optical element - this could be a lens, filter, grating, or axicon, for example.

Also outlined in chapters 1 and 2 were some of the challenges associated with such an endeavour.
Typically extended objects (such as PM) are not compliant with manipulation via optical tweezers.
This is due to their extreme aspect ratios, and lack of features which substantially refract the light
from the trapping beam. As a result, extended objects will usually just be pushed away by the beam
as the optical scattering force that acts on them greatly outweighs the gradient force needed to form
a stable trapping position. In the cases where stable trapping is possible, the object will usually
reorient itself in the trap such that its longest axis lies along the beam axis.

A popular way of bypassing these issues, and making extended objects controllable via optical
tweezers, is structure-mediated design. With a structure-mediated design approach, one incorporates
additional features into the object either during or post-fabrication. These additional features
themselves are compatible with optical tweezers technology, and can be used as "handles". This is
approach is part of a larger trend in optical manipulation which seeks a more holistic approach to
optical trapping. It is recognised that both the trapping beam and trapped particle play an equal role
in the trapping experiment, and attention is paid to both of them.

Structure-mediated design was utilised in this thesis, and was discussed in chapters 3 and 4.
Chapter 3 explained the modifications made to the PM, namely the inclusion of cuboidal handles.
Also discussed here were modifications to the structure of the PM in order to make them more
flexible. In chapter 4 the other aspect to this holistic approach - the trapping beam - was addressed.

The applications of PM and microtools were outlined in chapters 5 through 7. In chapter 5 I
demonstrated that PM can be manipulated via optical tweezers, with full 6DOF control. In chapter
6 I showed that flexible SERS substrates, based on PM, are capable of taking SERS readings from
an object that has an undulating surface structure. Because the PM is flexible it can take readings
even from the deep valley sections of the object, simply by conforming to the object’s surface. In
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chapter 7 I gave an outline of how our applications to microfluidcs and microrobotics might progress.
I outlined an experiment which can be performed using PM to act as optical filters in a microfluidic
environment. I also showed that microscopic tools such as microtweezers can find use in this area,
as a means of manipulating and transporting novel objects. Finally, I discussed how handle design
might be optimised through the use of T-matrix calculations embedded in a genetic algorithm.

8.2 Outlook

The primary goal of this thesis - manipulating a PM with optical tweezers - was achieved. The
fabrication and manipulation protocol reported here offers a great improvement on our ability to
trap extended objects. This improvement comes not just from the precision with which movements
can be made, but also from the range of motions that are possible. Nevertheless, a number of areas
still remain that can be investigated or improved on. In this section I will highlight a few of these
areas and outline the research steps that I feel should be taken next.

8.2.1 Optical manipulation of PM

While the control over PM demonstrated in this thesis is notable, there are certain fundamental limits
on its performance. One example is the extent to which PM can be rotated out of the focal plane.
This originates from the limited depth of focus of the objective lens, and the deterioration in the
beam’s wavefront as the focus is pushed deeper into the sample. As a result, if one attempts to rotate
a PM out of the focal plane too far the handles eventually fall out of the traps.

One simple counter to this is to make further use of structure-mediated design. Similar to the
design for the microtweezers, one can imagine patterning PM with rod-like handles to allow them to
be controlled at 90°. By combining these two types of handles one could then have access to a greater
range of rotations, using cubic handles when small rotations are required and rod-like handles when
full 90° rotation is desired.

8.2.2 SERS

The SERS readings reported above demonstrate that flexible SERS substrates can be used to take
spectra from curved objects, however the choice of phantom did lead to problems with fluorescence.
The first step towards advancing this work is perform a rerun of the described experiment, but
with the newer PDMS phantoms taking the place of the SU-8 and glass ones. This will reduce the
fluorescence greatly and give a better indication of how are membranes are really working.

After that, the next logical step is to remove the phantom samples altogether and apply the
flexible SERS substrates to genuine biological systems. As a first example, the SERS substrates could
be used to detect the chemicals present in a fingerprint. Not only would the substrates be able to
identify which chemicals were present, but they could also be used to generate a surface profile of the
fingerprint itself. At the same time, SERS substrates should also be introduced into the microfluidic
environment. Here they would be trapped by optical tweezers as demonstrated for the plain PM,
and used to take SERS readings directly form particles or cells.

8.2.3 Optically-controlled microtools

The work on microtools which has been presented in this thesis is novel, and adds value to a rapidly
growing field. To further strengthen our contribution in this area, I can see this work progressing
along two fronts.

Firstly, the proposed experiment of using PM as optical filters in a microfluidic environment
should be carried out. This would involve an additional fabrication step in which gold was deposited
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and patterned onto the PM, but otherwise there are no new steps which need to be taken. Secondly,
the applications of microtweezers should be explored in more detail. So far they have been used to
transport novel particles through a microfluidic environment, however more involved demonstrations
should be attempted. The most likely candidate would be a demonstration of optical sorting where
several classes of novel particle were organised according to their form. At the same time it would
be good to encourage development of other microscopic tools, such as the filters shown above while
also developing entirely new devices for new applications.

8.2.4 Optimisation of handle design

As has been mentioned already, the basis for this work relies on structure-mediated design to make
optical trapping of PM realisable. The way that light interacts with the PM is through the patterned
handles, and therefore it is crucial to devote time to investigate how they can be improved.

Taking this work further I would like to employ the algorithm outlined above. Generating a
family of handle shapes and calculating the trap stiffness with which they would be trapped using
the T-matrix method seems to be the best approach. By incorporating this into a genetic algorithm
whereby the handle shapes that perform best are propagated into the next generation of solutions,
an optimum handle shape should eventually be reached after several iterations. Handle designs
would then be tested experimentally to see if they performed as predicted.

Developing a reliable method of obtaining optimised handles could potentially be one of the
most crucial aspects of this work.
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APPENDIX A

Handle optimisation for photonic
membranes

As has been outlined already, the handles used in the various PM and micro-tools were designed
with a few basic criteria in mind. The ultimate goal of any handle feature, used in line with structure-
mediated design, is to provide the object with a stable trapping position, with that trapping being
accomplished with as high a trap stiffness value as possible. For both the case of the PM and the
microtool, there exists at least one optimum design which satisfies these criteria. As of yet, neither of
these classes of handle have been optimised to best achieve their objective.

In this section we discuss how this optimisation process might be done. The optical tweezer
toolbox, developed in MATLAB [194], is proposed as a means to calculate the trap stiffness with
which various shaped particles would be trapped by our system. By scanning for the best particle
shape using a genetic algorithm, the optimum design of handles could be found.

A.1 Outline of experiment

To ascertain the size and shape of handle which offers the best trap stiffness, the T-matrix of the
handles must first be calculated. This is in general, quite complicated for an arbitrary object, and so
it is typically calculated computationally. The optical tweezer toolbox, available in MATLAB, is used
for this purpose. The T-matrix itself relates the light that is incident on a trapped particle to the light
that is scattered from the object, and is unique to the object in question. It does not depend on the
condition of the trapping beam, and so it is a beneficial approach in that the T-matrix needs only to
be calculated once.

The toolbox calculates the T-matrix using several assumptions, of course, and one of the conditions
which must be met in order for the calculation to be valid is that aspect ratios of the shapes considered
must not exceed four. The programme will calculate the T-matrix of a given shape, which can be
defined by a super-ellipsoid, for example, and from the T-matrix it can deduce the trap stiffness with
which that handle will be trapped. The remaining aspect of the algorithm is to scan across a number
of handle shapes and record the trap stiffness for each of them, eventually returning the best.

To achieve this, I propose the use of a genetic algorithm. The basis of a genetic algorithm is that
one is trying to solve some form of optimisation problem. One starts with a population of cases,
each of which is tested to see how well it performs. Those that perform best "survive" while the
others do not. Typically the survival rate is around 50 percent. The surviving cases then go on to be
parents of the next generation by breeding and forming new cases. These children are tested and
again the best are kept while the worst are removed from the pool. After several generations the
results well converge unto a single best value, and it is this value that is obtained.
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Figure A.1: Various classes of handle which could be used with PM. Square-based (blue), triangle-
based (green), and circle-based (red) handles are shown, all of which could be fabricated with
different heights.

In the context of this work, the initial population would be roughly ten different shaped handles.
One can imagine a cube, cuboid, ellipsoid, pyramid, etc (figure A.1). The T-matrix for each of these
is calculated, the best shapes are kept and bred, and the process continues in this way. Once the
results of the calculation all begin to converge the associated handle shape is then made.

To test if the results of the simulation are correct various handles in the population sample
(across generations) would be fabricated and trapped. Trap stiffness values could then be taken and
compared to the simulated results. This would either be done just by trapping the handles directly,
or by trapping membranes which used handles of these forms.

A.2 Discussion

The technologies of microtools and PM are limited by the precision with which they can be manip-
ulated. This in turn is limited by how strongly trapped these objects are, which in the case of the
objects outlined here means how well trapped their handle-like features are trapped. It is clear then
that to maximise the utility of microtools and PM, a proper understanding and treatment of the best
choice of handle for trapping is key.

When considering the characteristics of the handles themselves, there are clearly certain limits
placed upon them. For example, it is quite likely that handles based on spherical, or partially
spherical shapes would perform quite well in a genetic algorithm. However, it would be quite useless
to allow such solutions to the trap stiffness problem to permeate through the system - for the simple
reason that they could not be made. The fabricational apparatus used is limited to an inherently
two-dimensional design, and under-hanging features, like those needed to make spheres, are simply
not possible. On the flip side of this, there are things which are not a problem from a fabricational
perspective, but which could not be modelled using the algorithim. Perhaps the most notable is the
limit placed on the aspect ratio of handles, in that it cannot exceed 4:1. It may well be that the shapes
which give the best trapping characteristics have aspect ratios larger than this.

One can go somewhere towards making sure that the parameter space that has been explored
really is the best one. One take a look at what shapes perform the best, and simply make some
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additional handles which share this same shape and yet have mush larger aspect ratios. By trapping
these particles and comparing them to their less-extreme relations, it could be inferred that trap
stiffness drops off rapidly if aspect ratio is increased to much, or indeed it could be confirmed that
stronger trapping can be obtained in these cases. If it was found that stronger trapping occurs
for handles with more extreme aspect ratios then a new programme might need to be used for
modelling. Alternatively, the same system can be used, but used with the understanding that the
results obtained would carry with them a larger degree of uncertainty that with the case of the
shorter handles. There is also a potential issue with the validity of modelling the behaviour of
the handles as isolated particles when in reality they are fixed to a large, effectively immovable,
membrane.
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List of Figures

Common alternative schemes for optical manipulation. (a) Counter-propagating traps,
whereby two weakly-focussed beams trap a particle in place by balancing each others
scattering forces. (b) Optical levitation trap, where a single weakly-focussed beam has its
scattering force balanced out by the gravitational force acting on the particle. . . .. ..
Ray-optics explanation of the forces in an optical tweezers trap. Particles with refractive
indices greater than the surrounding medium act as positive lenses, bending the light
that is incident upon. The light-rays are brought to focus at a point different from the
default focal point, f, where they would have been focussed had the particle not been
there (the default trajectory of the beams is shown by the dashed lines). The resultant
change in momentum of the light is balanced by change in the momentum of the particle,
giving rise to the gradient force. The top figure shows the case for a loosely focussed
beam, while the bottom figure shows that for a tightly focussed beam. In the latter case
the condition for a stable tweezers trap is met, namely the component of the gradient
force acting backwards against the beam direction is larger than the forward scattering
force. . ..
Equipartition model for particle trapped in an optical tweezers. The system is analogous
to that of a mass on the end of a spring, attached to a immovable object. In both cases
small deviations of the particle or mass are met by a linear Hookean restoring force.
The natural frequency of the harmonic motion of the mass is determined by the spring
constant of the spring. For the trapped particle it is determined by the trap stiffness of
theoptical trap. . . . . . . . ..
Default orientations for three trapped objects in the ray-optics regime. (a) The behaviour
of spherical particles is well understood, their rotational symmetry making all orientation
degenerate. (b - c) Extended objects will re-orient themselves to align their longest axis
along the beam axis. This is the case for (b) rods and (c) membranes. . . ... ... ...
Optical manipulation through structure-mediated design. (a) Spherical features incor-
porated in shape-complementary objects which can be assembled using optical tweezers.
Reproduced, with permission, from [89]. (b) A series of stills, reproduced, with permis-
sion, from [90], showing a silicon membrane being transported through a microfluidic
environment using optical tweezers. (c) Artist’s impression of optically actuated wave-
guide sensors, reproduced, with permission, from [91]. . .. ... ... ... .. .. ...
Artist’s impression showing what it would be like to trap a membrane via handles
patterned on each of the four corners. The photonic membrane has been patterned with a
gold fishnet, allowing it to be used in microfluidic sensing applications. . .. ... ...
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4.1

4.2

4.3

Overview of the fabrication steps discussed in this chapter. For demonstration purposes
the example of a photonic membrane, hosting plasmonics, used in a microfluidic envir-
onment is shown. (a) A silicon substrate is spin-coated with (b) Omnicoat, and (c) SU-8,
thickness 90 nm. (d) This layer is patterned via EBL, and developed chemically. (e) Gold
is evaporated onto the sample, SU-8 is spin-coated on top, and the sample is patterned,
developed, and etched via RIE. (f) A thicker SU-8 layer is spin-coated onto the sample,
before (g) it is patterned via EBL and developed to reveal handle structures. (h) Finally,

the sacrificial layer of Omnicoat is removed and the membranes are left freely suspended. 22

(a) Monte Carlo simulation of the scattering of an electron beam as it propagates through
a dielectric medium (reproduced, with permission, from [117]). The beam broadens as it
passes through the resist due to forward scattering, while electrons which penetrate into
the substrate undergo back scattering. (b - c) The proximity effect, whereby backscattered
electrons lead to an overdosing of designs. (b) Microtool design suffering from proximity
effect, and (c) the same microtool but with an adjusted dose to counteract this effect.
Block diagram showing the major components of an EBL system, recreated from [120].
Cut-away diagram of RIE. A RF signal ionises the gas present in the chamber, creating
a plasma, and the anode and cathode accelerates this into the sample. The gate valve is
adjusted to maintain the appropriate pressure at the sample. . . ... ... ... .....
The effects of three point alignment. (a) Poor three point alignment resulting in a shift
between the membrane and handle layers of a photonic membrane. (b) The result of
correct alignment, demonstrated on another photonic membrane. Note this time that the
handles are positioned symmetrically about the membranes’ centres. Inset shows closer
view of a handle, highlighting that the angular alignment is also of high quality. (c) An
alignment mark used during the procedure, as seen through an optical microscope.
Diagram showing the importance of cleaving during the lift-off process. Silicon substrate
shown in grey, Omnicoat shown in purple, and SU-8 shown in light blue. (a) By default
the sacrificial layer is not accessible, but (b) after cleaving it is fully exposed to lift-off
chemical. . .. ... .
The sample presented in this thesis are typically prepared in one of two ways. (a) Large
membranes for SERS applications can be mounted in acetate frames, while (b) microfluidic
photonic membranes are incorporated into microscope sample cells, ready to be integrated
into an optical tweezers system. . . . . ... ... L L L L L L

Schematic diagram of the holographical optical tweezers system used in this thesis
[124]. A 830nm laser is expanded, and passed through polarisation-control optics, before
overfilling a SLM. Desired phase structures displayed on the SLM are imaged into the
back focal plane of an objective lens via a 4f relay-telescope. The objective lens (a 60X,
water-immersion objective with NA=1.2) forms an array of optical tweezers while also
imaging the sample as part of an optical microscope. This microscope is illuminated from
above via a Kohler illumination arrangement, and uses a tube lens with a focal length of
150mm. .. e
Schematic diagram of a Kohler illumination system. Two lenses act to provide even
illumination of the sample by ensuring that light rays leaving from the same point in
the light source reach the sample as parallel ray bundles. Two diaphragms control the
brightness and contrast of resulting images. Adapted from [125]. ... ... .. ... ..
The inner workings of a spatial light modulator. Individual pixels can be addressed with
a voltage, changing the refractive index of the liquid crystal in front of the pixel. This
allows arbitrary phase delays to be applied to the incoming laser beam for beam shaping
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Cartoon illustrating the delay in the optical path in front of a pixel as a functions of that

pixel’s greyscale values. The SLM should be used in the linear region marked out in red.

Diagram highlighting the function of a lens as a "Fourier lens". Fourier space (the plane
of the SLM) a real space (plane of the sample) are related through a FT-inverse FT pair.
The panel on the right shows affect that certain phase distributions in the SLM-plane have
on the optical tweezers in the sample-plane. . . . ... ... ... .. .. ... ... ...
Graphical representation of the Gerchberg-Saxton algorithm. . . ... ... ... .. ...
The custom-built LabView programme used to control the optical tweezers. The GUI
included several sliders used to control the optical traps, as well as controls for SLM
calibration. It also allowed the user to manipulate trapped objects in a pre-defined
sequence of movements. . . . ... ...
Screenshot of the custom-built Matlab programme used to track particles and membranes,
based on a centre of mass tracking algorithm. The panels show the various stages of
intensity and size thresholding necessary to extract the position of membrane handles.

Screenshot of the custom-built Matlab programme used extract their trap stiffness of
membranes and particles. The COM of the handles are tracked over all video frames, with
histograms plotted of their position over time. This histograms were fitted to Gaussian
distributions from which the trap stiffness of the optical tweezers was determined. His-
tograms which did not pass a goodness-of-fit test comparing them to an ideal Gaussian
distribution were discarded. . . ... ... L L L L oL

Sketch of a PM applied to cell in order to take a chemical readout from it. (a) A PM is
lowered onto the cell and (b) conforms to its shape. The flexibility of the PM insures that
contact between it and the cell is maximised. . . .. ... ... ... .. .. .. . L.
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Key frames from a movement sequence of a photonic membrane. (a) Membrane starts
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returned to its default orientation and translated and rotated simultaneously. . . . . . . .
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SERS substrates used in this work. (a) Solid SERS substrates were patterned with nine
gold fishnet pads, while (b) flexible SERS substrates were completely covered in the gold
fishnet. (c) SEM image of the fishnet design used in both cases. . . ... ... ... ...

The SERS system used in this thesis. A 532 nm laser is focussed onto the sample using a
high NA objective lens. The scattered Raman signal is collected by via an optical fibre
and sent to the spectrometer. The addition of a dichroic mirror and a camera allows the
user to image the sample to see if the Raman laser is being focussed onto the desired area.
Image adapted from one by Peter Reader-Harris, using ComponentLibrary [124].

Pictorial representation of the "Mexican hat" function which was used for CWT of Raman
Spectra. . . .. e e e e e e

(a) Sketch of biological sample used in this thesis, showing the central "hills and valleys"
region, doped with Rd6G (shown in pink). (b) Bird’s eye view of doped region. (c - d)
Typical phantom samples with flexible SERS substrates applied to them. Black square
and pink lines added to highlight the doped area. Both (c) glass and SU-8 phantoms and
(d) PDMS phantoms were made. . . . . ... ... ... ...

Raman spectra acquired during a 2.5 mm linescan of phantom doped with Rd6G. The top
panel shows the Raman spectrum of one the SU-8 ridges, while the bottom panel shows
the Raman spectrum taken from one of the doped valleys. The Raman peak at 1651 cm ™!
(marked by the green line) was taken as an indication of the overall strength in the Raman
signal. Pink areas highlight regions where Rd6G is detected. . . . .. .. ... ... ...

(a) The magnitude of the CWT coefficient corresponding to the 1651 cm ! Raman peak
plotted as a function of distance along the linescan. The error bars indicate the variation
in spectrum where there are no Raman peaks. Alongside (b) the SNR of the processed
spectrum, this indicates Rd6G is successfully identified by the PM. The colour pink is
again used to mark the doped valleys. . . ... ... ... . ... ... ... .. .. ...

The effect that refractive index and particle size have on trap stiffness and trapping
position. The top panel shows the lateral trap stiffness, while the bottom panel shows
the depth at which equilibrium positions occur (white areas show that there are no
equilibrium positions i.e. trapping is not possible for these particles). Trapping was
modelled for particles in water, with particles sign given relative to wavelength of the
trapping beam in vacuum. Edited, with permission, from [195]. . .. ... .. ... ...
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fabrication protocol. (a), (b), and (d) show various designs for microscopic tweezers that
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