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Abstract

Abstract

Through optical trapping, we aim to replicate the ease and precision of macroscopic

level manipulation, such as holding, observing, squeezing, rotating, and probing biolog-

ical specimens in microfluidic environments. Optical beams access these environments

through narrow apertures of bulky and expensive microscopic objectives. These limi-

tations increase the complexity and cost of optical trapping, keeping it out of clinical

settings.

To address these constraints, this thesis presents a new biophotonic platform inte-

grating nano- and micro-fabricated optical elements into the microfluidic environment.

Arrays of custom parabolic micromirrors are rapidly patterned into glass using CO2

laser ablation and used to form optical traps. Holographic metasurfaces, flat optical el-

ements capable of arbitrary photonic response, operating in reflection and transmission

are used to create optical traps with an equivalent efficiency to commercial microscope

objectives. The metasurfaces are then used to generate photonic landscapes with multi-

ple trapping sites without the need for diffractive optical elements.

Very stable 15×15 µm2 square polymeric membranes are fabricated and decorated

with handles for optical manipulation and mirrors. This creates a steerable, microscopic

mirror, allowing full control over the delivery and collection of light around samples in

the microfluidic chamber without the need for multiple microscope objectives. This is,

in turn, used for refractive index sensing by selective planar excitation of a whispering

gallery mode laser.

This cross-disciplinary project bridges photonics, material sciences, and biology,

enabling the adoption of advanced photonic designs in microfluidic environments, with

transformative benefits for microscopy and biophotonic applications at the interface of

molecular and cell biology.
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CHAPTER 1

Introduction

This Chapter contains the motivational background for this thesis and the broader con-

text. This includes lab-on-chip, metasurfaces, and optical trapping. The Chapter con-

cludes with the thesis structure.

The story of light-matter interaction is almost as old as that of science — seeing is

believing! Whether it is through observing how a material absorbs and scatters light, its

response to the electromagnetic field, or how the light’s properties change throughout

the interaction, many of the answers to our questions begin with directing a source of

light at the object of interest and recording what happens.

As this object decreases in size, we turn to optical elements to see what our eyes

can no longer resolve, and our tools are too large to touch without causing damage. In

the case of observing the building blocks of life, such as cells, proteins, and bacteria,

we use the microscope objective. This tool allows us to magnify and easily observe

the microscopic world, send in light to probe the environment, and touch and sense

whatever we please. The variables in this process can be broken down to the light
we send in through the objective, the sample environment, the sample itself, and our

detection and data processing methods.

As the field of biophotonics matured, progress has focused on the light we send into

this objective. According to Abbe’s principle, imaging resolution is constrained by the

diffraction limit of this light, equal to d = λ
2NA

[1] where d is the minimum resolvable

spot size, λ is the light wavelength and NA is the numerical aperture of the microscope

objective. This dimensionless number characterizes the range of angles over which the

system can accept or emit light. Mathematically, it is defined as

NA = n sin(θ), (1.1)

where n is the refractive index of the medium in which the lens or optical system is

1



working, and θ is the half-angle of the maximum cone of light that can enter or exit the

system. The NA is critical in determining the resolving power of an imaging system,

with higher values indicating a greater ability to gather light and resolve finer details

[1]. Initially, it would seem like all we have to do is decrease the wavelength and in-

crease the NA to achieve the required resolution. However, lower wavelengths result in

phototoxicity, while NA cannot be increased over the theoretical value of n. This equa-

tion also doesn’t account for the many complexities of real-life microscopy, including

the low contrast between the medium and samples and scattering through media, which

affects both signal strength and resolution [2]. To address these issues at the most basic

level, we can control the phase and frequency components of the light, increasing the

contrast of the images [3]. Light can be sculpted into complex beams, improving its

ability to penetrate deeper into biological samples [4]. Pinholes are used in confocal

microscopy to enhance resolution, with spinning disks used to speed up the process [5].

Cylindrical lenses shape light into a sheet, allowing whole volumes to be scanned in

seconds [6]. We can go further with active optical elements and use spatial light mod-

ulators (SLMs) or digital micromirror devices to shape the beam to adapt to real-time

imaging [7]. Furthermore, the momentum of the shaped light itself can be harnessed

through optical trapping, allowing for investigation of the most minute forces present at

these scales [8].

Next, the environment around the objects of interest can be modified to investigate

individual specimens, increase the sensitivity of our measurements, or select a specific

signal. Channels on the scale of 100s of microns are used to guide individual cells,

which undergo multi-parametric analysis at high throughput rates using flow cytometry

[9]. Biomolecules such as deoxyribonucleic acid (DNA) can be immobilized next to

resonant structures [10] or particles to increase the signal by up to a factor of 1011 [11]

in surface-enhanced Raman spectroscopy. Another sensing avenue is photonic crystals,

engineered materials designed to control light propagation through periodic variations

in the dielectric constant. The exact period of these variations results in the formation

of a photonic bandgap, meaning only select wavelengths can pass through the crys-

tal. This enables selective reflection, guidance, or total suppression of light across dis-

tinct wavelength ranges [12]. They can slow down the light near the samples, increase

the light-matter interaction time [13], and achieve directional emission, increasing the

signal-to-noise ratios [14] (SNRs).

The samples can also be labeled for precise measurements and tracking over long

periods. One of the best-explored labeling modalities is the use of fluorophore reporters,

which can be excited at a specific wavelength and re-emit at another, separating the

pump beam from the data collected through dichroic mirrors [2]. The fluorophores

can be designed to bind to the object of interest, or living organisms can be geneti-
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cally modified to produce them internally [15]. The precision of measurements can be

increased through fluorescence resonance energy transfer — by tagging objects with

multiple types of compatible acceptor and donor fluorophores, molecular interactions

on the scale of < 10 nm can be measured [16]. Techniques using blinking fluorophores

activated at different wavelengths, such as photoactivated localization microscopy and

stochastic optical reconstruction microscopy [17], increase the imaging resolution past

the diffraction limit [18]. Fluorophores also play a crucial role in experiments where

the evolution of the cell over time is tracked. They enable optical barcoding, where

combinations of genetically expressed reporters are used to track lineages of cells [19].

Another method for modifying the samples is through using radially symmetric res-

onators such as toroids, rings, and spheres. Through phagocytosis, these resonators

can be embedded in cells [20], allowing for simultaneous barcoding and tracking of

thousands of cells over days [21, 22] as well as direct sensing of intracellular forces

[20]. This is enabled through their exceptional sensitivity to changes in their shape [23]

through whispering gallery modes (WGM), which exist in the boundary between the

resonator and its environment.

All these methods culminate in the last part of the process — detection of the light

received back after interacting with the samples. Event-driven microscopy is used to

preserve the ‘photon budget’ [24] of the samples, where wide-field imaging is com-

bined with single-molecule imaging techniques through machine learning, meaning that

samples are exposed to less light, allowing them to preserve the fluorophores [25].

One object remains constant in each of these studies: the microscope objective.

While not problematic in isolated research contexts, the transition of these methods

from laboratory to real-world applications is hindered by the objective’s cost, fragility,

and size. High-quality objectives, often costing thousands, are susceptible to damage

and are significantly larger than their subjects, limiting interaction. As the number of

objectives grows, so does the complexity of setup alignment and the challenge of sample

positioning, keeping many innovative methods confined to optical labs and beyond the

reach of many biologists and healthcare professionals.

This work aimed to develop methods for replacing the microscope objective or pro-

viding additional functionality. It combines two complementary modalities of light-

matter interaction: optical manipulation, where structured light is used to control matter,

and metamaterial design, where structured matter is used to control light. In this thesis,

a specific two-dimensional (2D) subset of metamaterials — holographic metasurfaces

(HMSs) — is used. HMSs consist of arrays of sub-wavelength structures known as

meta-atoms. These meta-atoms’ size, shape, arrangement, and composition are engi-

neered to produce the desired electromagnetic response, such as changing the polariza-

tion, phase, or amplitude of the light passing through or reflecting from them.
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1.1. Lab-on-chip

The overview of this work is summarised in Figure 1.1, showing (HMSs) and mi-

crostructures engineered to efficiently focus light in a manner equivalent to a high NA

microscope objective. The HMSs are used to trap individual particles and more com-

plex extended objects. Also shown are polymeric membranes, which extend the micro-

scopes’ ability to deliver and collect light to samples inside the microfluidic chamber,

with all of the work striving towards a fully integrated on-chip platform for biological

sample analysis.

Figure 1.1 Concept design for using microstructures and HMSs to enhance or replace
the microscope objective. HMSs are used to trap particles and extended objects such
as polymeric membranes. Each membrane has handles allowing for easy control, and a
HMS is patterned on top of it.

1.1 Lab-on-chip

Integration and miniaturization have driven the modern technological revolution [26].

This is most clearly embodied by the smartphones in our pockets, comprising a mobile

phone, camera, personal computer, navigation system, and portable media player into a

compact, highly integrated device. This is primarily enabled by the rise of the system-

on-chip technology, which places the processing units, memory, and input/output ports

into a single microchip when, just a few decades ago, the same architecture would fill

a room. The result is a device where the end user can access the full computational

power through a simple interface without necessarily understanding how the individual

components function [27].
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1.1. Lab-on-chip

Lab-on-chip systems strive to give the user the full capability of a biological and

chemical ‘lab’ in a compact form factor. A drop of analyte can be presented, and the

required information can be read in minutes in a manner similar to a home pregnancy

test [27]. It is an interdisciplinary field, combining the work of physicists, biologists,

chemists, and engineers into a cheap, simple device that anyone can use. One of the first

lab-on-chip systems was fabricated in 1979 at Stanford and was a gas chromatography

chip [28], while the most recent high-profile example was the lateral flow tests used

during the COVID-19 pandemic [29].

The lab-on-chip platform is closely linked with developing integrated circuits and

microelectronics [30]. Together with the invention of the transistor in 1947 [31], pho-

tolithography was a key process used in the miniaturization and creation of on-chip

systems. Shown in Figure 1.2, it allows for precise patterning of substrates, including

the silicon crystal that would go on to create the first-ever integrated circuit [32].

Figure 1.2 A standard procedure for photolithography is outlined as follows: The pro-
cess begins with the application of a photoresist layer onto the substrate, then by spin-
ning it to reach the required thickness. This step is followed by a heating process that
eliminates any solvents present. Subsequently, the resist undergoes exposure to ultra
violet (UV) light through a photomask. In the case of negative tone photoresists, the
development stage removes areas that were not exposed to the radiation, whereas for
positive tone photoresists, the unexposed areas remain intact. Adapted from [33].

As fabrication technologies matured, the channels and valves comprising lab-on-

chip systems could be fabricated on the scales of hundreds of nanometers. They could

deliver picolitres of fluids through compact chambers, simplifying and parallelizing

analysis. This minuscule volume has multiple advantages, primarily through enforcing

a predictable laminar flow within the fluid passing through the channels, giving exact
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1.1. Lab-on-chip

control over the position and velocity of analytes [34]. The use of materials such as

silicon [35, 36], glass [36], which can be machined and etched, and polydimethylsilox-

ane (PDMS), cast into arbitrary shapes with molds made using photolithography [37],

has been pivotal in this development. The use of PDMS microfluidics introduced so-

phisticated systems with reconfigurable 3D channels and valves, further enhanced by

innovations like paper microfluidics, which utilize capillary action for fluid transport

[38].

Implementing such small volumes is also particularly beneficial for handling scarce

samples. The precise control over the analytes extends to the development of organ-on-

chip systems, where cell cultures grown directly on the device mimic the physiological

conditions of blood cells moving through veins, and optofluidics, which makes use of

the laminar flow to guide light and analytes concurrently [27]. Understanding fluid

physics at these scales, exemplified by the Reynolds number (Re), reveals how reduced

system dimensions favor a laminar flow regime characterized by predictable flow pat-

terns and diffusion-based molecular transport instead of the turbulent mixing seen in

larger-scale systems. This principle underpins the efficient design and operation of lab-

on-chip devices [39]:

Re =
ρνL

µ
, (1.2)

where ρ is the fluid’s density, ν its velocity, L the characteristic linear dimension of the

system, and µ the dynamic viscosity. In such systems, laminar flow simplifies mod-

elling efforts and enhances the predictability and efficiency of molecular interactions

and analyses [33].

Waveguides are now commonly used to deliver and collect light efficiently, maxi-

mizing the interaction with analytes [40]. Furthermore, the incorporation of photonic

crystals has been pivotal in increasing the contact time of light with analytes, substan-

tially improving the detection sensitivity of these systems [41]. The development of

optofluidic cavities and surface plasmon resonance sensors represents a leap forward,

offering strong light confinement for sensing, lasing, and nonlinear optics applications

alongside high sensitivity for biomolecular detection [42]. Microfluidics can be cou-

pled with light-sheet microscopy to obtain full three-dimensional (3D) imaging of cells

at high-throughput rates [43]. Additionally, introducing digital microfluidics with in-

tegrated optics has opened new avenues for manipulating light and conducting high-

throughput screening and analysis [44]. As the system scales down even more, we turn

to components that give a tailored photonic response, such as HMSs [45, 46, 47].
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1.2. Metasurfaces

1.2 Metasurfaces

As new frontiers are reached, we discover new methods of manipulating the very light

we use as a probe, controlling its spatial and temporal properties through lenses, po-

larisers, waveplates, and materials that give nonlinear responses. In all these cases, we

rely on the intrinsic properties of materials from which we manufacture these optical

elements from, such as their refractive index and crystalline structure. With the revo-

lutionary discovery of lasers in 1960 [48], demand has grown for greater control over

light. Diffraction limits hold back traditional optics along with a lack of tunability,

intrinsic optical aberrations, and bulky size. [49]

The solution to these problems comes from electromagnetic metamaterials (EMM).

These comprise sub-wavelength-sized and spaced metallic [50] and/or dielectric [51]

structures that couple to the incoming electromagnetic field. These EMM building

blocks are commonly referred to as meta-atoms. Their size, composition and shape

allow for controlled manipulation of the electromagnetic field response not possible in

natural materials [52]. This may initially seem similar to the well-established field of

composites, where two or more distinct constituents are used to create a new material

with improved and unique properties, but there are two key distinctions. The first is that

the EMM derives its properties from both the composition of the meta-atoms and their

physical architecture [53] resulting in properties not found in the constituent materials

[54]. The other key difference with EMM lies in the scale of the meta-atoms being con-

siderably smaller than the wavelength of the incoming field in free space, at which point

the structure is deemed an effective medium. This homogenization of the EMM allows

for the definition of effective constitutive parameters, such as electric permittivity ε and

magnetic permeability µ, to describe these artificial structures [55].

While one of the first theoretical use cases was proposed by Viktor Veselago in

1968 [56], in his consideration of material with negative permittivity and permeability

resulting in a negative refractive index n =
√
εµ, the first experimental realization of an

EMM did not occur until 2001 when Shelby et al. observed negative refraction in mi-

crowaves [57]. Aided by nanofabrication techniques, the first optical EMM with a real

part of the refractive index of -0.6 at a 780 nm wavelength was realized by Soukoulis et

al. in 2007 [58].

This has since led to surpassing of the diffraction limit through superlenses [59, 60]

based on negative refraction, as well as zero-index materials [61], perfect absorption

[62] and tunability [63].

These early EMMs, while revolutionary in their ability to control light, were not

without their faults. To achieve this control, they used metals and resonant responses,

leading to dispersion and losses [64]. While progress has been made since through the

use of all-dielectric EMM [51] and metal EMM design can be optimized for higher
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efficiencies, fabrication at scales required for optical response is also a significant chal-

lenge, as most nanofabrication systems are not well suited for 3D fabrication [65].

HMSs — a subset of EMM, — allow for much of the similar ability to control the

properties of light while greatly simplifying the fabrication and reducing the bulk. [66]

This is due to HMSs being made of meta-atoms arranged into an optically thin layer.

Unlike metamaterials, which focus on the effective permittivity and permeability of

the homogenized medium, HMSs aim to control the phase, amplitude, and polarisation

through engineering boundary conditions that the electromagnetic field must obey. One

of the first examples of this was shown experimentally by Capasso et al. [67], who

expanded Fermat’s principle to consider a sudden phase shift between two media, as

shown in Figure. 1.3 and arrived at a general Snell’s law of the form:

nt sin (θt)− ni sin (θi) =
λ0
2π

dϕ

dx
, (1.3)

sin (θr)− sin (θi) =
λ0
2πni

dϕ

dx
, (1.4)

where nt and ni are the refractive indices of the two media, λ0 is the vacuum wave-

length, θi, θr and θr are respectively the angle of incidence, reflection, and transmission

and dϕ
dx

is the phase gradient. This meant that as long as the phase discontinuity was

correctly engineered, an arbitrary angle of reflection and transmission could be demon-

strated. They then went on to show that this is possible by constructing gold V-shaped

resonant elements supporting symmetrical and anti-symmetrical modes. By changing

the length size and orientation of the resonators, they achieved full 2π phase modulation

over the incoming light and demonstrated anomalous refraction. A detailed explanation

of this phase control scheme can be found in Chapter 2.
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1.2. Metasurfaces

Figure 1.3 Diagram used to demonstrate generalised Snell’s law. Adapted from [67].

Since then, the field of HMSs has proliferated, with demonstrations of applications

of holograms [68, 69] and holographic encryption [70, 71], flat lenses [72] and active

beam steering [73, 74]. The HMSs can be made flexible [75, 76, 77, 78], adding a

degree of freedom to the applications. These flexible HMSs can be tuned using micro-

electromechanical systems (MEMS), resulting in adaptive optics [79]. Similarly, liquid

crystals [80], voltage-sensitive materials such as indium tin oxide (ITO) [81], and 2D

materials such as graphene [82] are incorporated into HMSs for refractive index tun-

ability.

These qualities make HMSs an appealing candidate in biophotonics applications,

such as biomolecule sensing [83]. HMSs can be integrated with and enhance existing

imaging techniques such as confocal microscopy [84] and broadband super-resolution

imaging [85]. They can be patterned on endoscopes for optical coherence tomography

[86]. Furthermore, HMSs can focus multiple wavelengths at the same distance for two-

photon microscopy [87], allowing for efficient excitation and collection of signals from

samples with a single objective. Chiral HMSs have significant potential in the sensing of

chiral biomolecules [88], a crucial process for identifying the pharmacological effects
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1.3. Optical Manipulation

and toxicity that differ between biomolecules of varying handedness [89]. HMS-based

lenses with NA ∼ 1 have been demonstrated [90], making them an ideal candidate for

replacing the microscope objective.

There are two properties of HMSs we want to focus on in this body of work. The

first is the HMSs’ ability to generate arbitrary aberration-free holographic images that

can be used to create a complex optical field [91]. The second is the ability to control

the transfer of momentum of light, which is the fundamental concept behind optical

manipulation.

1.3 Optical Manipulation

Ever since the demonstration of the single beam gradient force trap by Arthur Ashkin

in 1986 [92], optical manipulation has been at the forefront of biological and atomic

physics — a versatile tool capable of anything from measuring forces exerted by

proteins [93], cells [94] and DNA [95], to cooling atoms for quantum computing [96]

and atomic clocks [97].

One of the most compelling examples of physical light-matter interaction is through

optical trapping, whereby focusing a coherent laser focused by a high NA objective,

microscopic objects can be freely manipulated in 3D space as they oscillate around the

beam waist, typically inside a dampening medium such as water [98]. The particle

is trapped in equilibrium and experiences a combination of the scattering force, the

gradient force, and Brownian motion due to the constant bombardment of molecules

comprising the medium around it. The overall motion is comparable to an overdamped

simple harmonic oscillator, as shown in Figure 1.4, with a restorative force:

Ftrap = −ktrapx, (1.5)

where x is the displacement from the equilibrium position and ktrap is the equivalent

of the spring constant, referred to as the trap stiffness of the system, and is on the order

of pN/µm [99].
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1.3. Optical Manipulation

Figure 1.4 Simplified model of the force experienced by an optically trapped particle
in a medium of lower refractive index than that of the particle, where ktrap is the trap
stiffness.

When used in a biological context, typically, the object trapped by the laser is a

glass or latex sphere. The sphere is attached by a tether to the molecule of interest

and used as a handle, with changes to its motion indicative of a force exerted by the

molecule [100]. The most common use for optically trapped particles in a biological

context is through single-molecule force spectroscopy [101] — along with magnetic

tweezers [102, 103, 104] and atomic force microscopy [105, 106] it allows for precise

measurement of physical properties of biological molecules. Another common use case

is embedding the particle inside a cell’s cytoplasm [107] or even nucleus [108, 109] for

rheology measurements.

The isotropy of the sphere allows us to predict its movement and solve for the forces

it experiences analytically [99]. Limitations exist regardless of the strength of the trap-

ping beam; the Brownian motion of the sphere introduces an impenetrable noise floor

along with a measurement delay, making it necessary to wait up to seconds for the

motion of the particle to average out [110].

Optical trapping can be realized across a range of particle sizes, typically with a

diameter on the same order of magnitude as the trapping laser wavelength. These lim-

itations can be surpassed by combining optical trapping with other techniques. When
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1.3. Optical Manipulation

larger objects need to be trapped, the technique is combined with acoustic tweezers

[111], and near-field plasmonic tweezers are used to trap nano-sized particles [112,

113, 114, 115, 116].

On-Chip Optical Manipulation

As Chapters 4 and 5 will be dealing with on-chip trapping, it is key to establish that

the single gradient trap is not the only way to implement optical trapping. Counter-

propagating beams have been used from the technique’s inception [117]. More so-

phisticated geometries, such as the optical stretcher, have also been used to distinguish

cancerous cells from healthy ones through force measurements alone [118]. Microflu-

idics can be integrated for high throughput particle and cell sorting [119], with some

examples shown in Figure 1.5.

Figure 1.5 Examples of on-chip optical manipulation. (a) shows channels combining
optical trapping and optofluidics for direction of particles. Taken from [120] (b) shows
an example of hydrodynamic tweezers used to redirect particles after keeping still for
analysis. Taken from [121]. (c) Shows an example of passive sorting of particles of
different sizes and refractive indices. Taken from [122]. (d) Shows free-space optics
being used to trap particles on-chip for analysis. Taken from [123].

Advanced nanophotonics techniques have also been applied to optical trapping through

HMSs. HMSs have been used to produce complex beams which allow for exertion

of anomalous lateral forces [124], spinning particles using angular momentum gen-

erated by the HMS [125], and traps with arbitrary depth of focus [126]. A range of

HMSs have been used for optical trapping without the need for a microscope objective

[127, 128, 129], including HMSs patterned on top of optical fibers [130], A recent full

review of HMSs for optical trapping can be found at ref. [131]. More intricate opti-

cal fields can also be created to manipulate multiple particles as well as more complex

objects.
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1.3. Optical Manipulation

Optical Manipulation of Extended Objects

Much of this thesis is based around the optical manipulation and use of microscopic

membranes for interaction with biological samples, as outlined in Chapter 6. Several

advanced techniques exist nowadays to trap multiple objects, including using time and

polarisation shared traps [132], speckle tweezers [133], and trapping with structured

light [134]. The last is most often facilitated by the use of digital micromirror devices

[135] and SLMs, first demonstrated by Grier et al. [136].

Given the ability for several points in the trapping plane to be controlled, the field

of optical trapping began to progress towards more complex objects than just polymer

and glass spheres with the advent of microtools and micromachines. Spheres were

great force probes but their ability to interact with other objects in the microfluidic

chamber was limited. Over the past decade, there has been an increased interest in

creating optically manipulated micromachines capable of complex interactions with the

biological samples inside the chamber [137].

Figure 1.6 Examples of optically steerable microrobot designs: (a) was employed for
generating a natural convection flow in a closed microfluidic channel [138], (b) can be
used for cell maneuvering [139], while (c) and (d) can be used to interact with cells
directly. Taken from from [140].

Optical trapping can easily result in heating the medium surrounding the trapped

object by light absorption. To address this, force probes capable of interacting with

samples far from the trapping site have been demonstrated [141]. Some examples are

shown in Figure 1.6. Optically controlled microrobots have been shown capable of de-

livering biological samples to different parts of the microfluidic chamber [140], waveg-

uides for tip-enhanced Raman scattering [142], and structures capable of converting

the scattering force of light to an angular torque [143, 144, 145]. Currently, most such

microtools are made using two-photon polymerisation [140], where a pulsed laser is

scanned through a photosensitive resist containing two-photon chromophores, which
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emit at a wavelength the photoresist is sensitive to, leading to cross-linking [146].

Over the remainder of this thesis, I will present the inherent synergy of lab-on-chip

techniques, HMSs, and optical trapping of particles and extended objects.

1.4 Thesis Summary and Structure

The three key outcomes of this thesis are:

1. Creation of static optical trapping landscapes using microstructures and HMSs,

reducing the need for multiple objectives during the microfluidic analysis of cells,

and particle and cell sorting as well as other lab-on-chip applications.

2. Creation of optically controllable micro-optical elements, which allow for deliv-

ery and collection of light anywhere in the microfluidic chamber.

3. Foundational work towards the use of these same elements for extremely sensitive

force measurements of DNA denaturation and supercoiling.

The first Chapter of this thesis describes the motivation behind this work. The sec-

ond Chapter focuses on the background theory behind the optical trapping of individual

particles and the holographic optical trapping of complex objects. The principles behind

reflective and transmissive HMSs are then explained, along with the design strategies

for the individual meta-atoms and holograms these HMSs form. Examples of HMS

applications developed throughout this thesis are discussed. These include HMSs for

curvature sensing and encoding multiple images into cryptographic HMSs (where each

image can only be accessed using a combination of the correct wavelength and medium

refractive index). Then, in the third Chapter, the fabrication of the microscopic mem-

branes used in Chapter 6 as in-situ optics and force probes is covered. Also covered

is the development of the optical trapping system, fluorescence detection, and imaging

used in the following experiments needed to manipulate them. This includes the details

of the software used to steer the holographic optical tweezers, the software used to ana-

lyze the particle motion, sample, and microfluidic chamber design and preparation, and

the principles of data analysis underpinning this thesis. The design and components of

a separate complex optical setup built for precise force measurement are described. The

setup consists of an optical trapping system integrated with a commercial microscope,

a homodyne interferometer, and a stable optical trapping system designed to calibrate

the integrated system.

The next section of the thesis deals with structuring materials for an arbitrary pho-

tonic response to replace the microscope objective for optical trapping applications.

This is used to create arrays of optical elements that perform the trapping function. Two

approaches to this are explored, one with fabrication on the scale of tens of microns and
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the other on a scale of tens of nanometers. Both approaches resulted in a publication.

The first approach, described in the fourth Chapter, uses rapid carbon dioxide (CO2)

laser ablation to create ∼ 60 µm diameter parabolic cavities in glass, which serve as

parabolic mirrors following gold deposition. The advantages of this platform include

ease of fabrication, the ability to tune the trapping parameters through adjustment of

fabrication parameters, and a broadband photonic response. The fabrication and char-

acterization of the micromirrors are covered, including the automated ablation setup

and multiple methods of characterization of the micromirror profile and optical trap-

ping performance compared to a microscope objective. To demonstrate the ability to

preserve the original characteristics of the incoming light, such as angular momentum,

this platform is used to rotate a birefringent particle using the objective, then reverse

the direction of rotation by using light reflected from the micromirror. The second ap-

proach, described in the fifth Chapter, uses HMSs of sizes ranging from 315×315 µm2

down to just 30×30 µm2 to achieve trapping with equivalent efficiency to an NA = 1.2

microscope objective. For this purpose, HMSs with NA ranging from 0.9 to 1.3 were

designed, fabricated, and characterized by trapping the same 2 µm particle. The best

performance is seen in 1.2NA HMSs, which are fabricated in various sizes and system-

atically characterized. The full capability of the HMSs is then demonstrated by trapping

an extended object (a polymeric net measuring 15×15 µm2) using an optical trapping

landscape created by a single HMS, a feat typically requiring an SLM. Approaches for

trapping using HMS operating in both reflection and transmission are demonstrated.

The design of a microfluidic chamber used to flow and trap the polymeric nets is also

discussed, along with some preliminary results.

Inspired by the microtools, the sixth Chapter of this thesis describes the work un-

dertaken using square polymeric membranes with optically trappable handles at each

corner, which give complete control over the membranes’ 3D position, tilt, pitch, and

yaw. As the membrane is a flat canvas, it can decorated with arbitrary optical elements

such as mirrors or HMSs. Three experiments using the membranes are presented, each

using the membranes decorated with a reflective gold layer acting as a mirror. The

mirror-decorated membranes are used as in-situ optical elements, placed in a microflu-

idic chamber with optically active beads, and used to illuminate them at arbitrary angles,

which can typically only be achieved when multiple objectives are used. The first opti-

cal phenomenon explored using this geometry is refractive index sensing using WGM

microlasers. The microlasers are 15 µm polystyrene beads, which lase along one plane

when excited with a pulsed nanosecond source. This results in a single WGM mode that

probes the microlaser’s interface and the surrounding medium. Using a combination of

a WGM laser on a glass substrate and an optically trapped steerable mirror membrane,

this WGM plane is changed by altering the illumination angle, and we show the ability
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to probe both the refractive index of the glass substrate as well as that of the water sur-

rounding the microlaser. Furthermore, we demonstrate the ability to probe the refractive

index around the microlaser by performing a time-resolved experiment where the mi-

crolaser illuminated by the membrane micromirror is orbited by a polystyrene bead,

resulting in a detectable change in the local refractive index. The experiment setup and

geometry are described, along with data analysis methods. The second optical phe-

nomenon explored is that of a photonics jet, where the incoming light is focused using

a microscopic dielectric sphere. A high field enhancement at the focal spot is achieved

when using a beam with a waist size close to the diameter of the focusing sphere. The

mirror membranes steer this photonics jet to selectively excite nitrogen-vacancy nan-

odiamonds embedded in TiO2 spheres. The light emitted by the nanodiamonds is then

redirected towards the microscope objective using a second mirror membrane. The

experiment geometry, collected spectra, and experimental procedures are discussed. Fi-

nally, optical trapping from an arbitrary angle is shown by redirecting the trapping beam

using a membrane micromirror.

The eventual goal of optical trapping and HMS integration is for applications in bi-

ological experiments, and the preliminary work to that end is shown. Two experiments

are proposed to explore the mechanical breaking of the bonds in the DNA helix, repli-

cating the enzymatic activity of helicase and measuring the forces involved. The first

proposed experiment focuses on another advantage of the polymeric membrane form

factor, the significantly dampened motion in the z-direction, as demonstrated in recent

work [147]. This dampening means that force measurements can be more finely re-

solved and taken more quickly as the membrane reaches an equilibrium position much

faster than a spherical bead. The second proposed experiment is based on another way

in which DNA will unwind its helix through supercoiling. Supercoiling occurs as the

DNA tightens or loosens its helical turns beyond a relaxed state, resulting in torque

applied to the helix’s sections, making it easier to split. To mechanically induce this

supercoiling, paddle-like microtools were designed and fabricated. The design of these

paddles allows them to convert the linear momentum of light into an angular torque,

and the experimental rotation of the paddles is demonstrated. The next step is to attach

these paddles to functionalized DNA strands. The thesis ends with a discussion of the

work done.

The thesis is split into 8 Chapters:

• Chapters 1 and 2 introduce the key motivation for this thesis and background

physics of optical trapping and HMSs required to understand the thesis.

• Chapter 3 describes the fabrication methods as well as the optical setup used for

the experiments.
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• Chapter 4 covers a published result on fabrication and trapping using

micromirrors.

• Chapter 5 covers a published result on using HMSs to trap particles and

extended objects.

• Chapter 6 covers a published result on using holographic optical tweezers to

manipulate polymeric membranes and decorate them as in-situ optics. It also

contains preliminary work on the use of the membranes as sensitive force

sensors, and fabrication of micropaddles for DNA supercoiling.

• Chapter 7 is the conclusion.
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CHAPTER 2

Background and Theory

This Chapter will focus on the basics of the two overarching themes behind this thesis:

optical manipulation and metasurfaces.

I will cover the theory behind optical manipulation, the forces involved at the dif-

ferent wavelength scales, force measurement, and calibration methods, as well as the

basics behind MS. Here, I describe in detail the method used in this thesis for all of

the optical trapping data analysis, based on the power density spectrum analysis. The

methods used to generate complex optical patterns using diffractive optical elements

for holographic optical tweezers are described, focusing on the superposition of lenses

and gratings algorithm used in trapping complex objects. More sophisticated hologram

generation using the Gerchberg-Saxton algorithm (GSA) behind all HMSs used in this

work is summarised. The theory behind the working principles of HMSs is described,

their many applications, and the HMS design process and the difference between differ-

ent types of HMSs used throughout this thesis. While I have not been designing HMSs

during this work, these details are required to follow the thesis and for completeness.

2.1 Optical Manipulation Theory

At the core of optical manipulation is the interplay between two distinct types of forces

acting on a trapped object (typically a glass, latex or polystyrene sphere) when exposed

to incident light in a context where the medium’s refractive index is lower than that of

the particle. A non-conservative force, referred to as the scattering force, arises from

the reflection of photons off the particle’s surface, manifesting as radiation pressure.

This phenomenon was theorized by Kepler as far back as 1619 [148] to explain the

formation of comet tails. The force is deemed non-conservative as it does not conserve

the system’s mechanical energy but instead imparts momentum to the particle, pushing

it away from the light source.
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The balancing force is a conservative one, known as the gradient force. This force

opposes the scattering force by drawing the particle back towards the laser’s focal point

[99]. The conservative nature of the gradient force means it derives from a potential

energy gradient within the field, working to minimize the system’s potential energy and

thus conserving the system’s mechanical energy.

An important consideration for optical manipulation is also the medium the particle

is surrounded by, as it determines the refractive index contrast as well as the Brownian

forces incident on the particle. While optical trapping can be performed in different

environments (including air and vacuum) and has gained attention in recent years due

to its applications in studying fundamental physics [149], the work in this thesis will

focus on optical trapping in liquid media. The use of a commonly preferred wavelength

of 1064 nm for optical trapping can lead to increased heating when working with water.

In such instances, opting for heavy water D2O is advantageous due to its lower absorp-

tion than regular water across typical trapping wavelengths. Research by Peterman et

al. [150] has underscored that heating the medium around a trapped object significantly

influences experimental outcomes. It harms biological specimens being investigated,

alters the thermal motion of the trapped bead, and decreases the medium’s local viscos-

ity. This choice becomes even more apparent when we consider the full equation of the

one-dimensional motion of a spherical particle inside of a viscous medium, described

by the Langevin equation [151]:

mẍ(t) + γ0ẋ(t) + ktrapx(t) =

√
2kBT

γ0
η(t), (2.1)

where x(t) represents the trajectory of the Brownian particle, mẍ(t) is related to the

particle’s inertia and is negligible at high acquisition speeds, ktrapx(t) the force exerted

by the optical trap, and
√

2kBT
γ0

η(t) a random Gaussian process symbolizing Brownian

forces at absolute temperature T , with η(t) being white noise satisfying:

(⟨η(t)⟩ = 0) and (⟨η(t)η(t′)⟩ = δ(t− t′)), (2.2)

for all t and t′ and γ0 is the drag coefficient given by the Stokes relation:

γ0 = 6πρνr, (2.3)

where ρν is the dynamic viscosity of the medium, and r is the radius of a spherical

particle. The consequence of this relation is that the system will reach an equilibrium

over a sufficiently long time, t, setting the right-hand side of the equation to 0. As this

term depends on the trapping medium’s temperature, keeping the additional heating

due to light absorption as low as possible is paramount. The particle size also plays an

19



2.1. Optical Manipulation Theory

important role — not only are small particles more affected by the surrounding medium,

but the way in which we treat the optical forces will depend on the relative sizes of the

particle and trapping wavelength.

Optical Forces and Trapping Regimes

The way optical forces affect the particle depends on the particle size relative to the

wavelength λ of the laser used to trap it. There exist three regimes: the Mie regime,

where the particle size is on the order of multiple wavelengths; the Rayleigh regime,

which relies on the particle being much smaller than the wavelength of the light; and

finally, the Mie-Lorentz regime, where the wavelength and particle size are compara-

ble. Most of the trapping described in this report relies on the latter. Although it is

significantly more mathematically complex, requiring multipole wave expansion and

electromagnetic wave theory (which is outside the scope of this work [152, 153]). A

sufficient understanding can be gained from examining the Mie and Rayleigh regimes.

Mie Regime

Employing a ray optics framework, as depicted in Figure 2.1, we analyze the interaction

of photons with a spherical particle within the Mie regime, treating the particle as a re-

fracting lens. Each photon incident upon the particle possesses momentum ℏk, where k

is the wavenumber, and ℏ represents Planck’s constant divided by 2π. This interaction

involves reflection and refraction, given the particle’s higher refractive index than the

surrounding medium, leading to changes in the photon momentum’s direction and mag-

nitude. According to the momentum conservation principle, this results in an equivalent

and opposite change in the particle’s momentum. Notably, the particle experiences a net

force directed towards areas of higher intensity due to uneven momentum change, espe-

cially in the transverse direction. Moreover, in the axial direction, the highest intensity

region, typically the beam’s focal point, the light exerts an attractive force on the parti-

cle. This dynamic is quantified through the scattering (FS) and gradient (FG) forces, as

formulated by Ashkin et al. [154]:

FS =
nmP

c

[
1 +

R cos 2θ − T 2 (cos (2θ − 2ϵ) +R cos 2θ)

1 +R2 + 2R cos 2ϵ

]
, (2.4)

FG =
nmP

c

[
R sin 2θ − T 2 (sin (2θ − 2ϵ) +R sin 2θ)

1 +R2 + 2R cos 2ϵ

]
, (2.5)

where P is the power of the single ray hitting the particle, nm denotes the medium’s

refractive index, and R and T represent the Fresnel reflection and transmission coef-

ficients, respectively, with θ and ϵ being the angles of incidence and refraction. This

analysis underlines the influence of the light’s refraction through the sphere, aligning
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with Newton’s third law by generating a net force that pushes the sphere towards the

beam’s focus, particularly as light entering through the particle’s edges is refracted more

intensely.

Figure 2.1 Optical forces Fa and Fb on a dielectric bead in the Mie regime due to
refraction of two light beams, a and b. θ is the angle of incidence, and ϵ is the angle of
refraction. Momentum transfer from the beams results in total force F near f, the focal
point of the lens.

Rayleigh Regime

In the Rayleigh regime, particles significantly smaller than the trapping wavelength are

influenced by their polarizability, the measure of how much the electron cloud of a

molecule is affected by an external electric field. When an electric field is applied, the

distribution of electrons around the nucleus shifts slightly, inducing a dipole moment

proportional to the strength of the electric field. Due to their high polarizability, the

particles behave as dipole oscillators within an electromagnetic field, as illustrated in

Figure 2.2. This interaction, governed by the Lorentz force, attracts particles towards

regions of highest intensity—typically the beam’s focal point where the electromag-

netic field’s intensity gradient, and consequently the gradient force, is maximized. This

phenomenon is quantitatively described by the scattering force, FS , and the gradient

force, FG, articulated by Ashkin et al. [155]:

FS =
Inm

c

128π5r6

3λ4

(
m2 − 1

m2 + 2

)
, (2.6)

FG =
nm

2
α∇E2, (2.7)

where I denotes the laser beam’s intensity, m is the ratio of the refractive indices

between particle and medium (np/nm), α is the particle’s polarizability and ∇E2 rep-
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resents the intensity gradient of the electric field. The gradient force, thus named for

its reliance on the electric field’s gradient, encourages particles to migrate towards the

beam’s center when a TEM00 Gaussian profile is used, reflecting a direct correlation

between force and the laser’s spatial intensity distribution.

Figure 2.2 (a) Gradient force FG and the scattering force FS felt by a particle in
the Rayleigh regime, (b) Spatial electric field gradient of a TEM00 Gaussian beam.
Adapted from [156]

Force Measurement and Calibration

There exists a range of methods developed for extracting the particle’s trap

stiffness [157], which informs us about the quality of the optical trapping and dictates

the system’s lowest force resolution. These include analysis of the optical potential,

autocorrelation function, Bayesian inference, and mean square displacement of the par-

ticle [157]. Here, we will focus on the three most commonly used methods. They give

us a baseline of how the particle is moving in equilibrium and later allow us to extract

force incident on the particle from the deviation from this baseline.

The simplest method to implement is the equipartition method. This approach takes

advantage of the uniformity of random Brownian motion, leading to a Boltzmann dis-

tribution of ρ(x) = ρ0e
−U(x)

kBT , where ρ0 is the normalization factor, U(x) is the potential

of the particle, kB is the Boltzmann constant, and T is the absolute temperature of the

medium. For small displacements in x, the potential trapping the particle resembles

that of a harmonic oscillator with U = 1
2
ktrap(x − xeq)

2, where xeq is the equilibrium

position.

This means the equipartition theorem allows us to equate the position probability

density to the thermal average of the potential of ⟨U(x)⟩:

1

2
ktrap⟨x− xeq⟩2 =

1

2
kBT, (2.8)
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meaning the trap stiffness can be extracted through plotting and fitting of the posi-

tion distribution, with standard deviation σ2 = ⟨x− xeq⟩2.

The second is the force drag method. In this case, we rely on moving the sample

plane at a known velocity v. When the force of the medium is larger than that of the

trapping, the particle escapes, and the known escape drag force for a low Reynolds

number medium can be used to equate the two:

Fdrag = −γ0vf = Ftrap, (2.9)

where vf is the fluid velocity.

The last method, which will be used throughout this project, is looking at the power

spectrum density of the particle. Due to using frequency analysis it’s the most robust

to any external sources of vibrational noice. As described above, the particle motion

inside the fluid is well characterized by the Langevin equation of motion. Recording the

displacement again, the resulting data can be Fourier transformed and squared to obtain

the power spectrum density. By relying on the characteristic shape of this spectrum for

a spherical particle being a Lorentzian of the form:

PSD(f) =
kBT

2π2γ0(f 2 + f 2
c )
. (2.10)

We can then extract the corner frequency fc, which is related to the trap stiffness

through:

ktrap = 2πγ0fc (2.11)

Once the particle is trapped in the optical potential, there are several methods to

track and analyze its motion — the simplest being the use of a bright light emitting diode

(LED) to illuminate the particle and setting up an imaging system using a charged-

coupled device (CCD) or complementary metal–oxide–semiconductor (CMOS) cam-

era, taking advantage of the fact that the particle is trapped near the focus of the micro-

scope objective, and so it can be used to both trap and image it [158].

By using software such as ImageJ [159] or MATLAB [160] to analyze the footage

frame by frame, tracking the center of mass of the particle relative to an average dis-

placement, allowing for motion detection, which can be limited by the resolution of the

images. Even at relatively slow framerates and with readily available CCD cameras,

sub-pixel resolution, and precise measurements can be made [161]. This can be taken

further, with convolutional neural networks such as DeepTrack [162] used to predict

the motion and allow for observation of the motion even in low light or with multiple

light sources used to create a stereoscopic view of the particle motion in 3D [163]. This

method has its advantages in being able to selectively choose which particle or object

is being analyzed, as well as being relatively inexpensive and straightforward to set up;
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however, under normal conditions, it is limited by the amount of light that can be used

to illuminate the sample, which is directly tied to the exposure time and frame rate [157]

resulting in inaccurate analysis of the motion. In general, this method is also confined

to the x-y plane, as the particle is being imaged from a top-down perspective — this can

be solved using principal component analysis [164] PCA.

Backplane interferometry is another primary particle detection method, with either

a single-section photodiode or a quadrant photodiode (QPD). This generally allows for

a much higher bandwidth detection of the particles with 10s of kHz bandwidths [157],

where the scattering profile of the trapped sphere is used to detect the 3D motion of

the particle, with calibration required to convert the voltage seen to a physical distance.

Often, a combination of the CCD and QPD is used [159, 161, 165], to allow for cross-

calibration as well as being able to see the trapping site with the CCD and precisely

measure the motion using the QPD.

Another notable method is direct force measurement [166]. By measuring all of the

light before and after the microscope objective, the exact forces can be inferred from

the light scattering between the objective and the condenser. This method allows for

the force analysis of not only individual beads but also to characterize the stretching

forces incident on a blood cell trapped using multiple tightly focused beams formed

using holographic optical trapping.

Holographic Optical Trapping

In holographic optical tweezers, diffractive optical elements are used as a programmable

diffraction grating to create multiple traps from a single beam, allowing for precise

control of multiple particles within the field of view of the microscope objective. While

a broader list of methods used to generate multiple optical traps with a single laser

source can be found in Chapter 1, a phase-only reflective SLM was used throughout

this thesis for trapping more complex objects.
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Figure 2.3 Schematic of the SLM (a) individual pixel and (b) the entire addressable
grid of pixels (c) show how projecting a blazed grating onto the SLM allows to use it to
move the position of the first order of the diffracted beam.

As shown in Figure 2.3 (a) and (b), an SLM consists of an array of thousands of

liquid crystal pixels, wherein each pixel is addressable. The voltage across each pixel

determines the phase delay experienced by light passing through it, meaning the diffrac-

tion of the light through the SLM is dynamically shaped in any way desired in trans-

mission and reflection.

The SLM is placed at the conjugate plane to the back aperture of the objective used

for trapping using a 4f lens system. A 4f system consists of two lenses with focal lengths

f1 and f2 with the SLM being f1 away from the first lens, the lenses separated by f1+f2
and the microscope objective back focal plane placed f2 away from the second lens [1].

A blazed grating is projected to create an interference pattern as shown in Figure 2.3

(c), with the amplitude of the gratings and lenses modulated to divert as much power

as possible to the first order. Then, by changing the grating and lens height, size, and

angle, the absolute position of the first order can be freely altered, and an aperture is

placed in the center of the 4f system to block the zeroth and higher orders.

This control scheme combines discretized blazed diffraction gratings and Fresnel

lenses [158, 167], as shown in Figure 2.4.
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Figure 2.4 Gratings and Fresnel lenses hologram scheme used in this thesis for holo-
graphic optical tweezers, with the corresponding focal spot intensity shown below them.
(a) simple displacement in x and y (b) positive Fresnel lens displacing the beam in z (c)
superposition of the two creating a displacement in x,y and z. Adapted from [99].

The simplest configuration involves a single trap, i.e., N = 1, positioned at

[xot,1, yot,1, zot,1]. Consequently, the phase modulation of the pixels is defined as:

ϕS
mx,my

=
2π

λ0f

(
xmx,myxot,1 + ymx,myyot,1

)
+
πzot,1
λ0f 2

(
x2mx,my

+ y2mx,my

)
, (2.12)

λ0 is the vacuum wavelength, f is the focal distance of the trapping lens, mx,y are

the SLM pixel indices and xmx,y , ymx,y are the pixel’s coordinates.

The first term corresponds to a blazed diffraction grating phase pattern, facilitating

lateral spot shifting shown in Figure 2.4 (a), and the second term introduces a phase

retardation akin to that produced by a Fresnel lens, enabling axial spot displacement

shown in Figure 2.4 (b). The integration of these elements allows for three-dimensional

trap manipulation shown in Figure 2.4 (c). Given the computational efficiency of gener-

ating the holographic mask, this methodology offers an effective means to dynamically

position a single optical trap in three dimensions in real time [99].

Another efficient algorithm that outperforms random mask encoding with only a

marginally increased computational demand is the superposition of gratings and lenses

method. This approach dictates that the phase of each pixel is determined by the argu-
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ment of the complex sum of single-trap holograms as described by Eq.2.1, that is

ϕmx,my = arg

(
N∑

n=1

eiϕ
S
mx,my (xm,ym;xot,n,yot,n,zot,n)

)
. (2.13)

This formula consolidates the phases from individual trap holograms to generate a com-

posite phase pattern for multiple traps.

The scheme described is a relatively simple example of a computer-generated holo-

gram, relying on a superimposed set of gratings where the image is simply a series

of a few discrete points in 3D space that can be solved analytically. While computa-

tionally fast, allowing for a 10 Hz hologram refresh rate using the setup used in this

thesis, the method suffers from unwanted energy diversion to higher order diffraction,

especially when high symmetry geometries are used. This can be solved by adding a

certain amount of random noise to each superimposed layer of the mask, decreasing the

amount of interference and diverting the energy back to the desired traps.

When dealing with complex optical trap distributions, methods for calculating the

phase required to generate the image become more sophisticated. More optically effi-

cient but computationally expensive methods to generate the holograms exist, outlined

in reference [158]. The holograms can be pre-calculated using an iterative approach

such as the Gerchberg-Saxton algorithm [168] (GSA), outlined below in Figure 2.5.

Figure 2.5 Gerchberg–Saxton algorithm. FT—Fourier transform, and IFT—inverse
Fourier transform. Adapted from [169].

The GSA, developed by Gerchberg and Saxton in 1972, utilizes iterative proce-

dures to compute the phase distribution that will transform a specified input intensity
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distribution at the SLM plane into a desired target intensity distribution at the trapping

plane. This iterative method cyclically propagates complex amplitudes between these

two planes. At each cycle, the intensity at the trapping plane is replaced with the target

intensity. In contrast, the intensity at the SLM plane is substituted with the actual inten-

sity profile of the laser, typically modeled by a plane wave or a Gaussian beam profile

denoted as g0(x, y) in Figure 2.5.

The process begins by using the target image as the holographic image and prop-

agating it to the hologram plane, where the intensity information is replaced with that

from the illumination source. This modified hologram is then propagated back to the

holographic image plane, and the intensity information is again substituted with the tar-

get image. This procedure is repeated until the difference between the holographic and

target images, typically measured by a least squares metric, falls below a set threshold.

The Fourier Transform (FT) is key to the GSA by enabling the propagation of the

complex amplitude between the SLM and trapping planes. The equations below de-

scribe the algorithm’s iteration process, where the FT and its inverse (IFT) are used to

compute the necessary phase distributions [169]:

Gj−1(u, v) = F [gj−1(x, y)] = |Gj−1(u, v)|eiϕj−1(u,v), (2.14)

Here, Gj−1(u, v) represents the FT of the amplitude distribution gj−1(x, y) at iteration

j − 1, with F denoting the FT. The magnitude |Gj−1(u, v)| and phase ϕj−1(u, v) are

maintained at the Fourier plane.

G′
j(u, v) = |F (u, v)|eiϕj−1(u,v), (2.15)

G′
j(u, v) is the updated complex amplitude in the Fourier plane, combining the fixed

magnitude |F (u, v)| (from the reference image) with the previously calculated phase

ϕj−1(u, v).

g′j(x, y) = F−1[G′
j(u, v)] = |g′j(x, y)|eiϕj(x,y), (2.16)

This equation applies the IFT (F−1) to G′
j(u, v), yielding g′j(x, y), the updated ampli-

tude distribution in the spatial domain, with its magnitude and new phase ϕj(x, y).

gj(x, y) = |g(x, y)|eiϕj(x,y). (2.17)

Finally, gj(x, y) adjusts the amplitude to match the original input (|g(x, y)|) while up-

dating the phase to ϕj(x, y) for the next iteration.

In these equations, j = 1, 2, · · · , n indexes the iteration steps, (u, v) are the coor-

dinates in the Fourier plane, and (x, y) are the coordinates in the spatial domain. The

calculated phase ϕj(x, y) can then be applied to the SLM to achieve the desired intensity
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at the trapping plane.

While the ability of SLMs to dynamically change the phase masks is key in opti-

cal trapping, when it comes to higher diffraction orders, SLMs face notable challenges.

One significant limitation is the reduced diffraction efficiency for these higher orders,

attributable to the discrete nature of their pixelated surface. This reduction in efficiency

becomes more pronounced with an increase in the diffraction order, adversely affecting

control and efficiency in applications that depend on these higher orders. Furthermore,

the capability of SLMs to manage higher diffraction orders is constrained by the mini-

mum grating period that can be achieved, which is inherently limited by the size of the

pixels. One key technology we use to address these issues is HMSs.

2.2 Holographic Metasurfaces

HMSs, composed of arrays of subwavelength-sized structures, offer significant advan-

tages for manipulating light with high efficiency across various diffraction orders. This

is due to the HMSs’ ability to operate on scales smaller than the wavelength of light,

effectively addressing the limitations associated with SLMs. Most notably, HMSs over-

come grating period constraints, which result in some light being diffracted into higher

orders, limiting SLM’s efficiency. HMS applications go far beyond wavefront shaping,

including full control of the light polarization [170], amplitude [67], angular and spin

momentum [125, 171], tunable HMSs capable of working at a wide range of wave-

lengths [82], and perfect reflectors [172] and absorbers [173]. Since HMSs were used

throughout this thesis, this section will introduce the necessary background to under-

stand their operation.

The utility of HMSs extends to the efficient generation of high-quality holograms,

where each meta-atom serves as a sub-wavelength pixel, akin to those in an SLM, but

with enhanced control over the phase of the incident light, thereby dictating the charac-

teristics of the resulting far-field image. The GSA is similarly used for designing HMS

holograms mentioned throughout this thesis. This typically comes at a later stage of the

HMS design process, outlined in Figure 2.6.

The design process begins with deciding the application of the HMS. This includes

determining the operational wavelength and required bandwidth, the medium by which

the HMS will be surrounded, whether it will work in transmission or reflection and

whether the HMS will need to focus light at high angles (such as those required in opti-

cal trapping). The main structural components of the meta-atoms is also chosen. Metals

typically have high reflectivity at visible wavelengths. They are typically easier to de-

posit but less efficient due to higher losses brought about by plasmonic resonances and a

small cross-section [174], leading to poor performance in transmission. Dielectrics tend

to be much more transparent in the visible range and more efficient but more challeng-
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ing to fabricate [175]. The phase control scheme (explained in detail in the following

section) is then chosen. Simulation tools such as COMSOL Multiphysics or CST Mi-

crowave Studio are used to model and optimize the nanostructured materials’ electro-

magnetic properties. In this stage, meta-atom unit cell parameters such as shape, size,

and material refractive index undergo iterative parameter sweeps, ensuring the desired

response at specific light wavelengths. Depending on the materials, this process can be

time-consuming as physical fabrication limitations have to be considered. A set of at

least eight meta-atoms is chosen, with a phase response that allows for linear mapping

between 0 and 2π. GSA is then used to form a holographic phase mask of the target

image, with the mask discretized to the eight levels chosen in the previous step. The pe-

riodicity of the meta-atoms is chosen to be less than half of the operational wavelength

to satisfy the Nyquist-Shannon sampling theorem [176] for high NA applications. This

phase mask is then fabricated using various cleanroom techniques, described in Chapter

5.

Figure 2.6 Example flow chart of the design process of the HMSs presented throughout
this thesis. The unit cell design is informed by the operational wavelength of the HMS,
whether it will be used in transmission or reflection, and the phase modulation scheme
chosen. The parameters of the HMS atoms are then simulated to provide the desired
electromagnetic response. The GSA algorithm is then used to produce a discretized
phase mask with a given periodicity, with meta-atoms acting as pixels of the mask.
Finally, the HMS is fabricated using well-established cleanroom techniques, including
electron beam lithography (EBL), photolithography, metal and dielectric deposition,
and dry and wet etching.

Phase Modulation

The core objective of meta-atom design is to enable modulation of the phase of inci-

dent light across a full 0 to 2π range, achieved through a detailed phase mapping strat-

egy. The imparted phase shift is systematically adjusted by varying the meta-atom’s
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dimensions, refractive index, or orientation. The specific nature of this phase control is

closely linked to the meta-atom’s material composition. This modulation is discretized

into eight or more levels, ensuring clear phase differentiation without interference and

allowing for precise manipulation of light’s wavefront [177].

While structuring materials like glass into varying thicknesses can mimic some

metasurface functions, this approach has limitations. Metasurfaces use sub-wavelength-

sized resonators to induce abrupt phase shifts, enabling precise control over not just

phase, but also the direction, polarization, and amplitude of light. This phase disconti-

nuity allows metasurfaces to surpass traditional optics, offering multifunctionality, com-

pactness, and integration with modern photonic devices, which traditional optics cannot

achieve.

How the phase is modulated largely depends on the meta-atom’s component materi-

als. There are multiple mechanisms for phase modulation, each with its subcategories.

As HMSs operate at various wavelengths and scales, in this thesis I will focus on the

ones able to operate efficiently in the visible regime. A full review of the operational

schemes can be found in ref. [178].

The first scheme is fundamentally based on plasmonic resonances within metallic

nanostructures. Analogous to mechanical oscillators, these structures respond when ex-

posed to an external electric field. This interaction prompts the displacement of conduc-

tion electrons relative to the fixed positive ions within the metal, causing a polarization

of the structure. This polarization, in turn, generates a restorative depolarizing field

reminiscent of the restoring force in a displaced mechanical oscillator.

The dynamic behavior of these electron oscillations is described by the Lorentz os-

cillator model, which predicts an amplification in the system’s polarizability at a certain

resonance frequency. This resonance is characterized by a peak in the polarizability

profile and a phase shift of π across its spectral range [179].

Linearly polarized light and the meta-atom’s geometry are exploited to achieve full

2π phase control. Examples include the one of the first optical HMS demonstrated

by the Capasso group in 2011, using linearly polarised light and v-shaped meta-atoms

supporting symmetric and antisymmetric modes [67] as shown in 2.7(a). The dephasing

of the light depends on the angle of the antenna β and its orientation relative to the

polarization axis of the incoming light. Another example includes the gap-plasmon

HMS, where the meta-atom is comprised of a metal-dielectric-metal structure. The

dielectric spacer results in a strong coupling of the electric field between the top cap

and reflective backplane, and allow for 2π phase modulation by changing the length of

the meta-atom [180].
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Figure 2.7 (a) V-shaped plasmonic antenna supporting symmetric and antisymmetric
modes triggered by the incident field’s components along the ŝ and â axes, respectively.
The incident polarization forms a 45◦ angle with the antenna’s axis of symmetry. The
distribution of currents within the antenna is visually encoded using colors (blue for
the symmetric mode and red for the antisymmetric mode). Here, the orthogonal com-
ponents of the scattered electric fields are distinguished by a phase shift of π. Adapted
from [67]. (b) Schematic of a gap-plasmon HMS. The left inset shows the unit cell made
of a gold nanorod and a continuous gold film separated by a MgF2 spacer. Adapted from
[180].

The two other phase control schemes were used throughout this work, prompting

a more detailed introduction. The first was reflective plasmonic metal-dielectric-metal

HMSs based on the Pancharatnam-Berry (PB) geometric phase, requiring circularly

polarized light and meta-atoms acting as nano-sized half waveplates to achieve 2π phase

modulation [178]. The second was dielectric HMSs operating in transmission where

meta-atoms act as truncated waveguides, which locally imposes the desired phase shift.

[181, 182].

Pancharatnam-Berry Phase Metasurfaces

To fully understand the PB HMSs, we consider the representation of the polarization

of light through a Poincaré sphere, suggested by Poincaré in 1892 to solve the issues

of indistinguishability of degenerate states of elliptically polarized light. On a Poincaré

sphere, the polarisation state of light is represented as a point P on the surface of the

unit radius sphere with the Cartesian coordinates [183]:

x = cos (2χ) cos (2ψ), 0 ≤ ψ < π, (2.18)

y = cos (2χ) sin (2ψ),−π/4 ≤ χ < π/4, (2.19)

z = sin (2χ), (2.20)

where χ and ψ are the ellipticity angle and spherical orientation angles respectively.

As shown in Figure 2.8 (a), in the most straightforward cases of the point in the x-y

plane, this corresponds to linearly polarised light, and the poles of the sphere correspond
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to circularly polarised light.

Figure 2.8 (a) Poincaré sphere, representing the polarisation state of light, (b) closed
path on the surface of the sphere, resulting in a PB phase shift equal to half of the solid
angle Ω, adapted from [183] (c) example PB meta-atom used throughout the work, and
(d) simple phase to orientation mapping of the meta-atoms.

The PB phase is derived from the geometry of the Poincaré sphere. A phase delay is

acquired when the polarization state of light completes a closed path across the sphere’s

surface. The resulting phase shift acquired equals half of the solid angle Ω swept by the

closed path [184, 185] as shown in Figure 2.8(b).

In PB phase HMSs, incident light is either left or right circularly polarized, meaning

the path taken on the surface of the Poincaré sphere must take place between the two

poles, as the polarization is reversed upon reflection. The anisotropic meta-atom (Figure

2.8(c)) dimensions along the long and short axis are engineered to ensure resonances

π out of phase with each other, characteristic of a half-wave plate. The meta-atoms’

rotation angle then results in twice the phase delay as indicated by the red dashed line

in2.8(d). Because the scattering amplitude depends on the meta-atom geometry, not

the orientation [186], PB phase HMSs can be engineered to work across a broad range

of wavelengths with high conversion efficiencies of 80-90% [83, 187] when used in

reflection.

Additionally, the sign on the phase shift depends on the incoming field’s handed-

ness, meaning multiple holograms can be encoded using the same configuration of
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meta-atoms by simply changing the polarization. This presents the PB scheme as a

great candidate for multiplexed HMSs. Multiplexing is a method used in telecommuni-

cations and networking that combines multiple signals or data streams into one signal

over a shared medium [188]. In the context of HMSs, it’s a method that allows mul-

tiple images to be encoded into the same structure, greatly increasing the information

density. Information can be encoded through polarization [189], propagation direction

[190], and wavelength [191] among other properties of light.

During this work, I assisted in a publication [71] that used this property to encode

two images into a frequency-selective HMS for cryptography purposes. I contributed

to building the optical setup needed to characterize the HMS, assisted in the HMS fab-

rication, and collected a portion of the published spectra.

The work demonstrated a two-tier manipulation of holographic information, where

each image would only be revealed when the correct combination of wavelength and

the surrounding medium was used, as shown in Figure 2.9. The media chosen were that

of air and water, and the wavelengths were 705 nm and 750 nm.

Figure 2.9 Experimental measurements of the HMSs under different conditions. (a)
Solid blue and orange lines demonstrate the relative efficiency of Subcell-1 to Subcell-
2 in dry and wet conditions. From left to right, the stars correspond to wavelength and
medium of (b-d). Taken from [71].

This was achieved by designing two different subcells with varying dielectric lengths

and heights, resulting in vastly different electromagnetic responses, as shown in Figure

2.10, giving ratios of over 1:50 at the selected wavelengths in air and water.
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Figure 2.10 Example of using the dependence of the scattering of PB phase meta-atoms
on unit cell geometry. (a) and (b) show the individual meta-atom subcells with lengths
L1,2, widths W1,2 dielectric height Tp, metal cap thickness of T , rotation angle θ and
periodicity P . (c) Shows a side view of the electric field fields of Subcell-1 and Subcell-
2 of the HMS, where the resonant condition for Subcell-1 is an incoming wavelength
of 705 nm and the effective medium is air. The resonant condition of Subcell-2 is an
incoming wavelength of 735 nm, and the effective medium is water. Taken from [71].

Another advantage of the PB scheme is the relative ease of fabrication, as all of

the scatterers comprise simple nano-rods. This enables more sophisticated geometries,

including making the substrate flexible to form a conformal HMS using PDMS [76, 77,

78, 182].

During this work, I also contributed a publication [78] that described using a con-

formal HMS as a self-calibrated flexible holographic curvature sensor. I helped build

the optical setup needed for the characterization of the HMS, and assisted with the data

collection and analysis. The schematic and main result are shown in Figure 2.11.
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Figure 2.11 Self-calibrated flexible holographic curvature sensor. (a) A schematic rep-
resentation of the flexible curvature sensor is presented, highlighting two patterned re-
gions (depicted in gold) that correspond to the HMS responsible for generating the
two-dimensional scale image and the dot indicator image. As the patterned areas un-
dergo displacement relative to one another, the position of the dot transitions across
the 2D scale, correlating the movement to specific displacement angles θ and ϕ, which
are annotated directly on the scale for reference. (b) Parametric plot of the angle accu-
racy of the HMS when compared to a mirror, with the two angles θ and ϕ combined
into one parameter ζ . Insets a–d display the holographic images captured at desig-
nated points. Inset e provides a magnified perspective of the graph, accentuating the
alignment between the two methodologies (illustrated by blue dots), the associated un-
certainty (depicted with orange error bars), and the linear regression (represented by a
solid black line). Taken from [78].

The flexible, self-calibrated holographic curvature sensor operates within the visi-

ble spectrum and can detect the deformation of target objects. Unlike existing methods,

this sensor eliminates the need to map specific observables to the substrate’s curvature.

It features a holographic display encompassing a reference scale and an indicator cur-

sor, facilitating an immediate readout of curvature. As illustrated in Figure 2.11 (a),

the sensor’s holographic image is composed of a 2D scale and a dot that serves as the

curvature indicator. The displacement of this dot is directly proportional to the deforma-

tion angle, shifting in response to changes in the HMS’s form. This system’s validation

against external calibration measures is shown in Figure 2.11 (b), obtained by indepen-

dently calibrating the object’s curvature by collecting the beam’s angle reflected from

an un-patterned area acting as a simple mirror.

Propagating Mode Metasurfaces

In propagating mode HMSs, regions of high and low refractive index are used to en-

hance light confinement and give a more significant phase modulation depending on

the engineered geometry of the meta-atoms. This confinement is also advantageous by

limiting cross-talk between neighboring atoms [182]. Propagating mode HMSs typi-
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cally take advantage of the high refractive indices of dielectrics such as silicon [182]

or zirconia [129] and high transmissivity in the visible spectrum. They can be realized

using the PB phase with polarized light and the usual phase-orientation dependence

described above for wavelength-specific applications [192]. However, their most sig-

nificant advantage comes when the phase is modulated through the size of the features

in the unit cells, which is polarization-independent. This is the key difference between

propagating mode HMSs and plasmonic HMSs, as the elements don’t need to be at res-

onance to control the light phase, dramatically increases their versatility [181]. As the

HMSs are made up entirely of dielectrics, they overcome the critical issue of heat dissi-

pation, reaching much higher efficiencies and polarization conversions when compared

to plasmonic-based devices [51] and allowing for applications such as 100% efficient

mirrors [193].

Below in Figure 2.12 is an example of a propagating mode HMS used for opti-

cal trapping. The phase is modulated by controlling the pillars’ height, which acts as

truncated waveguides supporting multiple low-quality Fabry-Perot resonant modes that

interfere, resulting in a high transmission [129]. More details can be found in Chapter

5, where this propagating mode HMS was used to trap particles using wavelengths of

532 nm and 488 nm.

Figure 2.12 Example of a propagating mode HMS lens.(a) and (b) Scanning electron
microscope images of the zirconia posts forming the micro-lens. (c) Phase mask of a
lens. (d) Schematic of truncated waveguides used to create high-NA micro-lens. Taken
from [129].

2.3 Contribution

The examples in the HMS section cover two publications where I contributed to the

experimental characterization and fabrication of the HMSs and the data analysis. The

first publication demonstrates a HMS capable of encoding multiple holographic images,

which can only be retrieved using the correct combination of wavelength and medium
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refractive index [71]. The second publication concerns a self-calibrated flexible holo-

graphic curvature sensor capable of displaying an instantly readable surface curvature

reading [78].

2.4 Conclusion

This Chapter covered the theory of optical manipulation and metasurfaces, outlining the

underlying theories and methodologies that facilitate precise control over light-matter

interactions at both macroscopic and microscopic scales.

All analysis of the optically trapped particles in Chapters 4 and 5 was done based on

the PSD method outlined here. The manipulation of membranes in 6 was done using the

SLM algorithm defined in this Chapter, and the design of their features was informed

by optical trapping theory. All HMS design in Chapter 5 was completed using the GSA,

and following the flow chart outlined above.

With the basic theory covered, the following Chapter will describe the methods used

for fabricating the membranes and metasurfaces, the physical setup used for optical

trapping, the software used to control it as well as the data analysis methods.
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CHAPTER 3

Materials and Methods

With the key theory behind metasurfaces and optical trapping covered in the previous

Chapter, I will now focus on how the metasurfaces and membranes were made, and

the optical setups used to characterize and manipulate them. The machines and setups

described here formed the backbone of this thesis.

All metasurfaces used in Chapter 5 and membranes used in Chapter 6 were fabri-

cated using the electron beam lithography process and other cleanroom methods and

tools. I will thoroughly explain the fabrication protocols here. The membranes were

designed to be optically manipulated, and I will cover the design process here.

To use them, I designed and built multiple optical setups, for HMS characterization

in Chapters 4 and 5, manipulation, interaction with biological objects, and force sens-

ing as described in Chapter 6. I will cover the intricacies of each of those setups and

the software I developed over the years to control them and analyze the data used in

characterization.

3.1 Fabrication

Most my time fabricating (roughly the first 12 months of this PhD work) was spent on

refining the design and methodology of making optically trappable membranes for use

as in-situ optics and force sensors described fully in Chapter 6. These were 15×15 µm2

polymeric membranes with a gold film evaporated in their center. The membranes had

handles in the corners, which could be optically manipulated at will. Their planar shape

makes them exceptionally stable (this allows for sensitive force detection), and leaves

an area in the center of the membrane to pattern (this allows for use of the membranes

to redirect and collect light sent into the microfluidic chamber).
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3.2. Membrane Design

3.2 Membrane Design

The membrane designs are shown below in Figure 3.1. This final design is the result

of multiple iterations of fabricated membranes, experimenting with different processes,

and figuring out the exact dimensions to optimize the membranes for optical trapping.

The handles have undergone several iterations, starting as cubes for easy fabrication.

We then experimented with each membrane having two long handles, which can be

seen in some images throughout the thesis. This was done to take advantage of the fact

that anisotropic objects will align along the long axis in an optical trap, allowing us

to position the membranes vertically using just two traps. The design has since been

changed to hemispherical domes using greyscale lithography to resemble the shape of

hemispheres, with a handle at each corner of the membrane to allow for full control

over the motion of the membrane in 3D.

Each parameter shown in Figure 3.1 was iteratively optimized. The round handle

shape is chosen to maximize the amount of restorative force due to the refraction of

light. The handle size, wh, and th are chosen to be similar to the waist size of the

trapping beam, increasing the trapping stability. The thickness of the membrane tm
was chosen to be 200 nm to keep the membrane as lightweight as possible without it

bending. The side length of the membrane was chosen as it was the largest size which

still allowed for the membrane to be tilted at 45 ◦, requiring a translation of the traps

by ±7.5 µm in z. The side length wg of the gold patch was chosen to be as large as

possible without interfering with the trapping of the handles. The thickness of the gold

layer was chosen to be 35 nm, creating a reflective and lightweight surface.

Figure 3.1 Current membrane designs. (a) shows the semi-spherical handle design,
where h is the handle height, d is the diameter, wg is the side length of the gold film
square, tg is the gold thickness, wm is the square membrane width, and tm is the mem-
brane thickness. (b) shows the cylindrical handle design, where lh, th and wh are the
handle length, thickness and width respectively. Adapted from [194].

Current design parameters are outlined in table 3.1:
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Feature Size (µm)

wm 15
tm 0.2
wg 8
tg 0.035
wh 2
th 2
lh 10
h 1.5
d 2.5

Table 3.1 Membrane design parameters.

3.3 Membrane Fabrication

Nanofabrication involves multiple steps, as each sample takes weeks to fabricate. The

first year of the work on this thesis was spent on learning and optimizing the fabrication

procedure of the membranes, as a consistent recipe and design had to be formulated and

constantly refined.

Fabrication Equipment

The main equipment used in this process were:

1. Spin coater — used to spread out a resist to a desired thickness depending on the

spin speed and duration.

2. Hot plate — used to bake the resist to evaporate the solvents inside and promote

cross-linking.

3. Reactive Ion Etching (RIE) system — used to remove material through the use of

charged ions directionally.

4. Electron Beam Lithography (EBL) system — used to directly write desired pat-

terns into the resist using a focused beam of electrons. The energy the sample is

exposed to in this process is known as the dose.

5. Electron Beam Evaporator (EBE) — used to deposit metal onto the sample direc-

tionally.

As the last two pieces of equipment made up the bulk of fabrication, I will introduce

each one briefly:
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Electron Beam Lithography

By far the most common method of fabricating metamaterials and HMS is through EBL

[49, 195]. Similar in principle to scanning electron microscopy, EBL began with the

discovery of the first electron-sensitive resist, PMMA, in 1968 [196]. Utilizing electron

optics, unburdened by the diffraction limits of light, EBL can achieve resolutions on

the scale of 10 nm feature sizes [197]. Resists used in EBL can be either positive or

negative tone. Positive resists consist of long molecular chains that break up when

exposed to a high-energy electron beam, allowing exposed regions to be washed away

by the developer. Negative resists work oppositely, with short chains linking together

through exposure and heating, creating permanent hard features [49].

Crucial to the process is the sensitivity of each resist, which depends on several

variables such as substrate type, resist type, thickness, and electron energy. The EBL

system used in this project was a Raith eLINE Plus, operating at 30 kV with a 10 µm

aperture. A rough schematic of the system is shown in Figure. 3.2.

Figure 3.2 EBL system schematic.

System alignment, including focus, aperture, and stigmation adjustments, was con-

ducted before each writing. Initial beam optimization involved burning contamination

spots into the resist to fine-tune the beam’s quality. A customized dose test was used

to verify the outcome after development, ensuring the target structure was fully devel-

oped. The e-beam dose, measured in micro coulombs per square centimeter (µC/cm2),

42



3.3. Membrane Fabrication

is crucial for achieving the desired pattern fidelity.

Due to the multiple steps the process requires, the key step at the beginning of fab-

rication was writing alignment markers shown in Figure 3.3 (d) and (e), which through

3-point alignment allow for lining up of the global x-y and design u-v coordinates using

the EBL software.

Figure 3.3 Fabrication using PMMA and gold. (a) and (b) show the undercut from
secondary electron scattering, allowing thin film deposition. (c) shows a dose test used
for optimizing development time. (d) shows what the undercut looks like from the top,
it appears as a faint shadow around the structure. (e) shows a successfully evaporated
gold alignment marker.

Metal Deposition

For both the alignment markers shown in Figure 3.3 and metallic features on the mem-

branes, metal evaporators are used to deposit exact thin layers of metal. Currently, these

are nickel-chromium alloy (NiCr) and gold. NiCr is used as an adhesive layer for the

gold — due to its exceptional stability; gold is unlikely to oxidize and bond with the

substrate, which contributes to low adhesion [198]. Its very low absorption and high re-

flectivity are needed to create functional mirrors. The metal is deposited in one of two

ways, either through EBE or through thermal evaporation, both of which are based on

the Edwards Auto 306 Evaporator system. The principles of operation are almost iden-

tical, with the main difference being the thermal evaporator heats the crucible through

resistive heating, while the EBE uses a stream of high-energy electrons to bombard and
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evaporate the material, which then redeposits on top of the substrate. A high vacuum

is needed to achieve directional deposition — the random path length of the molecules

scales inversely with the pressure inside the chamber [197].

Methods

The membranes, along with the handles they were trapped by, were made using the

negative photoresist SU8, which for decades has found use in MEMS and integrated

circuit (IC) design [199, 200], due to its ability to form high aspect ratio structures and

exceptional strength once cross-linked. While its high sensitivity makes it less suitable

for high-precision EBL [201], for the micron-scale of membranes currently fabricated,

the high sensitivity means a much faster writing time. To achieve the round shape of

the handles, greyscale lithography [202] was used as shown in Figure 3.4 — by varying

the exposure dose, the wall profile of the feature could be made non-vertical.

Figure 3.4 Greyscale lithography process. (a) shows a top-down view, (b) shows a side
view of how the hemispherical handles are fabricated by gradually decreasing the dose
used to write the handles to taper off the edges.

A positive resist of PMMA was used to create a mask, allowing for thin layers of

material to be deposited in desired locations, as secondary electron scattering results

in an undercut as seen in Figure 3.3 (a) and (b). To create this overhang, precise de-

velopment was needed as too little or too much time for the developer would destroy

the overhang. To ensure proper development, a ‘dose test’ shown in in Figure 3.3 (c)

is used, which allows for precise tracking by showing the development of higher and

lower doses (0.85 through to 1.15 of the base dose). Another indicator can be seen in

Figure 3.3 (d), where the slight shadow around the features indicates an overhang.

The membrane fabrication protocol consisted of roughly ten steps, with the main

steps outlined in Figure 3.5:
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Figure 3.5 Key fabrication steps. Feature size is exaggerated to present them clearly. (a)
Gold alignment markers are written and deposited, and a sacrificial layer of Omnicoat
is spun. (b) SU8 membranes are written and developed. (c) Gold surface is deposited.
(d) Handles are written and developed. Taken from [194].

1. First, a silicon substrate is prepared by scoring using a diamond scribe. The

silicon substrate is then thoroughly cleaned using acetone in an ultrasonic bath,

followed by cleaning with isopropyl alcohol (IPA), and the substrate is dried using

nitrogen. The substrate surface must be pristine to avoid uneven coating with the

resists. The substrate is then placed inside of an O2 plasma asher and ashed for

3 minutes in 100% oxygen to promote the formation of oxygen-hydrogen groups

on the substrate surface. The substrate becomes hydrophilic through this process,

evenly spreading the resist.

2. The substrate is placed inside a spin coater, and a 100 nm thick sacrificial lift-off

layer of Omnicoat (Dupont) is applied to the surface, spun, and baked according

to values found in table 3.2. The flat sample is fixed to the spin coater using a

vacuum pump. Hence, a consistent, exact thickness can be achieved. This was

confirmed by measuring the resulting thickness using the DEKTAK profilometer.

3. A PMMA A7 950K (EM Resist) layer is then prepared according to values found

in table 3.2. The sample is placed in the EBL, and alignment markers and a

dose test are written. The PMMA is then developed in a 7:3 IPA: deionized (DI)

water mixture for development. As PMMA is a positive-tone resist, the developer

removes it in the areas exposed to the electron beam.

4. The sample is placed inside either the thermal or electron beam evaporator. A 5
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nm adhesion layer of NiCr is deposited, followed by 35 nm of gold. The sample

is then placed in acetone for lift-off, as the acetone dissolves the PMMA, leaving

only the gold markers behind.

5. The alignment markers are then covered with dicing tape, and a 200 nm layer of

SU8 2000.5 (Kayaku Advanced Materials) is prepared according to values found

in table 3.2. The sample is then exposed in the EBL to write membranes and

baked and developed in ethyl lactate (EC). As SU8 is a negative-tone resist, the

developer washes away any unexposed SU8.

6. The alignment markers are covered again, and a layer of PMMA A7 950K is

prepared according to values found in table 3.2 and written and developed as

previously described.

7. 5 nm of NiCr and 35 nm of gold are again evaporated on the surface, and the

remaining PMMA is washed away with acetone.

8. The alignment markers are taped again, and 2 µm SU-8 GM1040 (EM Resist) for

the handles, which are then written in the EBL and developed with EC.

9. The sample is placed in the RIE and etched with oxygen plasma for 10 s at 20 W

to remove a thin connective layer of SU8, which can sometimes form and join the

membranes, making it impossible to lift them off.

10. Finally, the sample is cleaved to expose the Omnicoat, and MF319 (Dupont) is

used to dissolve it. The submerged sample is placed in a 1.5 mL Eppendorf tube

and left at 50 °C for several hours until the membranes are lifted into solution. The

MF319 is then carefully skimmed off the top, and DI water is added to replace it.

Material Omnicoat PMMA A7 950K SU8 2000.5 SU8 GM1040

Spin Speed RPM/time (s) 1000/45 4000/60 3000/45 2500/45
Resulting Thickness (nm) 100 400 200 1500
Pre-baking Temperature (°C)/ Time (s) 230/60 180/300 200/60 65/300 then 95/300
Exposure Dose (µC/cm2) N/A 150 3 3.5
Post-baking Temperature (°C)// Time (s) N/A N/A 100/120 100/300
Development Time (s) N/A 60 60 45

Table 3.2 Resist parameters.

One sample would yield around 40,000 membranes, with membranes spaced by 30

µm away from each other, and a 200×200 array of membranes taking up ∼ 6 mm2. The

final sample volume was 1 mL, giving a final membrane concentration of roughly 40

membranes per 1 µL, accounting for some of the membranes being lost during the liquid

exchange. As the membranes would sink to the bottom of the sample, before a new
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sample of membranes and beads was prepared from trapping, the vial would be mixed

using a vortex mixer to ensure an even concentration and to separate any membranes

without damaging them. Fourteen membrane samples were prepared during the first

ten months of this work. The fabrication time varied for each step. Steps involving

sample preparation and resist deposition and development would take a few hours, metal

deposition would take a day as it had to be prepared overnight to allow the evaporator to

reach a sufficiently low vacuum while exposing the sample using the EBL would take

one to three days. This is because each membrane and membrane feature was written

individually, and the exposure time would depend on the sensitivity of the resist. The

minimum preparation time for a single sample was two weeks, assuming an optimal

process. However, once a sample is prepared, it is enough for hundreds of experiments,

and once a successful batch was produced, shown in Figure 3.6 it was sufficient for the

remainder of the work done in this thesis.

Figure 3.6 SEM images of successfully fabricated membranes with hemispherical han-
dles as seen (a), (b) from above, and (c) at a 30 degree angle.

Although fourteen samples were fabricated throughout this thesis, only the last 2

out of 14 prepared samples were used in published results. This is due to experimenting

with various membrane designs; first, to focus on creating the best membranes for op-

tical trapping, different handles and membrane sizes were tested before settling on the

current design. The metal element was then added, and different patterns were placed

on the membranes, including diffraction gratings. The mask process shown in Figure

3.3 (a) and (b) needs to produce the correct overhang, otherwise the gold layer will not

lift off as shown in Figure 3.7 (a). The precise EBL alignment required to place the

elements on top of each other is very sensitive to temperature drifts, so during a long

writing (such as for the PMMA mask for tens of thousands of membranes) the stage can

move and produce a misalignment shown in Figure 3.7 (b). Different resists were ex-

perimented with, requiring optimizing the exposure dose and development each time.

When too high of a dose is used on sensitive resist such as SU8 the features end up

blown out as shown in Figure 3.7 (c). The fabrication was also stalled for a few months

due to issues with metal deposition, as the electron beam would result in bubbling of

the PMMA as shown in Figure 3.7 (d), making subsequent removal of the PMMA im-

possible. This was eventually discovered due to secondary electron scattering caused
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by the EBE, which would break up the PMMA chains resulting in outgassing [203].

Figure 3.7 Different issues of membrane fabrication, (a) shows issues with gold lift-off
after evaporation, (b) microscope image shows misalignment (c) gold bubbling due to
exposure to PMMA off-gassing during evaporation and (d) effects of overdosing SU8.

In the end, all of these issues were solved, resulting in the two successful samples

that lasted throughout the remaining work in this thesis. Once the membranes were

fabricated, the first experiments they were used in were as movable microscopic optics

inside a microfluidic chamber. For this, a holographic optical tweezers setup had to first

be built.

3.4 Optical Trapping Setups

The majority of my time working on this thesis was spent in an optical lab, continuously

rebuilding, improving, and using this trapping setup. The experiments performed using

this setup can be likened to a balancing act, where the trapping and fluorescence pump

beam’s strengths must be continuously adjusted depending on the materials and objects

being trapped and the required detection sensitivity. If metals, such as gold, were used,

then there would be a threshold at which they would melt if the laser power were too

high. If thin layers of metals exhibited localized heating, cavitation bubbles would

form in the medium. Multiple traps could be generated using an SLM, but each new

trap interfered with others, decreasing their power and efficiency. The experiments were

all three-dimensional, with beads and membranes manipulated in x,y, and z around the

imaging plane of the high NA 60x objective. With this high NA and magnification came

a small depth of focus, so trapping anything displaced by more than ±7 µm away from

the imaging plane was challenging. These optical trapping experiments would require
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undivided attention for hours, as all data had to be collected in a single session to ensure

the environmental conditions were the same. The theory behind optical tweezers is

simple: send an expanded laser beam through a high NA objective and focus it on a

particle to achieve trapping. In this section, I will report on the added complexities of

the process.

3.5 Single Objective Holographic Optical Tweezers

This section covers the main experimental setup: holographic optical tweezers enabled

by an SLM, a motorized system that enabled switching between trapping with an ob-

jective and trapping using external structures such as metasurfaces. It describes the

characterization section of the setup, including a fluorescence pump and detection and

imaging system. It describes the experimental procedure for the trapping experiments

and preparation of the microfluidic chambers. It introduces two pieces of software for

the optical manipulation of multiple objects and particle motion analysis. This system

was used in the experiments described in Chapters 4, 5, and 6, and three publications

[128, 194, 204].

The trapping system was a single inverted microscope objective system, the basis of

which was already in place when I started, together with a rudimentary version of the

software. During a summer internship, an undergraduate student rewrote the software

under my guidance, and I continued to add features to it as required by the experi-

ments. I rebuilt this setup several times with different SLMs and optics to optimize

the trapping efficiency further. I extended it using motorized mirrors to allow for trap-

ping using microstructures and HMSs. I also added multiple fluorescence pump beams

and spectrometers throughout this thesis for sensing experiments. The main challenge

in maintaining and improving the setup was the limited space available on the opti-

cal table and the system being as low as possible relative to the optical table to ensure

stability. These two limitations informed some choices, such as using 1-inch diameter

optics instead of the recommended 2-inch diameter [157] as they decrease the spherical

aberrations in holographic optical tweezers. To simplify the alignment of all sources

and detectors (trapping laser, pump laser, imaging camera, spectrometer, and illumina-

tion source), a 30 mm cage system was used, which introduced its own complexities

and spatial constraints.

Unless otherwise stated, all of the optical parts described were from Thorlabs. This

greatly simplified the integration of the whole system, effectively standardizing all the

component sizes, provided along with 3D models of the parts on the Thorlabs website.

Additionally, free (for students, for now) computer-assisted design software such as

Fusion360 by Autodesk could be used to assemble the parts virtually before purchase

to ensure all components fit in the limited space.
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3.5. Single Objective Holographic Optical Tweezers

Figure 3.8 Single objective holographic optical trapping system (Section 1, left, out-
lined in pink), with a pump laser (Section 2, center, outlined in green) and imag-
ing/sensing (Section 3, bottom, outlined in yellow). Here, λ/2 — half-wave plate, MM
— motorized mirror, SLM — spatial light modulator, LED — light emitting diode, PBS
— the polarising beam splitter, and BS — the beam splitter. BPF, LPF, and SPF refer
to bandpass, long, and short pass filters, respectively. The distances are not drawn to
scale. The automated mirror portion would be shown in Section 1 but is left out and
shown in Figure 3.9 for visual clarity.

50



3.5. Single Objective Holographic Optical Tweezers

As shown in Figure 3.8, the final setup comprised two laser systems and an imaging

system, each outlined by respective dashed lines.

Holographic Optical Trapping System

The first system consisted of a holographic optical tweezer setup. It started with a

230 mW continuous wave laser (LuxX 830–230, Omicron) with a wavelength of λt =

830 nm, with a beam diameter of 1.1 ± 0.1 mm. The profile width of each laser was

measured using a CCD Camera Beam Profiler. This laser was chosen due to its high

pointing stability, ensuring high-quality trapping, and its power was sufficient for all

performed experiments. It should be noted that typical optical trapping systems use

lasers with a power of at least 1 W, especially when the beam power is split between

multiple traps [8].

First, the laser polarization was filtered using a vertically aligned polariser matching

the laser’s polarization axis. Since the power of the laser was more than sufficient to

trap, the focus was on creating the highest quality hologram using the SLM even if

some of the power was lost. To this end, a half waveplate matched the laser polarisation

to the polarisation axis of SLM1 (E-Series 1920×1152, Meadowlark). The beam was

expanded using lenses, f1 = 20 mm and f2 = 200 mm, resulting in an expansion factor

of M = f2
f1

= 10 to overfill SLM1, which measured 17.6×10.7 mm2. A 1 mm diameter

iris (not shown) was placed between f1 and f2 to spatially filter the beam as the profile

was slightly elliptical in the vertical direction.

The beam was then sent through a 4f system consisting of lenses 3 and 4 with

focal lengths f3,f4 = 400 mm. This configuration preserves the size and orientation

of the input image at the output, meaning the phase mask on the SLM is perfectly

relayed to the back focal plane of the objective. Additionally, the 4f system uses the

Fourier transform property at the intermediate focal plane for spatial filtering. In the

context of this trapping system, this meant the additional diffracted orders created by

the SLM could be blocked using an iris (not shown) placed at the midpoint between f3
and f4. The iris was open up to 5mm, allowing for full control of the 1st order without

interference from the 0th order.

The beam was aligned such that the first order reflected off SLM1 travelled through

the center of the lenses, which minimizes spherical aberration. An 800 nm long-pass

filter is used to remove some of the unwanted peaks in laser emission for spectroscopy

experiments. The beam was then directed towards the back aperture of the water im-

mersion objective (UPLSAPO60XW, NA = 1.2, Olympus) using a combination of an

830 nm short-pass dichroic and silver mirror. The dichroic allowed the light for imaging

the sample to pass through to the camera while blocking the trapping beam to prevent

damage to the CCD chip and oversaturation. The sample stage combined a manual
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3.5. Single Objective Holographic Optical Tweezers

12.7 mm (562-XYZ, Newport) stage and an open-loop controlled Nanomax XYZ piezo

stage, allowing for coarse and fine control of the sample plane in x,y, and z down to

50 nm precision. For visual clarity, the automated portion of the setup is not shown.

It used motorized mirrors (indicated by MM1 and MM2) before and after the SLM to

divert the trapping beam path and focus it on the back of the objective.

Switchable Optical Paths

Figure 3.9 Modified optical setup allows for switching between two optical paths using
two mechanized mirrors controlled by a computer. The first path results in typical
holographic optical trapping. In the second path, the first lens of the 4f system, lens
3, is skipped, meaning that the trapping laser is focused on the back focal plane of the
microscope objective. This results in a collimated beam coming out of the objective.
The focal lengths and mirror position differ from Figure 3.8 because this is an earlier
version of the trapping system, but the principle is identical. Adapted from [204].

Typically, in optical trapping, the laser beam is expanded as close as possible to the

optimal size of 200% of the back aperture diameter of the microscope objective, which

in this case was equal to 8 mm. This ensures the entire NA of the objective is used and

results in optimal trapping strength [205].

In multiple cases throughout this work, sending a collimated trapping beam out of

the objective was necessary while using the objective’s high magnification to image

trapped objects. The collimated beam illuminated gold-coated parabolic mirrors, which

resulted in a focused spot at the focal point of the mirrors as described in Chapter 4.

The collimated beam was also used to illuminate the reflective high NA HMSs used

for trapping of particles and extended objects described in Chapter 5. The simple solu-

tion for generating this collimated illumination was to focus the trapping beam on the

objective’s back focal plane.
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3.5. Single Objective Holographic Optical Tweezers

To this end, the capability of the trapping portion of the setup was extended using

a pair of Elliptec™ 12 mm linear actuators controlled by the computer, which can dis-

place the mirrors in less than 500 ms without misalignment due to repeated movement.

Additionally, multiple actuators can be controlled using one board, meaning the mirror

movement can be synchronized.

As shown in Figure 3.9, this allowed to skip lens f3 in the 4f system and resulted

in the trapping laser focusing on the back focal plane of the microscope objective using

lens f4. This resulted in a collimated beam coming out of the objective, which was used

to illuminate the trapping micromirrors and the HMSs, as discussed in Chapters 5 and

6. Extra care had to be taken to ensure the beam would not damage the objective, given

the maximum ∼180 mW power of the trapping laser (when the power out of the laser

is the maximum of 230 mW) at the objective back aperture plane; it was empirically

judged to be safe (the objective never cracked). The resulting beam profile is shown

below in Figure 3.10.
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3.6. Pulsed Laser Pump System

Figure 3.10 (a) (i) Beam size estimation with inset beam profiles at (ii) 7.7 mm and
(iii) 230 mm away from the sample with (b) zooming in on the section where the mi-
cromirror traps would have been illuminated by the beam. Error bars show the standard
deviation, as the beam diameter was measured three individual times. Taken from [204].

Simple flip mirrors were originally used, but they had two main issues. First, the

slight shift due to the movement of the mirrors would result in a misalignment of the

trapping beam. Second, for some of the trapping experiments, the switching from trap-

ping using the objective to the illuminated structure had to be faster than the rate of

sinking of the trapped object. Since the experiments were performed by me alone, this

would also mean not monitoring the exact position of the trapped particle on the com-

puter, which would often result in losing it and having to restart the experiment.

3.6 Pulsed Laser Pump System

The second laser system was a pump fluorescence excitation system consisting of a λp
= 532 nm Q-switched pulsed laser, with a pulse duration of less than 1.3 ns (FDSS
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532-Q3, Crylas) operating at repetition rates between 1 and 2500 Hz. A 1 nm bandpass

filter centered on 532 nm was used after the beam to ensure a spectrally pure excitation.

The first few iterations of this setup used a 532 nm 400 mW continuous wave (CW)

laser (MLL-III-532, CNI Laser) originally made for fiber-coupling, with a 1-inch focal

length lens glued to the output. After it became apparent that work would be done

using WGM lasers and nano-diamonds with nitrogen vacancies, the laser was replaced

by a pulsed laser to enable time-resolved fluorescence measurements. Additionally,

since pulsed lasers emit high peak power in brief bursts, they more efficiently induce

fluorescence and lasing with decreased risk of photobleaching and damage compared

to CW.

The laser power was controlled using a combination of a mechanized half-waveplate

(using the same Elliptec™ software as mechanized mirrors) and a polarizing beam split-

ter (PBS). By measuring the power of the laser at the source and then in the side output

of the PBS, the difference between the two was used to inform the power sent to the

objective. As with the trapping beam, the pump beam polarization was straightened and

rotated to match the SLM2 one, and the beam diameter was expanded to overfill SLM2

using lenses f6 = 25 mm and f7 = 200 mm.

The beam reflects from the 7.68×7.68 mm2 SLM2 (512×512, BNS) active area and

is expanded further by the 4f system formed by lenses f8 = 300 mm and f9 = 400 mm

and sent to the microscope objective. This SLM has ∼ 4 times fewer pixels than the

SLM used in the holographic optical tweezers, but since it was only used to displace a

single beam, it was sufficient. The 605 nm dichroic is chosen due to fluorescent beads

used in all pump experiments (PS-FluoRed, 15.35 µm particle diameter, Microparticles

GmbH) having an excitation beak at 530 nm and and emission peak at 607 nm. The

beam position was initially controlled by placing the mirror before lens f9 at the mid-

point of the 4f system to steer the beam, but for more advanced pumping schemes, there

was a requirement to also displace the beam in z. Without an SLM, this meant shifting

lens f9, which would misalign the entire optical system.

3.7 Imaging and Spectrum Collection

Not all microfluidic chambers used in experiments were transparent, so sample illumi-

nation was implemented in both transmission and reflection. The transmission illumi-

nation system consisted of a white LED, lens f5 = 35 mm, and a low NA objective

(10x, NA = 0.8, New Focus) acting as a condenser. A fiber-coupled LED provided the

reflection illumination focused on the back of the microscope using lens f11 = 200 mm.

The microscope objective collected the light from the sample plane and transmit-

ted it through the two dichroic mirrors (830 nm short-pass and 605 nm long-pass), a

long-pass 532 nm filter and a short-pass 830 nm filter removing the trapping and pump
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wavelengths. Despite multiple spectral filtering, some of the pump wavelengths would

always make it through, especially during extremely sensitive measurements. the best

solution to this was by slightly rotating the 830 nm filter, which resulted in more effi-

cient blocking of the linearly polarized trapping beam. The light from the sample plane

was then sent through a f9 = 150 mm lens to a CCD camera (piA640–210gm, Basler),

acquiring images at 1000 Hz for optical trapping experiments. Since the objective was

designed for a 200 mm tube lens, this resulted in a 150mm
200mm

= 0.75 reduction of the image

size.

During the sensing experiments, the LEDs were turned off, and the fluorescence

signal was sent to a spectrometer using a non-polarising 50:50 beamsplitter and then

through a collimator attached to a multimode fiber (400–700 nm, 105 µm core diame-

ter). Two different spectrometers were used throughout the experiments.

The first spectrometer (QE-Pro for Raman Spectroscopy, Ocean Optics) was a non-

modifiable integrated module with an entrance slit size of 50 µm. As it was used for

most experiments, it was integrated directly into the trapping software, typically operat-

ing at 1–5 Hz. Due to its relatively low resolution of 1.7 nm full width at half maximum

(FWHM), another spectrometer was temporarily used during the WGM experiments

described in Chapter 3.

That second spectrometer (Kymera 328i, Andor) was used with an integration time

of 0.1 s, with a grating with 1200 L mm-1 with a 532 nm blaze. The entrance slit was

10 µm wide. This spectrometer was modular, with a separate spectroscopic camera

(Newton 970 EMCCD, Andor) operating at 100 Hz with no electron multiplier gain

and at a temperature of -70° C. This spectrometer had a much higher resolution of 35

pm.

3.8 Sample Preparation and Experimental Methods

Several experimental stages must be reached before the newly aligned optical system

can be used to trap a membrane. To prepare the setup, the following protocol was used:

A sample was prepared by diluting a solution of beads in D2O, which has a lower

absorption at higher wavelengths, resulting in lower heating of the medium during trap-

ping [206]. The exact dilution would depend on the initial concentration of the beads,

and samples will be placed under the microscope and diluted further until, on average,

less than two particles are visible in the 50×50 µm2 field of view of the objective. This

ensured multiple particles wouldn’t be held in the same trap.

A 100 µm thick vinyl spacer sticker would be placed on a clean glass microscope

slide, and ∼200 µL of the diluted solution of beads was placed in the center using a

pipette (20 - 200 µL, Eppendorf Research). A 170 µm glass cover slip was attached

on top using clear nail varnish, forming a sealed chamber as shown in Figure 3.11.
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Particular care needs to be taken to prevent any air bubbles from forming at this step, as

the compressible air introduces a lot of extra motion to the sample, and creates an area

where trapping in not viable.

Figure 3.11 Schematic of the typical sample used in optical trapping experiments
throughout this work from (a) the top and (b) the side.

All of the published results were acquired using the simple chamber described

above. It has several limitations, starting with the large (relative to the field of view

of the microscope objective) area. This simple limitation was what comprised the vast

majority of experimental time during this thesis, especially when working with a variety

of particle sizes and shapes. The samples need to be sparse enough to prevent multiple

particles being attracted into one trap. This resulted in samples where just finding the

correct combination of large and small particles and membranes could take hours, as

the sample was scanned for the rarest component, which was then slowly dragged along

in the optical trap until all of the required particles were within the field of view. This

chamber design was also static in nature meaning once sealed no new particles could be

introduced making each chamber single-use. Other microfluidic designs involving mi-

crofluidic channels for sample delivery were experimented with throughout this thesis,

and they are described in Chapter 7.

Once the sample slide was prepared, it would be transferred to the optical setup for

initial trapping. First, a drop of refractive index matching oil (noil = 1.33) was applied

to both the surface of the coverslip and the top of the microscope objective. While the

objective is a water immersion one and could in theory work with just water, the added

viscosity of the oil aids with longevity of experiments as the objective was upside down.

The 830 nm laser would be turned on, and focused on the top of the glass coverslip.

The reflection of the laser would serve as a very simple indicator of the z position in

the microfluidic chamber, with the reflection appearing at the top and bottom of the

coverslip as well as the top of the microscope slide. Using these reflections as guides,

the laser would be focused in the centre of the microfluidic chamber and a particle

would be found and trapped. The easiest way to establish if the particle is trapped is by
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translating the sample stage in x,y and z with other particles visible in the background.

The appearance of the trapped particle should not change as the stage is translated, as it

stays at the location of the laser focus.

This initial check is done to ensure the sample is still viable for trapping, as depend-

ing on the time since initial preparation, the size of the particles, the cleanliness of the

sample, and the static charge of the coverslip, the electrostatic forces between the par-

ticles and the top and bottom of the chamber can be stronger than the trapping strength

of the laser. This is particularly relevant when trapping larger particles (<5 µm), po-

larizable particles such as vaterite and of course the flat membranes which stick to the

glass particularly well. To slow down this process the glass surfaces can be treated with

oxygen plasma to remove any excess charges right before assembling the chamber. One

method of releasing the particles is gently tapping the sample, with the trapping laser

just below the particle. For membranes with a gold mirror on them this is much easier

— simply by focusing the beam behind the membrane it can be lifted like a sail as the

light is reflected and pushes the membrane up. Another advantage of the metal on the

membranes is that when working with illumination in reflection, the membranes are

clearly visible.

3.9 Optical Trap Control

While most of this Chapter deals with the physical components needed to realize opti-

cal trapping and subsequent analysis, a key piece of software was developed throughout

this work to precisely manipulate the motion of the particles and membranes. The ini-

tial version was written Blair Kirkpatrick and Tomas Čižmár and refined by Meisam

Askari. The code was then rehauled and rewritten from the ground up by Henry Archer

and myself during a summer project. The full LABVIEW program can be found

in the repository of this thesis at https://doi.org/10.17630/3bd2a243-71be-4667-b8ee-

ded7be7e472e.

At the core of its function, the LABVIEW code controlled the SLMs’ pixels and

captured and recorded the data from the CCD and spectrometer.

The SLMs were controlled by projecting blazed gratings and Fresnel lenses on their

surface, allowing for real-time 3D control of the optical traps and the pump laser. A

phase mapping was manually adjusted by changing the offset and multiplier of the

voltage of each pixel, resulting in a linear phase profile from 0 to 2π, with most of the

power being diverted into the first positive diffracted order of the diffracted trapping

beam. By combining the phase masks for the displacement of the beams, up to 6 traps

could be simultaneously controlled with a refresh frequency of 10 Hz.

The software used an input from a PlayStation 4 game controller, chosen due to the

joysticks being well-suited for the tilting of objects in 3D. An additional overlay of the
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imaging allowed for tracking the position of the traps and the pump laser even when

filters were used.

The typical workflow for using the trapping software is shown in Figure 3.12. First,

the imaging and overlay portion of the software was set up using calibration standard

beads (9000 Series Glass Particle Standards, d = 2±0.05 µm, Thermo Scientific). The

initial calibration was set by:

xreal = xpix
dimg

dtube
M (3.1)

where xpix is the pixel size of the camera, M is the rated magnification of the mi-

croscope objective, dimg is the focal length of the imaging lens and dtube is the designed

tube lens length [207]. The 830 nm long pass filter was removed, and the laser beam

was focused on top of the coverslip. The final calibration was adjusted in the software

by translating the first order of the beam using a blazed grating and matching the over-

lay to the final position of the beam. Afterwards, the filter was placed back in front

of the CCD, finishing the x-y calibration. The pump laser position and multiplier were

calibrated in a similar fashion, to account for the different scaling due to a shorter wave-

length of 532 nm. The last portion of the calibration was to find the ”true center” of the

trapping beam alignment. This was required due to the large defocusing of the trapping

beam through Fresnel lenses when translating the beam in z. The defocusing results

in slight astigmatism, i.e. a translation of the beam in x and y as the displacement in

z increases. This astigmatism is 0 at the exact centre of the alignment, and gradually

increases the further away from this centre it is. As such, when manipulating an object

such as a membrane, to ensure stable trapping the centre of the membrane was placed

at the exact position where aberrations would be minimal. When working with mem-

branes, the calibration was further done by adjusting the distance between the four traps

holding onto each corner of the membrane. This ensured the membrane could be lifted

from the bottom of the sample into the middle of the microfluidic chamber and tilted by

45 degrees without the membrane falling out of the traps.

The software received input from the controller or mouse and processed them dif-

ferently depending on whether it worked in the individual trap or membrane mode.

Up to 6 individual traps could be controlled in x,y, and z. The initial trap position

could be set in-plane by either clicking that spot with a mouse, or translating the trap

using a joystick. Each time a trap was moved, a new SLM mask would be calculated

and multiplied with others. The traps were turned on and off using a single button. The

laser power was dynamically altered depending on the number of traps as each new one

shared the total available laser power, and relative trap power was set by a multiplier

altering how prominent the holographic mask was for that trap. The imaging overlay

tracked the exact position of the traps in x-y, and the numerical x,y,z position of each
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trap could be seen at all times.

Figure 3.12 Flow chart of the LABVIEW software used to control the holographic
optical tweezers. Below the flow chart is a screenshot of the front panel, with all steps
marked with individual numbers. The full LABVIEW program can be found in the
repository.

The membrane was controlled by coupling four traps together, placing them in a

single plane as the corners of a square with a side length of 15 µm. By tracking the

centre-of-mass (COM) and projecting the normal from it, an azimuthal and polar tilt
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angle could be calculated, allowing for not only in-plane rotation but also the pitch and

yaw of the membranes. A comparison between the control of beads and membranes is

shown below in Figure 3.13.

Figure 3.13 (a) Demonstration of full 3D control of multiple beads and membranes,
with control over both pitch and yaw shown side-by-side. (b) Depiction of the beam
reflected by the membrane, where θp denotes the polar angle at which the membrane is
tilted. The membrane is shifted from the microscope’s focal plane by a distance ZCOM,
and the reflected beam intercepts the imaging plane at the coordinate indicated by the
large red dot.

As the membrane was commonly used as a mirror for reflecting beams, an extra 7th

point was added to the overlay to track the intercept of the reflected beam and imaging

plane, with the point having coordinates of:

x = XCOM + ZCOM tan (2θp), (3.2)

y = YCOM + ZCOM tan (2θa), (3.3)

z = 0 (3.4)

where θp and θa are the polar and azimuthal angles of the membrane, respectively,

and XCOM , YCOM , and ZCOM are the x,y, and z coordinates of the membrane COM.

Two types of data were also acquired using the software, videos and spectra. For the

acquiring of videos, the interface allowed for the dynamic change of the framerate, ex-

posure, gain, and cropping of the frame being imaged. For optical trapping experiments

where the motion of the particle has to be analyzed high framerates of hundreds of Hz

are required, ideally with no gain as it introduces artificial noise. This becomes more

complicated, as the processing speed of the camera and the light entering the shutter de-

crease. To that end, to achieve the high acquisition speed the frame would be cropped to

128x128 or 64x64 pixels, with minimal exposure speed of ms and as much light as pos-

sible from the condenser illuminating the particle. In order to ensure the processing lag
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of the labview overlay didn’t affect the high speed measurements, the camera’s original

software (Pylon Viewer) was used for data acquisition of all high speed footage.

Spectra were acquired by first taking a dark background reading, saving it for later

reference and taking it away from the rest of the spectrum. The software was able to also

control the boxing, averaging, and acquisition speed of the spectra, as well as display the

position of the spectrum peaks. High-speed acquisition of the spectra could be set up,

with hundreds of spectra being acquired consecutively for time-resolved experiments.

While separate codes were developed for the analysis of the spectra in different cases,

these will be covered in Chapter 6. The code used throughout the thesis to analyse

videos and convert them to a measure of trap stiffness is described below.

3.10 Data Analysis

A MATLAB code was used to analyze the motion of trapped particles. The code is

based on the shift property of the Fourier transform [164]. It was used to track the

center of mass of the particles and convert them to a readable measure of trap stiffness.

The flow chart of this code is shown in Figure 3.14.
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Figure 3.14 Flow chart of the MATLAB software used to analyze the motion of the
trapped particles and calculate the trap stiffness. This software can be found in the
repository.

Videos are loaded together in separate folders, with names containing important

metadata such as trapping power and bead size. A background video without the particle

is also loaded. The identical parameters for each video are set up - the size of the frame

(typically 64x64 pixels), the framerate, and the approximate size of the particle in pixels

which will decide how much further the video is cropped. The physical parameters are

also set, and used to calibrate the pixel size (eq. 3.1), the drag coefficient γ0 (eq. 2.3)

and the conversion constant involving a correction for additional drag forces present
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near the surface of the glass (Faxen’s correction [98]):

β =
γ0
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where h is the distance of the particle from the nearest surface.

Before the videos can be converted to a list of displacements in x and y, the soft-

ware symmetrizes the frames. It looks for the brightest, most circularly symmetric spot

indicative of the COM of the particle. This point serves as a reference, and the video is

cropped around it. The background frames are then normalized and removed from the

video, leaving only the particle at the center of the first frame.

Each consecutive frame of the video is then Fourier transformed, and the shift in x

and y relative to the initial frame is recorded as a displacement. The resulting value is

multiplied by the calibration constant, resulting in a time-distance plot such as the one

shown in Figure 3.15 (a) and (b), where each graph has 10,000 points, corresponding to

10 s of footage recorded at 1000 fps.

Figure 3.15 Trajectory comparison between the trapping laser at 10% (top) and 100%
(bottom) power.

To extract the trap stiffness from the data, the power spectral density of the motion

was analyzed, as described in Chapter 2. This method takes advantage of the spectrum
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having a characteristic shape of a Lorentzian of the form:

PSD(f) =
kBT

2π2β(f 2 + f 2
c )
. (3.6)

First, the absolute value of the particle motion in one direction is Fourier trans-

formed and squared to acquire the power spectral density (PSD). The two halves of

the spectrum are then averaged and plotted against the frequency on a log-log scale as

shown in Figure 3.15 (c) and (d). An analytical Lorentzian is then fitted to this spectrum,

yielding a corner frequency fc, which is then converted to trap stiffness using:

ktrap = 2πβfc. (3.7)

This method means that the system is very sensitive to any sources of vibration.

Peaks can often be seen at 50 Hz due to the mains frequency, as well as any undampened

frequencies let through by the optical table such as that of heating pipes under the

floor. To combat this, the optical tables which the experiments were always lifted using

nitrogen to dampen any vibrations.

3.11 Further Optical Setups

The final plan for the optically trapped membranes is to use them to tether to a biolog-

ical sample for single molecule force spectroscopy. The plan is to use the exceptional

intrinsic stability of the membranes, coupled with the additional engineered stability

brought about by the HMSs, to detect the minute forces involved in unzipping and

ripping apart B-DNA molecules. This will be achievable due to the large size of the

membranes — under normal circumstances, optically trapped beads have been tethered

to DNA and used to test its spring constant, but the forces produced in tweezers are

usually not enough to unzip the DNA.

For future experiments involving using the membranes and other structures to inter-

act with biological specimens and using the flat profile of the membrane for extremely

sensitive force detection, additional optical setups were designed, constructed, and cal-

ibrated throughout this PhD work. A high-quality imaging system was required along-

side optical manipulation for biological work, so a custom optical tweezers system was

incorporated into an existing commercial Nikon microscope. Two optical setups were

constructed for work requiring precise force measurement, including one with a QPD

for force measurement and one using homodyne interferometry to measure minute dis-

placements.
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Figure 3.16 Double objective holographic optical trapping system built into a Nikon
TiE2 microscope body,

3.12 Double Objective Trapping Setup

With an identical working principle as the setup described in the previous section, this

system has two key differences, the first being that the microscope objectives, the stage

upon which the sample is placed, illumination, and high-quality imaging are placed

inside a Nikon TI2 Eclipse microscope body and controlled using the Nikon AR Ele-

ments software. This geometry also enforces the other key difference: the trapping in

this setup is realized from above the sample.

The trapping setup here consists of a 10W CW (1064 nm, Opus) laser with a beam

diameter of 1.85±0.2 mm sent through an 8.3 beam expansion and polariser-waveplate

combination, using lenses f1 = 60 mm and f2 = 500 mm. It is then reflected and

modulated by the 1920×1152 SLM (Meadowlark) with a 17.6×10.7 mm pixel array,

placed in the conjugate plane of the objective back aperture. It is then sent through a

4f system of lenses f3 = f4 = 750 mm. The trapping uses a 1.2 NA water immersion

objective (C-Apochromat 63X UV-VIS-IR, Zeiss).

The system allows for simultaneous imaging from both above and below. This

means one camera is dedicated to tracking the optical traps, and one can do both wide-

field and single-molecule imaging depending on requirements. The first of the imaging

systems is placed above the trapping objective, where the EPILED acts as a light source,

the bottom objective acts as a condenser, with the visible light reflected by the 900 nm
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longpass dichroic mirror, through lens f5 = 150 mm into the camera (piA640–210gm,

Basler). The second imaging system uses the bottom objective and lens f6 = 150 mm to

relay the image through 2 sets of filter cubes for pump and probe experiments into the

high-quality camera (iXon Ultra, Andor). This leaves another port in the microscope

open for additional lasers to be added for fluorescence imaging. Due to its extreme sen-

sitivity, the iXon Ultra camera was chosen for single-molecule imaging. The objectives

can be displaced in z, while the stage can be displaced in x and y.

Calibration Trapping Setup

Before any biophotonics experiments can commence, the membrane motion must be

characterized. A combination of CCD, QPD, and interferometer detection will be used

to fully understand the membrane dynamic and the effect of membrane size, handle

size, and shape on the stability of the membranes. The interferometer will be equipped

with a single-frequency laser for better coherence length, and signals from the QPD

and interferometer will be used to construct a PSD analysis of the membrane motion.

Below is the summary of the work done so far to this end.

The setup shown in Figure 3.17 was built for calibration purposes, and the optical

elements were chosen to be more suitable for holographic optical trapping. The large

size of the SLM meant that standard 1-inch optics would result in spherical aberrations

of the trapping beam, so all optical elements the trapping beam passes through were

chosen to have a 2-inch diameter.
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Figure 3.17 Trapping setup for detecting the membrane motion using a combination of
interferometry and QPD.

A mechanized mirror was used to redirect the beam path and integrate it with the

previous microscope-enabled setup. The SLM is coupled to the backplane of the trap-

ping objective (UPLSAPO60XW, NA = 1.2, Olympus) using a 4f system consisting of

lenses f7 = f8 = 750 mm. The microscope is mounted upside down, and a 5 nm preci-

sion stage with a closed loop piezo control is used to displace the samples. Imaging is

done using light from an LED mounted above the condenser and focused on its back-

plane using lens f9 = 200 mm, which is then reflected by a 900 nm dichroic mirror and

focused on the CCD camera (piA640–210gm, Basler) using lens f11 = 200 mm.

Motion detection is split between three different methods. The first, as described in

Chapter 3, is the high framerate footage of the beads, which we can extract individual

motion in x,y, and z from. However, since this setup is focused on calibration of the
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membrane motion, a QPD is used to provide a high bandwidth means of measuring the

bead displacement in x,y, and z. The laser used for this is a stable 633 nm laser with

a coherence length of 10 m (Compact Red Laser, CryLaser), expanded by lenses f12 =

200 mm and f13 = 400 mm, delivered through the microscope objective to the sample

plane and collected by the condenser and focused on the QPD using lens f10 = 200 mm.

The other use of this laser is for homodyne interferometry, using the reflective gold

mirrors on top of the polymeric membranes to detect their motion.

Phase Interferometry Setup and Implementation

Vibration measurement typically employs one of two schemes, homodyne or

heterodyne [208, 209]. For this study, a homodyne Doppler vibrometer will be con-

structed, utilizing phase quadrature detection [210, 211, 212, 213]. This will involve

encoding the membrane movement’s direction directly into the light’s phase. As con-

ceptualized in Figure 3.18, the basic setup employs a Michelson interferometer config-

uration. The laser beam is split into orthogonal polarizations for the reference and mea-

surement arms, recombined after reflection, and passed through a quarter-wave plate,

producing circularly polarized beams. These are then split and sent through crossed po-

larizers to two photodiodes. After the offset is removed, the resulting detected signals

are:

S1 = const · sin
(
2π

2∆d

λ

)
, (3.8)

S2 = const · cos
(
2π

2∆d

λ

)
, (3.9)

where ∆d represents the membrane displacement and λ the wavelength of the laser.

The displacement can be determined as:

∆d =
λ

4π
arctan

(
S1

S2

)
. (3.10)
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Figure 3.18 Basic schematic for the phase interferometer. PBS is a polarizing beam
splitter, QWP is a quarter waveplate, BS is a beam splitter, S1 and S2 are signal 1 and
2, respectively.

The current test version of the interferometer, illustrated in Figure.3.19, operates

with a 633 nm laser, expanded and collimated using lenses f12 = 200 mm and f13=

400 mm. A half waveplate followed by a polarizing beam splitter divides the beam,

while quarter waveplates prevent back reflection to the laser. The reference mirror and

a piezo-attached mirror reflect the beams, which interfere with recombination at the

polarizing beam splitter. The interfered beam then passes through another quarter wave

plate, a non-polarizing beam splitter, and crossed polarizers. Lenses with focal lengths

f14 = f15 = 50 mm focus the beams onto photodiodes (S3883,Hamamatsu) connected to

photodiode amplifiers (C8366,Hamamatsu). The signals, in quadrature, are transmitted

to a connector board via BNC cable and processed through a high-pass frequency filter.
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Figure 3.19 Optical setup for a test version of the interferometer.

Electronics and Signal Processing

Figure 3.20 Data acquisition flow. QPD picks up 3 signals, which are transferred
through a position aligner and the connector block to the data acquisition (DAQ) card
without any conditioning. Photodiodes pick up a single signal each, which is amplified
and filtered using the connector block before being passed to the DAQ.
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As shown in Figure 3.20 The signals will be received through a 68-pin connector block

(SCB-68, National Instruments), connected to a DAQ card (PCIe-6346, National Instru-

ments) chosen due to its ability to sample 500 kS/s/ch, from 8 simultaneous differential

analog inputs, leaving more than sufficient bandwidth for the expected motion of the

membranes. LABVIEW will be used for signal processing of both the QPD signals and

interferometer signals while integrating control over the Nikon microscope, as well as

with the top camera, meaning the calibration process can be automated, and everything

can be controlled and monitored using a single interface. While the QPD required no

further conditioning, the photodiodes are connected to amplifiers which output an AC

signal with a DC, which will be removed using a high pass filter placed in a signal

conditioning section of the DAQ card.

The QPD will be used with the 633 nm laser, as shown in Figure 3.17 A separate

laser was chosen as the trapping 1064 nm laser will be used in a holographic application,

and the QPD is only capable of tracking one point at a time. The QPD outputs 3 raw

signals, the x-diff, y-diff, and sum signals, which correspond to the displacement of

the particle displacement in x, y, and z. The calibration requires sticking a bead to the

bottom of the microfluidic chamber and moving the stage a known amount, which is

achieved using the motorized microscope stage, which in turn produces a characteristic

shape shown in Figure 3.21

Figure 3.21 Characteristic shape of the spectrum detected when scanning along a bead.
[99]

From there, the center linear slope is taken and used to convert between the voltage

and displacement of the bead. The assumption is that the displacement will be limited to

the linear portion of the calibration curve when the particle is trapped. The signal is then

picked up by a Thorlabs KPA101 Position Aligner, which outputs the signal directly

through an SMA connection to the connector block in a monitoring configuration with

no further signal conditioning, where it is read and converted by the analog to digital

converter. This should be compatible with the sphere-like features placed in the center of

the membranes, where by analyzing the calibration curve left behind by the membrane
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when stuck to the bottom of the microfluidic chamber and moving the stage a known

amount, we should be able to calibrate the membrane motion. However, since this

method has its limitation in only working when there is a dome-like feature in the center

of the membrane, and the final goal is flat HMS membranes, the next step is to focus on

the z displacement using phase interferometry.

3.13 Conclusion

The single objective holographic optical system shown above was rebuilt completely

around 8 times in total throughout this work, with new components being added until

it reached its final form, shown here. The biggest challenge in rebuilding was the small

form factor (the available optical table space was less than 1x1.5 m2), the fact that the

initial system was built as close to the surface of the optical table as possible making it

impossible to use 2 inch optics, and the decision to use a 30 mm cage system in order

to align the optics. This was chosen in order to aid with the alignment — when all of

the components are used the system consists of two illumination sources, two lasers, a

camera and a spectrometer all aligned within microns of each other. The compact nature

of the cage system simplifies this alignment at a cost of needing to take everything

apart each time a new element needs to be added. The software used for controlling the

systems is already large and complex, but could be further expanded in future in order

to control the lasers and motorized mirrors. Much like the physical setup, LABVIEW

has the ease of integration on it’s side — with minimal knowledge of the inner workings

of a machine it can be interfaced with the rest of the system, but the complexity of the

software grows rapidly with more components. At this point it has reached stage where

I believe the best step forward is to modularize the code and rewrite it in a traditional

coding language such as MATLAB to keep it maintainable in the future.

The other optical systems have been characterized and are ready to be used for

future experiments, including force sensing and biological specimens — details of these

experiments can be found towards the end of Chapter 6.

The fabrication methods discussed in this Chapter do not just apply to optically ma-

nipulated membranes — all HMSs were fabricated using the same workflows, typically

in less time as typical MS design accounts for at most one re-alignment as opposed

to the five in a row seen here. The next Chapter serves as a intrduction to one more

fabrication method not covered here, CO2 ablation. Unlike EBL, which can be quite in-

timidating at takes months to learn and years to master, ablation was developed during

this thesis as a simple way of forming on-chip optical traps. The next two Chapters, 4

and 5 will deal with optical trapping on-chip done during the duration of this PhD work,

using the single objective holographic setup to trap particles using microstructures and

HMS before returning to the experimental applications of the membranes as well as
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detailed future plans for the optical setups described towards the end of Chapter 6.
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CHAPTER 4

Micromirrors for On-Chip Optical
Trapping Arrays

After the extensive time spent fabricating complex structures using complicated clean-

room techniques and spending months building setups described in the previous Chap-

ter, there was a curiosity about whether it would be possible to achieve optical trapping

without the exhaustive process.

Over the past two decades, numerous techniques have been developed to facilitate

on-chip trapping. These methods range from creating optical lattices through interfer-

ence techniques [214] to near and far field trapping utilizing fibers [215]. Innovations

have aimed at replacing the traditional microscope objective with high NA optical lens

equivalents that maintain a smaller footprint, achieving similar focusing performance

[216].

One alternative involves the use of Fresnel diffractive elements [217, 218, 219], al-

though fabricating these elements is often costly and time-consuming, and they exhibit

chromatic aberrations. These small and delicate components are also prone to damage,

while still not providing the same trapping quality as the microscope objective they

are designed to replace. Microlenses and micromirrors [220, 221] present a more ro-

bust solution, avoiding some fabrication and sensitivity challenges. High NA arrays of

traps can be efficiently created by imprinting pre-made lenses [222, 223]. However, this

approach is limited by the available variety of consumer lenses.

To address this, both this Chapter and Chapter 5 focus on methods for creating cus-

tom high-quality optical traps without needing a microscope objective. An important

thing to note is that despite these devices’ design not requiring an objective, all mea-

surements are still done using one. In both this Chapter and Chapter 5, the beam would

be focused on the back of the objective resulting in a collimated beam coming out of the

objective as shown in Figure 3.9. The objective was used to validate the claim that our
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methods reached the same trapping efficiency as a commercial objective. Through this,

the objective is mostly used to record the particle motion and is not strictly required.

This Chapter will cover the process of fabricating optical trap arrays on glass slides

using CO2 ablation, the characterization of the traps, and finally, demonstrating the

ability to reverse the circular polarisation of light incident on the traps by rotating a

vaterite particle, as shown in Figure 4.1.

Figure 4.1 Concept image for the experiment. A clockwise-rotating vaterite particle
is trapped using an objective and then handed over to a trap created by a micromirror,
where it begins rotating anti-clockwise as indicated by the arrows around the particle.
Taken from [204].

4.1 Micromirror Fabrication

A notable method for creating micromirrors involves silica CO2 laser ablation, a process

where a focused CO2 laser beam, typically at a wavelength of 10.6 µm, is used to melt

glass. This technique utilizes silica’s high absorbance for radiation above 4 µm [224].

By delivering a short pulse (∼100 ns), the laser evaporates the glass directly at the focus,

creating a hemispherical mirror as the vapor pressure forms a melt front that moves

away from the center, solidifying almost instantaneously [225]. This entire process is

completed in less than a second [226, 227].

In our work, we enhance this method by using a CW CO2 laser to write micromirror

structures rapidly and with greater customization. The glass substrate is exposed to a

focused TEM00 mode of the laser for about 100 ms, resulting in a nearly parabolic mir-

ror profile [228]. Subsequently, the glass is coated with a thin layer of gold to provide a

smooth, reflective surface. This technique allows for precise control over the diameter
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and depth of the micromirrors, making it highly adaptable to specific applications.

4.2 CO2 Ablation Software and Optical Setup

CO2 ablation was chosen as it enabled rapid fabrication (a single trap takes ∼100 ms to

fabricate) and easy manipulation of the trapping parameters by altering the fabrication

parameters. By controlling the relative position of the glass slide surface and CO2 laser

focus, laser waist size, exposure time, exposure repetition, and laser power, the mirror

profile could be precisely chosen for the required application.

As shown in Figure 4.2, the ablation setup was a relatively simple one, consisting of

a 27 W, 10.6 µm radio frequency modulated CW CO2 laser (48-2KA, Synrad), which

would first pass through an automated shutter, which allowed for control of exposure

length down to 10 ms. An aperture was used to change the beam waist size, and a

ZeSe-coated 35 mm lens was used to focus the CO2 laser on the glass substrate. The

sample was mounted on an automated 3D stage (8351 Picomotor controlled by Model

8752 Intelligent Picomotor Ethernet Controller, Newport). A 660 nm laser diode was

used to align the CO2 laser as it is not visible, and a CCD camera coupled with an LED

was used for calibration and imaging of the ablated mirrors.

Figure 4.2 Optical setup used for the CO2 ablation of glass slides. The 3D stage,
shutter, and CO2 laser control were automated. The inset shows the glass ablation
process. Taken from [204].
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The shutter was used to control the exposure time and number of exposures. The

aperture controlled the beam size, and the 3D stage allowed for control of the relative

position of the laser focus and glass plane and allowed for fast fabrication of arrays

through x-y movement. These arrays are shown in Figure 4.3 (a) and (b) below, as well

as more advanced shapes such as channels as shown in Figure 4.3 (c).

After ablation of an array of micromirrors of the glass slide substrate, the sample

was transferred to an electron beam evaporator (AUTO 306, Edwards), where a 2 nm

thick adhesion layer of NiCr was deposited, followed by 150 nm of gold. This thickness

was chosen to ensure no heating due to plasmonic effects arising from thinner layers of

gold.

Figure 4.3 (a) Parameters used for an array of micromirrors, (b) the resulting gold
coated micromirrors, scale bar is 150 µm the rows are uneven due to the stage being
moved by hand in the early stages of fabrication. (c) Gold coated channel, scale bar is
200 µm. Taken from [204].

A custom LABVIEW software (also available in the research repository) was de-

veloped over multiple months to automate as much of the fabrication as possible. In

the end, the software was used to control the laser’s duty cycle, allowing for fine-tuned

power control; it controlled the exposure time through the automated shutter and al-

lowed for full 3D control of the sample. A screenshot of the control panel is shown

below in Figure 4.4. The software was further extended to take sets of instructions sim-

ilar to the g-code used in the manufacturing industry for step-by-step fabrication. This

allowed for the scripting of more complex shapes, such as the channel shown in Figure

4.3 (c).
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Figure 4.4 Front panel of the LABVIEW software used to automate the fabrication
process.

4.3 Micromirror Characterization

Over 350 mirrors were fabricated and characterized throughout this work. The vast

majority were characterized optically, using a microscope to measure the diameter and

depth as two key parameters from which all other relevant parameters could be cal-

culated. The power, exposure time, exposure repetition, and substrate position were

recorded during the micromirror array fabrication. The mirror diameter was extracted

using ImageJ from the images of each mirror, while the depth was measured manually

by focusing on the bottom of the mirror using the microscope, then on the surface and

noting the distance traveled.

A microscope (Eclipse E600, Nikon), operating in brightfield mode with available

magnifications of 5x, 10x, 20x, 50x, and 100x, was employed to assess the diameter

and depth of the mirrors. Since most mirrors fell within the size range of approximately

40 to 120 µm, the images were predominantly captured at 100x magnification.

The effect of the fabrication parameters is shown below in Figure 4.5, Figure 4.6

and Figure 4.7.
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Figure 4.5 Relationship between time of exposure, the diameter of mirrors and the
exposure repetition. Taken from [204].

Figure 4.5 illustrates the impact of varying exposure lengths between 50 and 400

ms. At lower power levels, the influence of extending the exposure length was almost

negligible, and even at higher powers, the mirror diameter demonstrated independence

from exposure length. Likewise, the depth exhibited power dependency at lower powers

only below 2 W.

This phenomenon can be attributed to the ablation efficiency contingent on the focal

point of the CO2 laser beam. Assuming rapid evaporation at the exposure’s onset, most

ablation would occur almost instantly, primarily affecting the top layer of silica that

absorbed the incident power. The layers of silica beyond the focal point, however, were

unable to heat up significantly, resulting in an insignificant alteration to mirror param-

eters. At powers exceeding 2 W, ablation could still occur as sufficient power reached

the deeper layers, allowing for evaporation and melting. Given the more pronounced

influence of power, as depicted in Figure 4.6, all subsequent data is presented in terms

of mirror diameter and depth as functions of the incident power of the CO2 laser.
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Figure 4.6 Relationship between laser power, the diameter of mirrors and the depth of
mirrors. Taken from [204].

A consistent trend in the data reveals the steadfast power dependence of the mi-

cromirror’s diameter, irrespective of the number of repetitions or the focal plane’s posi-

tion. This constancy can be rationalized by considering that even when the focal plane

is ’misaligned’, a sufficient amount of power reaches the surface, inducing a melt layer

that spreads and determines the mirror’s diameter.

Conversely, the depth, as depicted in Figure 4.7, proves to be much more sensitive

to the focal point’s position, defined by the motion of the Picomotor motion with a reso-

lution of<30 nm. This sensitivity is particularly evident in the trend line corresponding

to a focus position at -1 mm. Focusing the CO2 laser behind the surface plane led to in-

creased beam scattering by the glass, resulting in shallower mirrors. This characteristic

could be advantageous at higher powers, as the ’gentler’ ablation produced a smaller lip

around the mirror and a visibly more curved profile while maintaining a large diameter.
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Figure 4.7 Relationship between laser power, the mirror diameter, and the position of
the glass substrate relative to the laser beam focus. Taken from [204].

Importantly, this effect was most pronounced when the laser was focused behind

the surface plane. The gradual evaporation of silica allowed surface tension to act over

time, pulling the molten silica into a convex shape at all power levels. This differed

from other mirrors created with the same parameters, which exhibited a flatter profile

at the bottom due to the sudden evaporation of silica [229].

The theoretical performance of the micromirrors was first estimated by calculating

the parameters relevant to the trapping, such as the focal length, radius of curvature, and

NA as shown in Figure 4.8 (a). These were calculated from the measurable parameters

of depth and diameter using a geometric approximation of the focal length of a parabola

[230]:

f =
D2

16z
, (4.1)

where D is the mirror diameter, and z is the depth. The aperture angle θ of a

parabolic mirror is defined as:

z

f
=

D2

16f 2
= tan2

(
θ

2

)
. (4.2)
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The relationship between z/D and θ is clearly illustrated in Figure 4.8 (b), where

the parameters of 357 mirrors are plotted according to their estimated aperture angle.

It is essential to recognize that this representation is a simple geometric approximation.

Particularly for higher ratios of D and z, consideration must be given to the effects of

increased fabrication power, which may lead to cracks and uneven surfaces.

Additionally, it is crucial to acknowledge that as θ surpasses π/2 degrees, the quality

of trapping diminishes. This is attributed to a greater proportion of light contributing to

the scattering force incident on the particle. For mirrors with θ < π/2, a comparison

can be drawn to a lens, utilizing the NA as the figure of merit.

The relationship between NA and θ is expressed as NA = nm sin(θ), where nm

represents the refractive index of the medium (nm = 1.33 for D2O). Consequently, we

can define an effective NA for the micromirrors as:

NA = nm sin

(
2 tan−1

(√
16z2

D2

))
. (4.3)

It is crucial to emphasize that the comparison with lenses holds significance only

for mirrors where θ ≤ π/2. In contrast, θ tends toward π for an infinitely extending

parabolic mirror.

4.4 Particle Trapping

The movable mirror setup described in Chapter 3 was used to trap the particles. The 2

µm silica beads were first trapped using the 1.2 NA objective and brought to the focal

point of the micromirror. The automated mirrors were then used to expand the beam

coming out of the objective, trapping the particle using the micromirror. Illumination

used LED light sent directly through the objective and detected in reflection, as the

thick layer of gold on the micromirror substrate blocked any illumination in transmis-

sion. Another unexpected consequence of using gold as a substrate was during sample

preparation. Due to the gold film being hydrophobic, the solution of particles will form

into a bead and is much more likely to form air bubbles when sealed underneath the

cover slip. This can be solved by oxygen plasma cleaning the gold right before the

liquid is applied.
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Figure 4.8 (a) Scheme showing all parameters considered when calculating the theo-
retical performance of a micromirror and (b) the angle of light reflected from the mirror
for 350+ mirrors measured, showing the relationship between the ratio of depth and
diameter and the mirror NA. Taken from [204].

The mirror parameters used for trapping in this section are shown in Table 4.1 below.

Table 4.1 Parameters of the micromirror used to trap and rotate particles. In order:
diameter, depth, focal length, the radius of curvature (ROC), effective NA, trap stiffness,
and the average of x and y. Taken from [204].

D (µm) z (µm) fm (µm) ROC (µm) NA k⊥ (pN/µm/W)
56.5 7.3 54.7 109.4 1.08 52±1

Five stiffness values were acquired for each power, subsequently averaged and plot-

ted against the power measured after the microscope objective (see Figure 4.9 (a).

The dashed line represents a straight-line fit with no intercept, yielding a stiffness of

k⊥ = (52± 1) pN/µm/W when correcting for the size of the beam incident on the mir-

ror, shown in Figure 4.9(c) This value is approximately six times lower than that of the

objective with NA = 1.2, possessing a stiffness of ko = (332 ± 2) pN/µm/W. This can

be attributed to the low quality of the CO2 beam, resulting in a non-symmetrical power

distribution. Another issue is the deposition of particles at the bottom of the mirrors

during repeated experiments, increasing optical aberrations. Additionally, the slight

difference between stiffness in the x and y directions can be accounted for by looking

at Figure 4.9 (b), where the ellipticity of all the fabricated mirrors is shown, which can

be attributed to the CO2 beam shape.
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Figure 4.9 (a) Trapping stiffness of the micromirrors in x and y, compared to a 1.2
NA microscope objective. The error bars represent the standard deviation over 5 sets
of measurements. (b) ellipticity of the micromirrors (c) beam profile formed by a mi-
cromirror. Taken from [204].

Although the coherence length of the laser would permit interference, the relative

intensity of the incident collimated beam and the reflective focused beam at the trapping

location exclude the effects of standing waves. Given the wavelength of 830 nm result-

ing in fringes every 415 nm and the depth of focus of the objective of ∼800 nm, any

significant displacement of the particle in the z-direction would have been observed,

which is not the case.

Concerns about thermal effects arise due to the presence of gold: several studies

have demonstrated a notable heating effect on particles positioned less than a few mi-

crons from the surface when subjected to a focused beam incident on the gold surface

[231, 232, 233]. In this scenario, however, the particle is situated over 50 µm above

the gold surface, and the beam is dispersed across an area orders of magnitude larger.

Considering the linear response to changes in laser power, thermal currents are also not

expected to contribute significantly to the trapping dynamics.
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Figure 4.10 (a) Scheme for measuring the mirrors using the DekTak (b) zoomed out
and (c) zoomed in profiles of the micromirror surface fitted with Gaussian, spherical,
and polynomial curves, fabricated using a laser power of 1.8W, a pulse duration of
τ = 120ms, and an aperture diameter of 2mm. This micromirror was utilized for
particle trapping and rotation. See Table 4.1 for detailed fabrication parameters. (d) A
top-down view showing a gold-coated micromirror with a diameter of 80µm, where the
bright central spot indicates the lamp’s reflection. Taken from [204].

To get an even more accurate profile reading, we used the DekTak profilometer

(Dektak 150 with a 12 µm stylus, Veeco), scanning multiple mirrors across six axes as

shown in Figure 4.10 (a). Figure 4.10 (b-d) shows the micromirror utilized for particle

trapping with a depth of z = 7.3 µm and a diameter of D = 56.5 µm. Its profile aligns

with the Gaussian intensity pattern of the CO2 laser beam, albeit with deviations due

to the lip forming on the mirror’s edges during fabrication. These deviations suggest

that a parabolic description more closely represents the mirror’s profile. This parabolic

profile is one of the key advantages of this process, as parabolic mirrors regularly find

use in optical systems due to their unique ability to focus incoming light rays into a
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single point. This eliminates both spherical and chromatic aberrations, making them

work over a large range of sizes and wavelengths. The ability to focus all incoming

light is particularly interesting regarding optical trapping, where a high NA is required.

4.5 Particle Rotation

Transfer of optical momentum is not limited to a linear push and pull — by using cir-

cularly polarized light, it’s also possible to transfer angular momentum. A noteworthy

mention is the behavior of non-spherical particles in these fields. With each anisotropic

shape comes a different response to the trapping beam as the objects experience both the

trapping force and a torque [234, 235], with cylindrical [236]. Elliptical [237] objects

such as blood cells aligning themselves to the direction of beam propagation [238], and

cube-like particles rotating due to inherent form

birefringence [239] when illuminated with circularly polarized light. Another method,

as will be outlined below, is the use of birefringent particles of vaterite [240, 241].

This portion of the work aimed to show that the micromirrors reverse the angular

momentum of the reflected light. This highlighted the ability of the micromirrors to pre-

serve the original characteristics of the incoming light, including angular momentum.

To this end, we used 5 µm diameter vaterite particles. The optical setup from Chapter

3 was modified by placing a quarter-wave plate as close as physically possible to the

microscope objective to preserve the circular polarization of the beam.

Initially, we trapped the vaterite using objective-enabled optical tweezers and ob-

served the clockwise rotation of the particle, as illustrated in the top portion of Figure

4.11. Subsequently, we switched the optical path to trap the particle using the micromir-

ror. We observed a change in the direction of rotation, as depicted in the bottom panel

of Figure 4.11.
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Figure 4.11 Frames showing the vaterite particle being rotated and counter-rotated by
the objective trap and then the micromirror trap. The vaterite particle was rotated at 1
Hz, the scale bar is 5 µm. Adapted from [204].

4.6 Contribution

Hamid Ohadi initially installed the CO2 optical setup, which I modified to automate all

parts. I wrote the software used during the ablation process. I characterized the mi-

cromirrors primarily, with Saydulla Persheyev performing the DekTak measurements

of the profile. I fabricated the majority (300+) mirrors, with Saydulla Persheyev fabri-

cating around 50 mirrors for a total of 357 mirrors. I did the trapping experiments.

4.7 Conclusion

In conclusion, this Chapter presented a rapid and versatile fabrication process for cre-

ating 357 high-NA parabolic micromirrors with diameters in the range of 80 µm using

CW CO2 laser ablation of silica, followed by gold coating. These micromirrors prove

to be suitable substitutes for microscope objectives in optical trapping applications. The

trapping performance was thoroughly analyzed at various powers, resulting in an aver-

age stiffness of k⊥ = (52 ± 1) pN/µm/W for a mirror with an effective NA of 1.08,

which compares favorably with values reported in the literature [205, 242].

Finally, the mirror’s capability to counter-rotate a vaterite particle was demonstrated.

The mirror’s geometry holds promise for creating integrated dual-beam trapping [243].

Given the ability to fabricate closely spaced arrays of arbitrary size, this approach be-
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comes a promising technique for on-chip particle trapping, sorting, and optical lattices

for atoms [244, 245, 246]. Similar schemes have shown great promise in the parametric

cooling of particles in vacuum [247]. With added laser writing capabilities, it would be

feasible to guide particles in arbitrary circuits through 2D trapping in channels on this

platform.

While incredibly promising, in the end, we could not achieve the same performance

as a microscope objective when using the micromirrors. High-quality products also

require more control over the fabrication parameters, even at the cost of time. The

next Chapter will describe in detail the use of MSs to surpass the performance of the

mirrors shown here, providing complex optical trapping landscapes in reflection and

transmission.
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CHAPTER 5

Metasurfaces for Optical Trapping

Encouraged by the success of the micromirror ablation, which allowed for fast and

straightforward fabrication of optical trapping arrays, we wanted to explore other meth-

ods of optical trapping using integrated optical elements. The best micromirror trapping

results were still an order of magnitude less efficient than a microscope objective, and

the exact parameters of the trapping elements were limited in precision. The mirrors are

also limited in their versatility as an optical component, usable only in reflection and

capable of forming a single optical trap.

HMSs, on the other hand, can be used to create more complex photonic landscapes,

allowing a greater level of control. While static, optical trapping using HMS allows

for certainty where a certain particle or cell will be trapped, and so allows for single

objective analysis. For example, a cell can be trapped using one MS, while light sheet

microscopy is performed on it using another, with a single low NA objective collecting

all the data. A range of metalenses for optical trapping has been demonstrated over the

last few years [131], including polarization switchable metalenses [248], bifocal plas-

monic metalenses [249], and even metalenses fabricated on top of optical fibers [130].

While successful in generating optical traps, all of these HMSs formed a single focus

point. They also demonstrated trapping stiffness below that of a microscope objective.

In this portion of the thesis, we showed that a reflective HMS approach can create

trapping beams with efficiency equal to that of objectives and create multiple traps

using a single optical element. We also demonstrated transmissive metalenses capable

of working across a broad range of wavelengths. While incredibly performant, the

gold HMSs were quite fragile, and pieces would break off during use. These lenses

were made of zirconia, a hard, inert ceramic known for its biocompatibility and lack of

disintegration.

Shown below are concept sketches for both designs, with Figure 5.1 (a) and (b)

showing the trapping HMSs working in reflection and Figure 5.1 (c) showing a HMS
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working in transmission.

Figure 5.1 Concept images for HMS enabled optical trapping. (a) Shows the reflective
trapping geometry for multiple HMS sizes and extended object trapping, taken from
[128], while (b) shows in detail the trapping scheme for a single particle. (c) Shows the
trapping scheme for HMSs operating in transmission, taken from [129].

5.1 Trapping with Holographic Reflective Metasurfaces

This section details the development, production, and evaluation of reflective-type HMSs

featuring an NA of 1.2 and 1.3 and achieving a trap stiffness of up to 430 pN/µm/W.

This stiffness is comparable to that of a traditional bulky microscope objective with

an equivalent NA. Furthermore, we examined HMSs varying in size from 900 µm2 to

approximately 0.09 mm2, with trapping distances ranging from 7.1 to 75 µm. The de-

sign of these HMSs utilized a metal-insulator-metal, three-layer configuration of PB

meta-atoms, optimized for circularly polarized light with a wavelength of 830 nm. Ad-

ditionally, we successfully demonstrated that these HMSs can be engineered to generate

multiple focal points, enabling the trapping of non-spherical objects like fishnet mem-

branes, which are outfitted with trapping handles to facilitate manipulation.

Holographic Metasurface Design, Fabrication and Characterization

The initial design was based on approximating the trapping geometry for the HMSs.

The numerical aperture was calculated using the angle of the right-angle triangle formed

by the trapped bead, the center of the HMS and the HMS edge as shown in Figure 5.2

(a), with the critical parameter of ζ = F
L
= nm

2NA

√
1−

(
NA
nm

)
, where L is the HMS side

length, F is the focal distance, nm is the refractive index of the medium. This ratio is

plotted against the NA in Figure 5.2 (b), showing that for an arbitrary HMS size, the

focal length must be designed to be ∼ 25% of the side length to achieve an NA of 1.2

(equal to the NA of the microscope objective). This was relevant as multiple sizes of

HMSs were designed and fabricated to test how small a HMS could be compared to the

incoming beam and still function as intended.
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Figure 5.2 (a) Geometric approximation of the numerical aperture of the reflective
HMSs, φ is the half angle of the beam (b) diagram of the variable ζ representing the
ratio of the HMS side length and the focal distance against the expected NA of the HMS
(c) and (d) show the single particle trapping HMS design and simulation respectively.
Adapted from [128].

This resulted in a Fresnel lens-like design for HMSs with a single focal point, as

shown in Figure 5.2 (c) and (d). The phase mask was generated using the standard GSA

approach as described in Chapter 2. The square shape of the holograms is due to the

initial goal of tiling the HMSs as closely as possible when generating trapping arrays.

The meta-atoms were based on the PB phase approach described in Chapter 2. I will

only summarise the fabrication as I did not perform it. The main steps of the fabrication

are shown in Figure 5.3 (a—d). First, 150 nm of gold was evaporated on a silicon

sample. Then, a 180 nm layer of a negative Ma-N resist was spun on top of the gold,

and individual meta-atoms were written into it using EBL. The unexposed Ma-N was

then washed away using a developer, and a 40 nm gold cap was evaporated on top of

the meta-atoms. The final result is shown in an SEM image in Figure 5.3 (e).
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Figure 5.3 (a)-(d) major steps for the fabrication of the reflective HMSs (e) SEM image
of a completed HMS. Taken from [128].

The dimensions of an individual meta-atom are shown in Figure 5.4 (a), and given

in in the table.5.1 below. The periodicity P was chosen such that it would not limit the

NA of the metalens as per the Nyquist sampling theorem [84]. The radiation pattern of

the individual meta-atoms is also shown in Figure 5.4 (b). The radiation pattern was

an important factor to consider, as the meta-atoms at the edges of the HMS would need

to work efficiently at the nearly 90-degree angles required in high NA trapping. These

resonators exhibited extremely good directivity, with the average angular width (3 dB)

along the long and short axis being 107 deg as calculated in CST Microwave Studio.

P Tp Lx Ly Tc Tb

300 nm 160 nm 220 nm 90 nm 40 nm 190 nm

Table 5.1 Table of the dimensions of the meta-atoms used where P is the periodicity,
Tp is the pillar thickness, Lx is the top cap length, Ly is the top cap width, Tc is the top
cap thickness and Tb is the bottom layer of gold thickness

Figure 5.4 (a) individual meta-atom of the reflective trapping HMS, (b) radiation pat-
tern of the meta-atoms, and (c) emission angle of the meta atoms depending on their
position on the HMS and the design NA. Taken from [128].

The profile of the beams formed by the HMSs was measured and compared to the

theoretical simulations to confirm the numerical aperture. This is shown in Figure 5.5
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(e); a deviation can be seen as the HMS was underfilled due to the size of the beam

being approximately 250 µm at the sample plane, while the HMS was 315×315 µm.

This caused less of the HMS to be illuminated, resulting in a lower NA. Much like

underfilling a microscope objective, this resulted in a larger beam than designed.

Figure 5.5 Beam profile of NA = 1.2 HMSs with side length of (a) L = 30 µm, (b) L =
60 µm, (c) L = 90 µm, (d) L = 210 µm and (e) L = 315 µm. Taken from [128].

To obtain an indicative measure of the diffraction efficiency of the HMSs, we gener-

ated a collimated beam rather than a focused spot using a separate sample. This sample

with a side length of 315 µm was fabricated to project a 1 mm diameter dot, positioned

10 cm from the HMS at a 12-degree angle. During the experiment, the sample was sub-

merged in water. The incident beam, circularly polarized and 830 nm in wavelength,

had a diameter of 267 µm, ensuring the underfilling of the HMS. Measurements of the

incident and reflected powers were 23 mW and 3.1 mW, respectively, yielding a calcu-

lated efficiency of 13.4%. This was done because there was no way to physically get

close enough to the trapping HMSs to measure their exact efficiency.

Particle Trapping in Reflection

The optical setup used in this work is conceptually the same as the one described in

Chapter 2. The main technique used was trapping a particle using objective-based opti-

cal tweezers, followed by switching the laser illumination using mechanical mirrors to

trap the particle using the HMS, as shown in Figure 5.6 below. This allowed for a sys-

tematic study, as the same particle could be used to compare the HMSs’ performance
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at different sizes and when compared to an objective, something typically impossible to

achieve in such experiments where the particles are typically delivered using microflu-

idics, waiting for a particle to fall into the optical trap by chance.

Figure 5.6 Handover process used to transport particles to the focal point of the HMSs
before switching to illuminating it.

A 2 µm silica particle was trapped using the objective and HMSs, and its motion

was recorded using the CCD camera recording at 1000 fps for 10 s, resulting in 10,000

frames of footage. Five separate videos were taken for each HMS, for the same bead at

the same range of ten powers ranging from 23 mW at the laser to 230 mW at the laser,

increasing in 10% increments. The videos were then analyzed using the MATLAB

code based on the Fourier transform properties described in Chapter 3, and the x and y

motions were extracted and further processed, yielding a trap stiffness from the PSD.

This gave 5 separate values for trap stiffness for each power, allowing us to take an

average and plot the results with error bars indicating the range of values. This is one of

the key advantages of this method, as we were able to conduct an extremely systematic

study with 50 trap stiffness data points for every HMS.

A comparison between the trapping performance of HMSs with side lengths of L

= 315 µm and NA = 1.2 and NA = 1.3, compared to that of a microscope objective

with NA = 1.2 is shown in Figure 5.7 (a). These NA values were chosen to compare

like with like, and show that the HMSs can produce a trap stiffness comparable to the

objective with the same NA, as well to test whether a higher NA would result in a higher

trap stiffness. The orange dotted line indicates the scaling boundaries assuming a 20%

efficiency of the HMS (top line) and 80% efficiency (bottom line). The trapping for both

HMSs assumes 50% efficiency, as it would be extremely difficult to measure the exact

efficiency given the requirements of measuring in reflection at such a short distance. It

should be noted that this is a very conservative estimate, as we measured the efficiency

of a MS projecting a collimated beam to be ∼ 13%.

The 1.3 NA HMS had a lower trapping efficiency caused by the steep angle of light

re-radiated by the meta-atoms at the edges of the HMS, which can also be seen in the
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radiation pattern in Figure 5.4 (b). An optimized design could overcome this limitation,

changing the meta-atom design at the edges to optimize for higher angles [250]. It

should also be noted that for this comparison, the beam diameter was measured to be

around 250 µm, meaning both the NA = 1.3 and NA = 1.2 HMSs were underfilled.

This was an initial test done during the optimization of the HMSs before multiple sizes

were made; not shown in the diagram are the results from trapping with HMSs with

NA of 1.1 and 1. Another issue these suffered from was the increased focal distance

— for the NA = 1 case, the focal point was outside of the 100 µm tall chamber. As the

most optimal design was found to be NA = 1.2, all other HMSs were designed at that

specification.

Figure 5.7 (a) Trap stiffness measurement of a HMS width side length L = 315 µm and
NA = 1.2 and NA = 1.3 and a microscope objective. The orange region is bounded by
a theoretical HMS efficiency of 20% and 80%. The error bars represent the standard
deviation from 5 data sets taken for each point. (b) Trap stiffness comparison of HMSs
of different side lengths L. The linear fit is inserted with a 0 y-intercept, following the
assumption that at 0 laser power, the trap stiffness is also equal to 0. Taken from [128].

HMSs were fabricated at 5 different sizes to test the limits of how small they could

be before they stopped working efficiently. As shown in Figure 5.7 (b), and even more

clearly in Figure 5.8, the trap stiffness’s dependency on HMS size using an NA = 1.2

design showed an initial increase in stiffness with HMS area. This can be explained

by two factors: first, we did not normalize the results according to the illuminated area

of the HMS as we had no way of confirming the exact efficiency. This choice conser-

vatively underestimates the HMS’ trapping efficiency, corroborated by the consistent

quality of focused spots across HMS sizes shown in Figure 5.5. Second, the constant

periodicity of the meta-atoms means that the smaller HMSs have a much lesser number

of resonators, and as such a worse resolution and overall efficiency. The trap stiffness

peaked with HMSs with L = 210 µm, explained by the measured beam diameter of

250 µm. Figure 5.8 highlights comparable efficiency across various HMS sizes and
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configurations despite reduced efficiency in larger HMSs due to under-filling and edge

diffraction inefficiencies.

The HMSs maintained high trapping efficiency even when the stage underneath was

translated in x and y, meaning the HMS only needed to be partially illuminated to func-

tion. Through the systematic study of multiple particle sizes (5, 2 and 0.5 µm) we were

also able to exclude any significant thermal effects typically seen in plasmonic or metal-

lic near-field traps due to metal absorption causing localized heating. The convection

currents created by these effects have a strong effect on smaller particles, which we did

not observe.

Figure 5.8 Trap stiffness vs power diagram for HMSs of different side length L. The
error bars represent the standard deviation from 5 data sets taken for each point. Taken
from [128].

To demonstrate that the stability of trapping extends to not only a higher trapping

stiffness but also an equal trapping force experienced by the trapped particles in both x

and y, Figure 5.9 shows the comparison between the x and y components of all HMS.

97



5.1. Trapping with Holographic Reflective Metasurfaces

Figure 5.9 Trap stiffness in x and y of all of the metasurfaces at different sizes of MSs
with side length of (a) L = 30 µm, (b) L = 60 µm, (c) L = 90 µm, (d) L = 210 µm and
(e) L = 315 µm. Also shown is the trap stiffness of the microscope objective in (f). The
error bars represent the standard deviation from 5 data sets taken for each point.

Another advantage of using the same system to measure the micromirrors described

in Chapter 4, metasurfaces, and the microscope objective is that the PSD can be directly

plotted and compared at the same laser power as shown in Figure 5.10 below. As ex-

pected, the corner frequency of the micromirror trapped sample is the lowest, followed

by the microscope objective and with the L = 210 µm metasurface being the highest.

Figure 5.10 Comparison of PSD of particles trapped at 230 mW at the laser using a (a)
gold micromirror, (b) L = 210 µm metasurface and (c) microscope objective.

Extended Object Trapping

Relating to the ongoing work in Chapter 4, where membranes interact with samples

within the microfluidic chamber, we showed the ability to trap extended objects. We

argue that while this does not have the versatility of controlling an object using an
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SLM, there are multiple use cases where having a few pre-encoded positions is all that

is needed. If a membrane is being used as a mirror, a metasurface can encode 2-3

positions depending on the illuminating beam polarization. This gives a fixed mirror

that can be used to illuminate a sample from the side using a single objective.

Here, we looked at a simple case of a literal fishnet designed for filtering and catch-

ing larger particles. SEM images of the extended object we fabricated and trapped are

shown in Figure 5.11 (a) and (b); it is a 15×15 µm2 fishnet membrane with bead-like

handles at the corners. The fishnet membrane was fabricated out of SU8 using EBL,

requiring one exposure for the net and another for the handles. As with individual

beads before it, the fishnet membrane was first captured using the typical holographic

optical tweezers, transported above the HMS, and released as the laser was switched to

illuminate the HMS. Figure 5.11 shows the fishnet membrane trapped by the HMS.

Figure 5.11 SEM images of the fishnet membrane from (a) 60 degrees and (b) from
the top and (c) and (d) show the extended trapping HMS design and simulation, respec-
tively, and (e) shows the fishnet membrane trapped by the HMS. Adapted from [128].

The initial plan for these fishnet membranes was to use them in filtering particles

of different size depending on the size of the holes in the net. For this purpose HMSs

with only 2 traps were designed and fabricated, and the fishnets were modified to have

two long handles as seen in the center inset of Figure 5.12. A simple microfluidic chip

was fabricated by first drilling two holes into a glass microscope slide, attaching two

cut Eppendorf pipette tips using epoxy resin, and forming a channel on the other side

using two long pieces of double-sided tape before closing the channels with a coverslip.

Attaching rubber tubing to the ends of the pipette tips allowed for flowing a mixture

of fishnet membranes and particles through the chip and trapping and bending of the
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fishnet membranes as shown in the insets of Figure 5.12. These were manipulated

using an SLM, and due to the difficulty of getting a consistent slow flow rate using the

pump system, as well as regular leaks in this design the scope was reduced to a simple

trapping of the membranes in plane as shown in Figure 5.11 (c).

Figure 5.12 Simple microfluidic chip designed for use with holographic traps and fish-
net membranes from (a) top view and (b) side view. The insets show the images from
fishnet membranes being trapped in the chip, as well as the concept of the net being
used for filtering particles of different sizes.

5.2 Trapping with Biocompatible ZrO2 Metasurfaces in Trans-
mission

While the reflective HMSs’ trapping performance was some of the highest recorded

at the time of publishing, they were not without their drawbacks. The reflective de-

sign meant imaging and trapping could only be done from one direction, and collecting

signals reflected from samples carries less information than those collected in transmis-

sion. They rely on the PB phase and require circularly polarized light, and consist of a

polymer photoresist which is not necessarily biocompatible.

Additionally, the nano-sized antennas are quite fragile. Over time, the liquid in the

microfluidic chamber will dry up and evaporate, making it impossible to optically trap.
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At that point, with a sample such as a HMS one, the coverslip can be gently removed,

and a new sample of beads inserted and re-sealed, meaning the same HMS slide can be

used multiple times over weeks. Unfortunately, as the beads lie and move around on the

surface, they tear up the HMS, almost like huge bowling balls, degrading it over time.

As the eventual goal of the platform is to be used with biological samples, it can be

easily assumed the same would happen if cells or other specimens were to move across

the HMS surface as seen in Figure 5.13.

Figure 5.13 Images of HMSs destroyed by beads, with the destroyed tracks highlighted
using the green dashed lines.

To address some of these issues, the work in this section focused on using ZrO2

polarization-independent HMSs, working in transmission over a broad range of wave-

lengths including blue and UV wavelength where the trapping stiffness is much higher.

ZrO2 is a ceramic with a range of advantageous properties for biophotonics applications.

As seen in Figure 5.14 when compared to silicon and TiO2, which are typically used in

transmissive HMSs, ZrO2 has a remarkably consistent refractive index over the visible

range with negligible losses. It’s chemically inert and very hard, making it particularly

suitable for biophotonic applications.

101



5.2. Trapping with Biocompatible ZrO2 Metasurfaces in Transmission

Figure 5.14 Ellipsometer measurement of the refractive index of amorphous ZrO2 com-
pared with amorphous TiO2, and amorphous silicon. Taken from [129].

Fabrication and Broadband Operation Characterization

As described in Chapter 2, here, the meta-atoms function as truncated waveguides,

where dephasing is dictated by the different effective refractive indices of the propa-

gating modes. The unit cells of the HMSs are illustrated in Figure 5.15 (a), arranged

in a hexagonal lattice with periodicities of 200 nm and 210 nm for the blue and green

(HMSs), respectively. Each unit consists of a thick microscope glass slide substrate,

a 50 nm thin layer of ITO serving as a conductive layer, 700 nm tall ZrO2 pillars em-

bedded in a polymethyl methacrylate (PMMA) matrix, and a 180 nm flat top layer of

ZrO2.
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Figure 5.15 (a) Proposed unit cell perspective, (b) the transmission and phase profile
of meta-atoms in air and water at 532 nm. Shown below are SEM images (c) after 40
nm gold evaporation on the developed sample, and (d) after lift-off of the photoresist
and (e) image of the fabricated device, inserted are the fabrication work flow consist of
EBL and ALD steps. Taken from [129].

The different fabrication steps are shown in Figure 5.15(c - e). A layer of 50 nm ITO

was deposited as a thin conductive layer using a sputterer (Angstrom Engineering) to

minimize electron backscattering effects. A 700 nm-thick layer of PMMA (A7 950K,

Micro Resist Technology) was spin-coated at 1650 rpm for 60 s and subsequently baked

for 5 min at 180 ◦C. The meta-atoms were defined using the EBL system, followed by

development for 65 s in a 1:1 ratio of isopropanol and distilled water. This ratio was op-

timized to ensure the complete development of all varying-sized unit cells. Verification

was performed using a sacrificial sample; a layer of gold was deposited on the PMMA

and lifted off, as depicted in Figure 5.15 (c) and (d). The sample was then baked for 30

min at 95 ◦C, and the ZrO2 layer was deposited via atomic layer deposition (ALD) at

a rate of 1.79 Angstroms per cycle. This resulted in the HMS having a flat top layer of

the ZrO2 layer, effectively isolating it from the rest of the sample, providing medium-

independent optical response and protecting the meta-atoms, as shown in Figure 5.15

(e).

As before, the HMS phase masks were designed using the GSA, resulting in Fresnel

lens-like phase profiles seen in Figure 5.16 (a) and (b). Also shown in Figure 5.16

(c) and (d) are the experimental beam profiles at the focal planes for the two HMSs,

demonstrating that both lenses have an NA given by NA = 0.51λ/FWHM ≈ 1.2,

resulting in diffraction limited spots formed by the HMSs.
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Figure 5.16 Designed phase profile at (a) 488 nm and (b) 532 nm and the experimental
beam shape profile at (c) 488 nm and (d) 532 nm with its inserted image at the focal
point. Taken from [129].

To characterize the HMSs, two sets of holograms were fabricated to evaluate their

efficiency and image-forming capabilities. The efficiency was measured by design-

ing the HMSs to project a collimated beam at 30 degrees relative to the normal of the

HMS. The diffraction efficiency was determined by normalizing the power of the first

diffracted orders against the power of the non-diffracted zeroth order, as illustrated the

top section of Figure 5.17. The error bars reflect the impact of fabrication quality, in-

cluding the precision in the exposure and development of the meta-atoms. The resulting

efficiencies for the HMSs were 67% (HMS designed for 488 nm) and 59% (HMS de-

signed for 532 nm). The bottom section of Figure 5.17 shows the operation of the HMS

designed for 532 nm across the visible spectrum.
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Figure 5.17 The obtained experimental efficiency at visible wavelengths regime, with
the strip below showing and experimental holographic image at 488, 532, 590, and 632
nm. The error bars represent the standard deviation from 4 measured metasurfaces.
The error bars reflect the impact of fabrication quality, including the precision in the
exposure and development of the meta atoms. Taken from [129].

Particle Trapping in Transmission

The trapping was done using a linearly polarized green laser (532 nm, Laser Quantum)

focused by a lens with a focal length of 1000 mm and directed onto the HMS. This con-

figuration produced a spot size of approximately 250 µm in diameter on the 140×140

µm2 HMS. The blue laser (Ibeam 488 nm, Toptica) was similarly expanded to a diame-

ter of 1.3 mm and focused using the same 1000 mm lens. Selection between lasers was

achieved using flip mirrors. The sample was imaged with a microscope (Eclipse Ti-U,

Nikon) equipped with a motorized stage (PRIOR). A filter mounted on the microscope

turret blocked the trapping laser while permitting white light to reach the CCD camera

(VCXU-13 M, Baumer), which recorded the trapping experiments.

To facilitate the trapping experiment, the green light was directed to the rear of the

microscope and used to trap 2 µm diameter SiO2 beads using a 60X water immersion

microscope objective (PlanAPO VC60xA, Nikon) with NA = 1.2. The trapped particle

was positioned near the focus of the HMS before the green light was switched off. The
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CCD camera was calibrated using this objective, establishing a pixel size of 80 nm.

The particle position trajectories were extracted from 10-second-long videos recorded

at 1000 fps for varying laser powers using the same method described in Chapter 3. The

error bars along the x-axis in Figure 5.18 are attributed to oscillations in laser power.

The experiments were conducted five times for each specified power setting, resulting

in the error bars along the y-axis representing variations in trap stiffness.

Figure 5.18 Trap stiffness measurements for optical trapping at 488 and 532 nm. The
error bars along the x-axis in Figure 5.15 are attributed to oscillations in laser power.
The experiments were conducted five times for each specified power setting, resulting
in the error bars along the y-axis representing variations in trap stiffness. Taken from
[129].

The trap stiffness (K⊥), averaged along the x and y directions, is depicted in Figure

5.18 with values of 212 pN/µm/W at 488 nm and 130 pN/µm/W at 532 nm, respectively.

The power values used in Figure 5.18 and for data analysis were derived by considering

the power of the Gaussian beam incident on the MSs, scaled by the geometrical overlap

with the HMSs and the efficiencies previously measured for both HMSs.

5.3 Contribution

This work resulted in two publications, ”On-Chip Optical Trapping with High NA

Metasurfaces” [128] described in the first portion of this chapter, and ”ZrO2 Holo-

graphic Metasurfaces for Efficient Optical Trapping in The Visible Range” [129], de-

scribed in the second portion.

For both papers, I was responsible for theoretically calculating the HMS parameters

such as size, numerical aperture, and focal length for optical trapping. I was also respon-

sible for the data analysis: I extracted the trapped motion of the particles and subsequent
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quantification of the trapping efficiency compared to that of a microscope objective. For

”On-Chip Optical Trapping with High NA Metasurfaces” [128], I built the optical setup

described in Chapter 3 and performed all of the experimental work of sample prepara-

tion and optical trap characterization. Jianling Xiao designed, simulated, and fabricated

the HMSs and the extended objects for demonstration of holographic trapping. For the

”ZrO2 Holographic Metasurfaces for Efficient Optical Trapping in The Visible Range”

[129], Mohammad Biabanifard performed the trapping experiments and HMS design,

simulation, and fabrication. I assisted in building the optical setup and supported the

experiments.

5.4 Conclusion

This Chapter explores the use of HMSs designed for optical trapping and manipulation,

achieving efficiencies comparable to high-NA objectives and delivering trap stiffness

up to 430 pN/µm/W.

The first section presents reflective HMSs with high NA, optimized for minimal

areas under 0.001 mm2. To demonstrate the platform’s adaptability, we engineered

specific HMSs for multi-site trapping, successfully capturing a large fishnet membrane.

This study underscores the potential of HMSs to revolutionize lab-on-chip devices with

multifunctional capabilities.

In the second section, we showcase the first demonstration of on-chip optical trap-

ping in the blue spectrum. We report the use of ZrO2 HMSs operating in the visible

range, designed for holographic imaging and optical trapping. These HMSs were also

designed with a high NA of 1.2 at 532 nm and 488 nm, with efficiencies exceeding 67%

and trapping stiffness greater than 200 pN/µm/W. The capabilities of these HMSs sug-

gest their broad applicability in fields such as holography, optical trapping, and biomed-

ical applications.

One of the central claims in this Chapter is that these metasurfaces could eventually

replace microscope objectives. While the initial process is cumbersome, requiring ex-

pensive and complex fabrication, this is simply the first step in any commercialization

— the prototyping stage. Once a design is chosen, nanoimprint lithography can pattern

the metasurface masks by the millions in a fraction of the time it takes to finish a single

EBL writing.

With this Chapter ends the portion of the work done on on-chip trapping. The next

Chapter deals with the extended objects described in both this Chapter, and the fabri-

cation of which was covered extensively in Chapter 3. The eventual goal of this work

would be to combine the two — the HMSs could be made to create custom positions

for the microscopic optics fabricated using EBL, to create reconfigurable tools around

any biological object of interest.

107



CHAPTER 6

Optically Manipulated Membranes as
in-situ Optical Elements

Following the previous two Chapters on on-chip optical trapping, where static methods

are used, this Chapter is motivated by the experimental challenges of working with

biological samples in a lab environment. It covers the use of optically manipulated

polymeric membranes, the design of which was described in Chapter 3, as both in-situ

optics and sensitive force transducers for experiments involving DNA.

One of the main ways to interact with the samples is through light delivered and

collected from the microfluidic chamber, whether to image, excite fluorescence, sense,

or physically manipulate them through optical tweezers.

Most of these methods involve a microscope objective in some way, which provides

a very limited window into the sample in terms of the small field of view of the objective

and the range of detectable light moments. The main solution to this is to add more

objectives, increasing the cost and complexity of the system.

Biological samples often also require an encapsulated, controlled environment. Light

is shaped, focused and filtered before reaching the sample plane, adding to the bulk and

maintenance of traditional optical setups.

The sample itself can be patterned to include additional elements to aid with the in-

teractions. For example, 45-degree prisms can be used for single-objective light-sheet

microscopy [251, 252], and fibers can be side-coupled into the sample chamber to opti-

cally manipulate and stretch cells without the need for an objective [253]. However, all

of these methods involve inherently static elements, limiting their versatility and limit-

ing them to systems where the samples are either grown directly next to the elements

or flown through a microfluidic chamber, effectively randomizing the samples being

analyzed.

Another approach is to use microtools. These can be controlled through magnetic
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fields [254], chemical reactions [255], and light [256]. Optical manipulation is a well-

explored method with optically controlled force probes, motors, and carriers. While

providing an avenue for physical interaction with the samples, they don’t do much to

deliver light to the sample.

The membranes we fabricated combine the advantages of both of the above solu-

tions. They can be readily manipulated and delivered to the samples of interest, and
they can condition the light around them in real-time, adapting to the individual sam-

ples. They do not only benefit from the ability to be patterned. Their large anisotropy

significantly increases their stability in the transverse direction, dampening vibrations

and essentially acting as a parachute.

4 applications of membranes, as well as a derivative microtool designed using the

same fabrication methods will be described in Chapter 3. The first three will include

using the membrane as a microscopic mirror, able to redirect light in the microfluidic

chamber. The last two will deal with plans for using the membrane and a microtool for

interacting with DNA.

The first application explored was using the membranes as steerable micromirrors,

used to excite whispering gallery modes along arbitrary planes of microlasers using

only one microscope objective.

6.1 Micromirrors for Exciting Whispering Gallery Modes in Mi-
crolasers

Whispering gallery modes (WGM) are supported by circular microlasers such as

spheres [21], disks [257], and toroids [258]. These microlasers facilitate advanced

sensing by collecting data from their entire surface. The microlasers support various

resonant modes, each indicating a unique trajectory for light around their perimeter

along a plane [259]. These modes, sensitive to changes in size, shape, and refractive

index differences between the microlaser and its surroundings, enable the detection of

minute variations. Their sensitivity comes from extremely high quality factors, which

allows us to look at the spectrum of a WGM microlaser and deduce the environmental

changes by observing the modes’ spectral shifts.

Microlasers, as they are referred to in this Chapter, are the result of the introduction

of gain media in WGMs. This enhances their sensitivity to environmental refractive

index changes, as now, instead of tracking the shift of multiple modes, only few dom-

inant lasing modes are excited with a very high intensity. This has been used in live

biological samples for analytical methods; for example, the imperfections in individual

microlasers can be used for tracking tens of thousands of individual cells, as each cell

will ingest a microlaser with a slightly different spectrum, creating a unique ’barcode’

[21]. The WGM lasers also enable force measurement within cellular structures, when
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ingested by heart cells. The heart cells contract, causing a change in the refractive index

around the microlaser and resulting in a detectable shift of the dominant lasing mode

[20].

However, despite these advancements, the current approaches primarily activate

WGMs in the illumination direction, limiting their capacity to only average refractive

index shifts [20] across a single plane. This constraint underscores the need for methods

that offer a more diversified and comprehensive analysis, capturing the full potential of

WGM sensing technology.

This section introduces a system that differentiates refractive indices across various

axes of a spherical microlaser. This differentiation is facilitated by optically controlled

mirrors, described in the previous section, which can alter the illumination direction

and the plane of WGM laser emission. Utilizing this approach, we also conduct a time-

resolved analysis of dynamic sensing by observing a glass bead in orbit around a WGM

microlaser.

Shown in Figure 6.1 is the concept image for the experiment, which features a mi-

cromirror used to excite WGMs across a microlaser trapped inside a living heart cell.

Figure 6.1 Shown is a mirror, held in place by optical trapping, being used to stimulate
WGMs on various planes of a spherical microlaser sitting on glass. Before reaching
the micromirror, the trapping and excitation laser beams travel in the positive z-axis
direction. The central point of the micromirror is designated as the reference point for
the coordinate system used throughout this section. Taken from [194].

The optical setup was the same as the one described in Chapter 3, with holographic

optical tweezers used to manipulate the membrane micromirrors and individual parti-

cles, the pulsed laser used to excite WGM laser emission, and the Andor spectrome-

ter used to collect the spectra. The microlasers were dye-doped polystyrene spheres
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(PS-FluoRed, 15.35 µm particle diameter, Microparticles GmbH), and during the time-

resolved experiment, a 5 µm polystyrene probe bead was used to orbit the microlaser.

Refractive Index Sensing Along Arbitrary Planes

Before WGM could be systematically excited across various planes, reference spectra

were taken for validation. This involved measuring the spectra of the lasing modes at

the two refractive index extremes available within the simple microfluidic chamber, the

refractive index of the glass substrate (ng ∼ 1.52), and the refractive index of water

(ng ∼ 1.33). This is the environment probed by the mode in the case of the microlaser

sitting on the glass, the mode is only partially touching the glass, or fully touching only

water. These would serve as theoretical upper and lower bounds to the refractive index

shift. This portion of the experiment didn’t require the use of membrane micromir-

rors, only finding a microlaser that could be lifted up into the center of the microfluidic

chamber using an optical trap. This was also a great opportunity to establish a mini-

mum power required for a sufficient SNR of the microlaser signal. While versatile, the

reflective portion of the membranes is susceptible to being damaged at high pump laser

intensities, especially if the laser is focused. The larger pump power being reflected

by the micromirror also affects trapping stability due to the radiation pressure from the

reflection.

As depicted in Figure 6.2 (a (i) and (ii)), two distinct spectra were obtained by di-

recting the excitation through the microscope objective towards the microlaser. The first

spectrum (i), indicated in yellow, established a baseline for the microlaser’s interaction

with glass (a medium of higher refractive index), while the second spectrum (ii), in or-

ange, acted as a benchmark for the microlaser in a solely water environment (a medium

of lower refractive index).

Illustrated in Figure 6.2 (b), an analysis was conducted on six modes per spectrum,

considering the spectrometer’s physical resolution of 35 pm and the use of compara-

tively low pump powers to mitigate mirror heating and light reflection onto the micro-

laser. The analysis focused on the average shifts across these six modes, taking into

account the potential for heating and movement of the optically trapped microlaser, and

was done using a MATLAB script.

This MATLAB script processes and analyzes spectral data to extract the position

and characteristics of lasing peaks. It initializes with predefined constants for membrane

angles, heights, and calibrates using background spectra. Calibration spectra, taken in

different conditions such as water and on glass, establish reference data to calibrate the

main spectral analysis. This calibration helps understand the effects of experimental

setup on spectral characteristics.

The script then processes spectral files by cleaning, averaging, and reducing noise
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from the data and applies Gaussian fitting to identify and fit lasing peaks within a con-

fined wavelength range based on a prominence threshold. The fitting extracts peak

positions, intensities, and widths, along with confidence intervals. These parameters,

alongside error measures and fit quality indicators like the coefficient of determination,

are used to analyze the effect of the angle of illumination of the microlasers on the plane

of the WGM being excited.

The script then organizes the data into structured formats, adjusting for data incon-

sistencies and saving the results in tables for further analysis.
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Figure 6.2 (a) the experimental setup under different illumination conditions: (i) with
glass using the objective, (ii) with water using the objective, and (iii) with glass using
the membrane; and (b) a typical spectrum for case (i), including an inset of the fitted
normalized spectra for a specific mode across conditions (i)- (iii), where the mode ex-
cited via the membrane shifts between the water and glass modes. The scale bar is 10
µm. Taken from [194].

Subsequently, as highlighted in Figure 6.2 (a (iii)), a membrane was used to illu-

minate the microlaser at various heights and tilt angles, with a comprehensive mapping

of these illumination positions presented in Figure 6.3 (d) displays the heights at five

different levels, each examined through 20 angle combinations in θ and φ as shown

in Figure 6.3 (c). To prevent direct excitation by the beam without reflection from the
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mirror, the microlaser was positioned 40 µm from the membrane, a distance determined

through camera calibration for imaging both the microlaser and membrane. The beam

was defocused by 17 µm from the microscope objective’s imaging plane to ensure the

membrane was adequately illuminated.

These experiments took multiple months to perfect the simultaneous manipulation

of the membranes and microlasers and experiment with the optimal configuration of the

spectrometer and pump beam. An attempt starts with scanning the sample (sometimes

for hours) searching for a suitable membrane micromirror with all 4 handles intact.

Once a membrane is found, a fresh, unstuck microlaser is searched for, which is a very

slow process as it’s impossible to move the membrane micromirror quickly through the

medium. Once all components are placed in the field of view, the membrane is lifted

and a check is performed to see if it can be tilted by 45 degrees without being pushed

away by the laser. Then, the pump laser is switched on and translated in x,y, and z to

ensure it’s defocused when reflecting from the membrane. Multiple membranes were

destroyed during this step as the membrane could be pushed into the focus of the pump

beam, instantly melting the gold on top. If this happens, the attempt is restarted.

Once the setup described above is completed, all spectra need to be taken together

to ensure consistent results. As the sample is constantly moving, it’s never a guarantee

that a sample left overnight or even for a few hours will be in the same state as before.

Additionally, even during the experiment, the membrane can be pushed away by other

particles being attracted into the optical traps, breaking the delicate balance of the ex-

periment. For that reason, the spectra described in the rest of this section were acquired

during a single 7-hour session.
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Figure 6.3 The micromirror’s tilt and location are illustrated (a) in three dimensions,
(b) across the x-axis, and (c) along the y-axis, with respect to the microlaser. The
black circle acts as a reference point, marking the outer edge of the microlaser. (d)
shows the three dimensional projection of the experiment, while (e) shows a side-view
2D ray schematic showcasing the microlaser illumination. The micromirror’s center is
positioned Dm = 40 µm from the microlaser’s center. The pump laser’s focus is offset
by Df = 17 µm from the imaging plane, which aligns with the xy plane. A dotted green
line demonstrates the pump beam’s trajectory if the micromirror were absent. Dashed
green lines delineate the pump laser’s focal plane. The angled mirror functions as a
rectangular aperture, yielding a projected beam width of approximately d ∼ 8 µm. In
the perpendicular direction (not depicted), the beam’s estimated width is about ∼ 10
µm. Taken from [194].

A total of five sets, each comprising 20 spectra, were recorded: four sets with the

microlaser positioned on glass and one with the microlaser completely immersed in

water, as depicted in Figure 6.3 (b — d). The mode parameters at specific z, θ, and

ϕ values were determined via fitting. The spectra preprocessing involved background

subtraction to compensate for minor variations in the microscope’s collection plane at
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different positions.

This resulted in 100 spectra (102 counting the glass and water references) with 6

mode peaks each. Each peak had potentially relevant properties: the mode number,

width, height, position, and shift. Each peak also depends on the physical parameters

of z, θ, and ϕ. This leaves us with 600 peaks with 7 individual parameters each, pos-

ing a significant challenge in data visualization and extracting useful information and

parameter dependencies. The first attempt was to visualize both the spectral shift and

peak height (intensity) as a function of the angle of the membrane pointing the beam at

the microlaser as shown in Figure 6.4

Figure 6.4 Example of a heatmap plotting of the spectra at a membrane height of 10 µm.
(a) shows the shift of the spectra compared to the spectrum of the microlaser touching
the glass, and (b) shows the intensity map of the spectra, showing the position of the
microlaser. Taken from [194].

While visually intuitive, plotting all 100 spectra required in 5 rows was quite diffi-

cult to analyze, and limited us to only plotting one spectrum parameter at a time.

In order to show all of the parameters, as shown in in Figure 6.5 (a), spectra are nor-

malized against the condition where the microlaser is in contact with the glass (∆λg).

To enhance clarity, spectral shifts relative to this baseline (∆λw) —– occurring when

the microlaser is suspended in water —– are indicated. In both reference conditions,

the microlaser was excited using the orthogonal orientation of the objective, without

employing the micromirror. Figure 6.5 (b) illustrates the micromirror and microlaser

positions, with labels (i) — (v) marking different membrane heights. The horizontal

axis displays shifts for four distinct θ angles, each assessed at five ϕ angles. The ra-

dius of each data point reflects the average spectrum intensity, normalized against other

spectra at the same height, providing a visual indication of signal strength and likely

accuracy due to higher SNRs. Average peak errors are represented as error bars for

each data set. A histogram on the left side visualizes the distribution skewness towards

either glass or water reference.
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Figure 6.5 Analysis of spectral shifts and micromirror positions. (a) Graphical repre-
sentation of spectral shifts observed when the micromirror is placed at different eleva-
tions above the glass slide: 10, 17, 23, 30, and 57 µm. The shifts are benchmarked
against the spectrum of the microlaser on glass (λg), obtained through objective-direct
excitation. Point sizes correspond to normalized spectral intensities. Solid horizontal
lines (∆λg and ∆λw) represent average spectral shifts for excitation on glass and in wa-
ter, respectively. Histograms elucidate the distribution of these shifts, with dashed lines
indicating average values and dotted lines showing standard deviations. Two heatmaps
of the spectra are shown below for (iii) and (v). (b) Schematic detailing the relative
placements of the micromirror and microlaser for heights (i) through (v), with the mi-
crolaser dimension accurately scaled. (c) Shows the expected behaviour of the mode
shifts. Taken from [194].
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A clear trend can be seen as the height of the membrane is increased, where the shift

from the glass being probed increases in Figure 6.5 (ii — iv). This is due to the light

coupling into the microlaser at the top of the sphere, exciting a vertical WGM. This

is in contrast to the spectral shift seen in Figure 6.5 (i) and (v) where the microlaser

is excited from the side, and the WGM are excited along a plane that only touches

the water around the microlaser. As another form of visualisaton of the spectral shift,

heatmaps were plotted of the spectral shift of the modes probing the glass (Figure 6.5

(iii)) and the water (Figure 6.5 (v)).

Since we were interested in measuring the relative shift of the refractive index in-

stead of the absolute shift per refractive index, the sensitivity is not stated in the typical

units of nm/RIU. However, a sensitivity of ∼0.05 nm/RIU has been obtained inside

living cells [20] using the same spectrometer with our settings (resolution of 35 pm,

aperture of 10 µm). This agrees with our results, with the fitting of the Gaussians being

able to surpass the spectrometer’s resolution. The wavelength stability of the system

can be seen more clearly in Figure 6.6, where a variation of ±5 pm can be seen over the

course of a few seconds at the start of the spectral recording.

6.2 Time Resolved Refractive Index Sensing

To showcase the versatility and capabilities of the micromirror platform, it was em-

ployed to observe real-time local dynamic changes in the refractive index around the

microlaser. This was achieved by optically manipulating the micromirror alongside a

5µm polystyrene probe bead. The bead was actively maneuvered around the suspended

and trapped microlaser while emission spectra were concurrently recorded in real-time.
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Figure 6.6 (a) Illustration of the experimental setup for detecting localized refractive
index changes. The setup utilized a micromirror for directing light towards a suspended
microlaser, while a 5 µm diameter polystyrene probe bead introduced local refractive
index shifts at specific frame timestamps: (i) 1, (ii) 66, (iii) 89, (iv) 115, (v) 167, and
(vi) 208. (b) Time-dependent spectral shift analysis for three chosen WGM peaks, il-
lustrating peak displacements from their position at frame 20. Vertical red lines mark
the spectra corresponding to the positions in (a), with the initial normalized spectrum
depicted in the inset. The size of data points reflects the normalized intensity of each
spectrum. A 10 µm scale bar is provided for reference. Taken from [194].

To demonstrate the micromirror platform’s versatility and unique capabilities, we

employed it for real-time monitoring of local dynamic changes in the refractive in-

dex near a WGM microlaser. This involved simultaneous optical manipulation of the

micromirror and a 5 µm diameter polystyrene probe bead, with a refractive index of

nb = 1.59. The bead was actively navigated around the trapped and suspended micro-

laser to acquire emission spectra. To negate surface effects, the micromirror, microlaser,

and probe bead were positioned 50 µm above the glass substrate, with the centers of all

objects aligned with the imaging plane of the microscope objective. Figure 6.6 (a) dis-

plays the configuration of the three objects and the probe bead’s path, indicated from (i)

to (vi).
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Figure 6.6 illustrates a typical timeline of lasing mode shifts over two hundred spec-

tra collected over 20 seconds, synchronized with a video recorded by the CCD. For a

high SNR, the shift of only the three most intense peaks per spectrum was monitored,

with reference to the emission spectrum at frame 20—before the probe bead made con-

tact with the microlaser (see Figure 6.6 (b) inset for an illustration).

As depicted in Figure 6.6 (b), the pump laser was activated around frame 20. Sub-

sequently, the bead’s gradual approach towards the microlaser, first making contact at

frame 66 [(ii)], triggered a noticeable shift in the peak positions. This observed redshift

is consistent with the expected influence of a high-index probe near the microlaser.

The bead continued to orbit the microlaser around the equatorial plane and then moved

upwards along the z-axis (out of the imaging plane) by frame 167 [(v)], causing the

spectral shifts to gradually revert to the reference spectra [marked at (vi)]. Importantly,

the bead’s orbit was not strictly equatorial but varied in height, influenced by optical

trapping and hydrodynamic coupling [260, 261]. This makes it challenging to precisely

determine the bead’s equatorial position around the microlaser based on the spectral

shifts. However, it’s still possible to clearly see the time-resolved spectral shift effect of

the probe bead coupling into the WGM around the microlaser.

One key challenge is the alignment of the micromirror with the microscope’s objec-

tive, which is complicated by the objective’s low depth of field and aberrations caused

by shifting of the trapping beam in z. To overcome these limitations, options include

using objectives with lower NA to increase the field of view or deploying alternative

holographic masks optimized for this purpose. Additionally, the positioning of the mi-

cromirror’s central aperture affects the trade-off between the distance from the micro-

laser, the pump beam’s spot size, and mirror dimensions.

Despite these limitations, there is a clear path to improving the platform for each

limiting factor. The experiment demonstrated here serves as more proof of the plat-

form’s capabilities, highlighting just how much more information can be collected with

a single steerable micromirror.

In summary, the platform showcases the potential to monitor real-time changes

in the environments surrounding WGM microlasers and new possibilities for single-

objective investigation of biological samples.

6.3 Future Developments of Membranes as Optical Elements

Although only the results listed above were published during this thesis, multiple ex-

periments utilizing the membrane micromirrors were performed, as described in this

section.
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Exciting Photonic Jet in Nitrogen-Vacancy Nanodiamonds

While using the membranes as in-situ optical components, it is tempting to consider

what other elements already there can perform the job of an optical component. Early

on in the work of steering beams into beads, we noticed a distinct long blade of light

forming at the end of the larger beads.

This turned out to be due to a phenomenon known as a photonics jet, where the bead

acts as a lens to focus the beam with a waist size close to the diameter of the bead. This

results in a significant increase in the field enhancement at the focal point, finding use

in confocal microscopy, microsurgery, and enhanced light-matter interactions such as

excitation of color centers in nitrogen-vacancy (NV) diamonds.

The excitation of these color centers produces stable emission and is immune to pho-

tobleaching [262], making it particularly appealing for biomedical applications [263].

Diamond is extremely chemically and physically inert [264], biocompatible [265], and

can be chemically functionalized to interact with biological molecules [266].

After the success of using the micromirror membranes in exciting WGM, the next

step was to try and use multiple membranes for the enhancment of signal collection. As

we had access to TiO2 beads with embedded nanodiamonds, the idea was for the pump

beam to be steered such that it is focused by the sphere into a photonics jet, drastically

increasing its emission while another micromirror membrane is used to redirect that

emission back up to the microscope objective as shown in Figure 6.7

Figure 6.7 Concept schematic for the photonics jet experiment, one membrane is used
to excite the NV center and the other membrane is used to collect the emission.
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TiO2 NV Microsphere Preparation

We received the samples from collaborators in ETH Zurich, consisting of synthesized

TiO2 microspheres with a nano-diamond concentration of 2% stored in hexadecane.

Since the membranes are stored in water, this is a problem as water and hexadecane

do not mix. Placing the membranes in hexadecane is also not an option, as it’s high

refractive index makes trapping impossible. Multiple methods for extracting the beads

into water were experimented with, finally settling on acetone due to its high miscibility

with both water and hexadecane. The exchange protocol devised was:

1. Take a small 200 µL sample of TiO2 beads mixed with hexadecane and dilute it

with 1 mL of acetone.

2. Vortex the solution, then sonicate to ensure thorough mixing.

3. Centrifuge the mixture at 4000 rpm to separate the beads and hexadecane, with

the beads sedimenting at the bottom and the hexadecane, having a lower density,

floating to the top.

4. Carefully remove 600 µL from the top of the liquid using a pipette.

5. Add an equal volume of 600 µL of acetone

6. Repeat the centrifugation and liquid removal steps 4-5 times to ensure effective

separation.

7. Add water to the residue.

8. Vortex mix and sonicate the solution again.

9. Dry the sample on a hotplate at 80 ◦C to remove any remaining acetone.

The success of the extraction can be judged from the opacity of the final solution.

If the sample is clear, the hexadecane has been removed completely. Otherwise, the

solution will turn opaque as the water, acetone, and hexadecane emulsify.

Photonics Jet and Spectra

Two experiments were performed, one in order to characterize the photonics jet coming

out of the spheres, and one to establish whether an enhanced signal could be produced

by using membrane mirrors to direct the excitation and emission from and to the micro-

scope objective.

Characterization was done by dissolving a small amount of rhodamine in a solution

of 15 µm beads until the beam was clearly visible, then using the beads to form the

photonics jet as shown in Figure 6.8.
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Figure 6.8 Video frames analyzing a photonics jet formed by the microsphere with (a)
the LED illumination on (b) and the LED off. (c) Shows the schematic.

Once it was established the jet was formed properly, the TiO2 nanodiamond particles

were mixed with membranes in a fresh sample without rhodamine. With the same setup

as in the previous section for the beads and membranes, the main challenge was finding

all the necessary components for the experiments, as the extraction process destroyed

most of the TiO2 spheres as shown in Figure 6.9 (a).

Figure 6.9 Video frames analyzing a photonics jet formed by the microsphere with (a)
the LED illumination on (b) and the LED off. (c) Shows the schematic.

However due to a lot of experience at this point in searching, it was possible to

locate multiple beads that produced the desired spectra and to place them together with

the membranes to acquire spectra with no mirrors, one mirror and two mirrors as shown

in Figure 6.9 (b) and (c).

Currently, searching for the ideal combination of membranes and beads took too

long to study systematically. In future attempts, this could be solved by optimizing the

exchange process to leave more of the microspheres intact.

Optical Trapping using Optically Trapped Membranes

As shown above, the membranes can adjust the laser beam to a chosen angle. This

enables us to angle the membrane to deflect the trapping laser beam towards particles

throughout the microfluidic chamber, even those obscured from the objective’s direct

view. By displacing the membrane a few micrometers from the imaging plane, we can

utilize the reflected beam to capture particles within it, as illustrated in Figure 6.10.
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Figure 6.10 (a) Depiction of the trap created by the membrane, where θp denotes the
polar angle at which the membrane is tilted. The membrane is shifted from the micro-
scope’s focal plane by a distance ZCOM, enabling particle trapping within the imaging
plane. (b) Illustration of the membrane equipped with a mirror as a reflective surface.
(c) Frame from a video showing a membrane micromirror trapping a particle.

This approach, while successful, was not explored fully due to an explicit geometric

limitation — with the current size of the gold on top of the membranes and following

the geometric approximation in the previous chapter, the approximate distance at which

particles can be effectively trapped is less than 3 µm, making it impractical for most

applications. This could be addressed in future works by increasing the membrane

size or using more advanced beam shaping, such as reflecting a Bessel beam from the

membrane.

6.4 Future Developments of DNA Manipulation Using Microstruc-
tures

This section deals with the final goal of this work, which was to create tools able to

interact with DNA in ways that typical optically trapped spheres can’t. First I’ll explain

some of the properties of DNA, before covering the two use cases of microtools for

DNA analysis, membranes for DNA denaturation and paddles for DNA supercoiling.

6.5 DNA Denaturation and Supercoiling

The intricate architecture of DNA allows it to store extensive information needed for

protein synthesis, replication, and cellular functions. This is achieved through its ability

to twist and writhe, a process essential for fitting meters of DNA within the cell nucleus

and facilitating access during transcription by forming supercoils [267]. Supercoiling

not only compacts DNA to fit inside cells but is pivotal in DNA’s ability to open up for

transcription. The structure of double-stranded DNA, composed of two sugar-phosphate

backbones and the base pairs A-T and C-G, is stabilized by hydrogen bonds [268]. To

be read, DNA must unzip, breaking these hydrogen bonds through mechanisms such as

enzymatic activity by helicase during replication or through physical or thermal stresses

[269]. This process is known as a denaturation bubble resulting from breaking DNA
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6.5. DNA Denaturation and Supercoiling

base pairs. Suddenly, the DNA on either side of the bubble experiences a disturbance

to the stable condition of 10.5 base pairs per turn [270], and the created stress must be

relieved in some way. It can relieve that stress by coiling around itself, preserving the

total number of turns — for every twist lost due to the opening of base pairs, the DNA

will wrap around itself again [267], shown in Figure 6.11.

Figure 6.11

This phenomenon of DNA supercoiling and bubble formation has been a focus

of extensive research, with theoretical [271] and experimental [267] approaches at-

tempting to uncover its mechanics. Advanced imaging techniques like atomic force

microscopy (AFM) have provided insights into these processes despite challenges in

direct observation due to DNA’s small size and low contrast [268]. However, AFM can

typically only be performed this way on dried-out DNA samples, which can no longer

interact with their environment. Understanding dynamic DNA behavior and properties

is fundamental in the broader biophysics field. This encompasses ensemble statistics

and the dynamics of single molecules, with techniques like single molecule force spec-

troscopy (SMFS) enabling detailed studies of DNA manipulation. SMFS methods, in-

cluding AFM [272] and functionalized beads controlled by optical tweezers [273] or

magnetic tweezers [274], allow us to apply force and torque to DNA, simulating con-

ditions like supercoiling and denaturation. These approaches have led to discoveries of

new DNA structures [275] and have enhanced our understanding of DNA’s elasticity

and response to mechanical stress [273]. Furthermore, these studies suggest that super-

coiling might play a significant role in epigenetics, influencing how DNA sequences are

read and which sections are actively transcribed [276]. This final section of the thesis

focuses on preparing the way for work towards understanding DNA, first through me-

chanical bubble formation using extremely stable polymeric membranes able to detect

minute forces quickly.
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6.6 Membranes for Single Molecule Force Spectroscopy

Stability is important when considering the most common use case of optical tweez-

ers as force probes in single-molecule force spectroscopy techniques. As described

in Chapter 2, the motion of optically trapped particles can be precisely characterized,

and any external forces acting on the particle can be resolved down to pN. This re-

quires extremely high spatial and temporal resolution of the particle motion, down to

∼ 1 Å[147]. This measurement can only be done once the particle motion has been

recorded for long enough for long enough for the thermal Brownian noise to cancel out

(eq. 2.1). We have previously demonstrated that the shape of the polymeric membranes

results in a forty-fold decrease in transverse motion when compared to a spherical par-

ticle of equivalent mass [147]. This increased stability also translates into a much faster

time of measurement of the membrane motion.

The 2D-like membranes demonstrated in Chapter 6 benefit greatly from intrinsic

stability in the transverse direction. They leave us with large canvases to place HMSs,

which can be used to stabilize them and shape light that interacts with them. However,

with a new platform come new challenges. Due to the anisotropic shape, the motion

of the membranes is not as easy to calculate analytically when compared to a sphere.

Once the motion is well characterized, the work will begin on further stabilization of the

membranes through circularly dichroic chiral HMSs with the final goal of incorporating

the HMS membranes into biophysics experiments as shown in the concept image in

Figure 6.12 below.

Figure 6.12 (a) Concept and (b) schematic of the DNA denaturation experiment. The
mirror on top of the membrane is silver, while anchor points at the sides of the mem-
branes are gold.

125



6.7. Paddles for DNA Coiling

Figure 6.13 Double objective holographic optical trapping system built into a Nikon
TiE2 microscope body,

The second mechanism to study was the supercoiling of DNA using polymeric pad-

dle structures.

6.7 Paddles for DNA Coiling

In preparation for more complex experiments including membranes and inspired by the

ability to quickly move the membranes with gold on them by simply focusing the laser

on the metal, another idea worked on has been micro paddles for conversion of the

linear momentum exerted by light pressure into angular motion.
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Figure 6.14 Concept design for a micro-paddle capable of conversion of linear light
pressure to angular momentum.

Paddle Design and Fabrication

As shown in Figure 6.14 the paddles consist of two dome-like handles, two reflective

metallic paddles, and a short rod that can be functionalized to attach to biological sam-

ples. The force exerted onto the metal paddles is significantly higher than that of the

scattering or gradient force in trapping, meaning the paddles can exert significant angu-

lar torque as they spin, pushed by the laser akin to how a water wheel is pushed. The

laser used to push them can also be pulsed to ensure maximum momentum transfer,

resulting in angular motion without needing beam shaping or birefringence. A sim-

ilar conversion of momentum was first shown in 1994 by Ohguchi et al. [277] with

windmill-like pieces of silica, and more recently paddle [145], and water-wheel [143]

like structures have been demonstrated, however in all these cases the objects were made

using two-photon polymerization, and no metal deposition done — as such the forces

expected would be significantly smaller. Little interaction was shown with biological

samples and none with DNA.

The goal was for a pair of these paddles, with the rod section attached to two ends

of a B-DNA molecule as shown in Figure 6.15, to be used to investigate the mechanical

supercoiling of the molecule, which naturally occurs during DNA transcription as well

as during DNA packing into cells.
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6.7. Paddles for DNA Coiling

Figure 6.15 (a) DNA supercoiling using gold-tipped micro paddles and (b) side view
showing the intended axis of rotation (AR1) and the effective axis of rotation observed
in experiments (AR2)

DNA has been wound and unwound using optical wrenches and magnetic tweez-

ers. However, this is done almost exclusively by attaching one end of the DNA to the

substrate and the other to the bead, giving only a top-down view and the ability to ma-

nipulate one end. In this case, the DNA would be held from both ends and could be

wound and unwound. At the same time, a top-down view would be available, giving a

visual insight into what is happening through fluorescent functionalization and adding

a pump and probe beam to the two objective setups. The DNA would be functionalized

with thiol groups to allow for bonding with the gold tips of paddles.

Like the membranes, the paddles were fabricated using a combination of EBL and

metal deposition. Resists were prepared on the silicon substrate as described in Chap-

ter 3. The process is almost identical to making membranes, with markers written in

PMMA and gold NiCr deposited. Then, the paddle body is written with EBL in SU8

2000.5 and developed. PMMA is patterned as a mask for the reflective surface, and

NiCr is deposited. Gold is not used as the DNA will be functionalized to attach to gold.

After the metal deposition, the handles are written in thick SU-8, the same as for the

membranes. Finally, for the DNA experiments, a final layer of PMMA will be used to

deposit gold onto the tips of the rods. A trial version was also being fabricated where

a thin string of SU8 joins two sets of paddles to test the ability to spin the paddles in
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counter-propagating directions as seen in Figure 6.16.

Figure 6.16 Micro-paddle fabrication. (a) shows a successfully fabricated paddle with
no gold. (b) shows paddles where the fabrication succeeded, but the SU8 link was too
thin. (c) and (d) show almost successful paddles, but the dose used for the initial struc-
ture was too high.

Optical Manipulation of Paddles

Like the membranes, the paddles were placed in an Eppendorf tube after being lifted

off the silicon substrate and transferred to the optical trapping setup. So far, the paddles

tested have been ones without metal, but even with that, rotation was achieved as shown

in Figure 6.17.

Figure 6.17 Micro-paddle manipulation, consecutive frames from a video show clearly
the paddle handles rotation by 180 degrees.

The experiments on paddles were paused due to key design flaw — as shown in

Figure 6.15 (b), the axis of rotation of the paddles is above the physical axis of the

paddles, making it very difficult to rotate consistently.

129



6.8. Contribution

6.8 Contribution

This work section resulted in one publication, ”Optically manipulated micromirrors for

precise excitation of WGM microlasers.” [194]. For this publication, I assisted Libin

Yan with the membrane fabrication and design. I did the remaining work, including

building the optical setup, performing the experiments, and subsequent analysis. I wrote

the paper with comments from Marcel Schubert and Malte Gather, who also provided

us with guidance for the fitting of the spectral peaks and the use of the spectrometer.

6.9 Conclusion

Given the flat form factor of the membranes, our ability to manipulate them, and the

response of the light that interacts with them, they are the perfect candidates for in-situ

optics components, such as mirrors, lenses, filters, and more. This has already been

shown to be viable by mixing and trapping rhodamine beads and membranes with gold

features on top. The bead can be held in place by the zeroth order of the beam, while

the first order is split into four and used to control and tilt the membrane. A green pump

beam can then be reflected from the membrane surface and directed at the bead with a

controlled angle, as shown in Figure 6.18

Figure 6.18 Membranes as controllable optics. (a) and (b) show a membrane with a
1µm spaced grating on top. (c) shows the eventual plan for flexible mirror membranes,
and (d) shows a frame from footage where a laser is focused directly on the bead by
first reflecting from the membrane, creating an interference pattern.
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6.9. Conclusion

From that point, the gold membranes can also easily be modified to act as cylin-

drical lenses by either fabricating concave membranes or simply bending the existing

ones into a curved mirror shape, acting as cylindrical lenses, and creating a light sheet.

Furthermore, advanced micromirror designs with textured HMSs could revolutionize

light manipulation, enabling complex illumination patterns and real-time tomographic

imaging of specimens.

The future directions for using polymeric membranes in single-molecule force spec-

troscopy are also promising. These membranes’ stability makes them ideal for optical

trapping and vibration isolation, enhancing the precision and speed of force measure-

ments at the single-molecule level. This stability is critical in overcoming the limitations

of current techniques, where the timescales required for accurate measurements often

exceed the duration of biological processes. The development of micro paddles for

DNA manipulation further expands the experimental toolkit, enabling the conversion of

light’s linear momentum into angular momentum for studying mechanical supercoiling.

The potential applications in understanding DNA mechanics and epigenetic influences

open new avenues for research, promising significant contributions to biophysics.
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CHAPTER 7

Conclusion

7.1 Thesis Summary

This thesis presented integrating optical trapping, HMSs, and microfabrication tech-

niques to both extend the capabilities of microscope objectives and replace their func-

tion entirely for lab-on-chip biophotonics applications.

The motivation for this, as well as the background theory, is described in Chapters

1 and 2.

Chapter 3 describes the membrane fabrication and optical setup developed in order

to perform optical trapping using micromirrors, HMSs and holographic optical trapping

of polymeric membranes. The protocols used in all experiments, along with the soft-

ware used to optically manipulate objects, are described. The software used to analyze

the optical trapping data and characterize the quality of optical traps in x,y, and z is

described. The exact execution of these experiments is demonstrated in the following

Chapters. Chapter 4 describes the use of gold-coated micromirror arrays for the optical

trapping and rotation of particles. Chapter 5 describes the use of HMSs in both reflec-

tion and transmission for trapping individual particles as well as extended objects. For

the first time, HMSs with trapping stiffness equal to that of a high NA objective at a

fraction of the footprint and cost.

Chapter 6 describes the work focusing on optically trapped polymeric membranes

used as in-situ optical elements to condition light inside of a microfluidic chamber. The

fabrication of the membranes using standard nanofabrication processes is described.

The membranes are decorated with gold mirrors and used to excite WGM along arbi-

trary planes of a microlaser for extended sensing. The use of mirror membranes in ex-

citing photonics jets for enhanced light-matter is described, as well as the use in optical

trapping at an arbitrary angle. Finally, future work using these same polymeric mem-

branes as extremely stable force transducers for SMFS of DNA and using of optically
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manipulated paddles for the transferring of angular momentum for DNA supercoiling.
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process begins with the application of a photoresist layer onto the sub-

strate, then by spinning it to reach the required thickness. This step

is followed by a heating process that eliminates any solvents present.

Subsequently, the resist undergoes exposure to ultra violet (UV) light

through a photomask. In the case of negative tone photoresists, the de-

velopment stage removes areas that were not exposed to the radiation,

whereas for positive tone photoresists, the unexposed areas remain in-

tact. Adapted from [33]. . . . . . . . . . . . . . . . . . . . . . . . . . . 5

1.3 Diagram used to demonstrate generalised Snell’s law. Adapted from [67]. 9

1.4 Simplified model of the force experienced by an optically trapped parti-

cle in a medium of lower refractive index than that of the particle, where

ktrap is the trap stiffness. . . . . . . . . . . . . . . . . . . . . . . . . . 11

1.5 Examples of on-chip optical manipulation. (a) shows channels combin-

ing optical trapping and optofluidics for direction of particles. Taken

from [120] (b) shows an example of hydrodynamic tweezers used to

redirect particles after keeping still for analysis. Taken from [121]. (c)

Shows an example of passive sorting of particles of different sizes and

refractive indices. Taken from [122]. (d) Shows free-space optics being

used to trap particles on-chip for analysis. Taken from [123]. . . . . . . 12
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1.6 Examples of optically steerable microrobot designs: (a) was employed

for generating a natural convection flow in a closed microfluidic channel

[138], (b) can be used for cell maneuvering [139], while (c) and (d) can

be used to interact with cells directly. Taken from from [140]. . . . . . . 13

2.1 Optical forces Fa and Fb on a dielectric bead in the Mie regime due to

refraction of two light beams, a and b. θ is the angle of incidence, and

ϵ is the angle of refraction. Momentum transfer from the beams results

in total force F near f, the focal point of the lens. . . . . . . . . . . . . . 21

2.2 (a) Gradient force FG and the scattering force FS felt by a particle in the

Rayleigh regime, (b) Spatial electric field gradient of a TEM00 Gaus-

sian beam. Adapted from [156] . . . . . . . . . . . . . . . . . . . . . . 22

2.3 Schematic of the SLM (a) individual pixel and (b) the entire addressable

grid of pixels (c) show how projecting a blazed grating onto the SLM

allows to use it to move the position of the first order of the diffracted

beam. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25

2.4 Gratings and Fresnel lenses hologram scheme used in this thesis for

holographic optical tweezers, with the corresponding focal spot inten-

sity shown below them. (a) simple displacement in x and y (b) positive

Fresnel lens displacing the beam in z (c) superposition of the two creat-

ing a displacement in x,y and z. Adapted from [99]. . . . . . . . . . . . 26

2.5 Gerchberg–Saxton algorithm. FT—Fourier transform, and IFT—inverse

Fourier transform. Adapted from [169]. . . . . . . . . . . . . . . . . . 27

2.6 Example flow chart of the design process of the HMSs presented through-

out this thesis. The unit cell design is informed by the operational wave-

length of the HMS, whether it will be used in transmission or reflection,

and the phase modulation scheme chosen. The parameters of the HMS

atoms are then simulated to provide the desired electromagnetic re-

sponse. The GSA algorithm is then used to produce a discretized phase

mask with a given periodicity, with meta-atoms acting as pixels of the

mask. Finally, the HMS is fabricated using well-established cleanroom

techniques, including electron beam lithography (EBL), photolithogra-

phy, metal and dielectric deposition, and dry and wet etching. . . . . . . 30
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2.7 (a) V-shaped plasmonic antenna supporting symmetric and antisymmet-

ric modes triggered by the incident field’s components along the ŝ and

â axes, respectively. The incident polarization forms a 45◦ angle with

the antenna’s axis of symmetry. The distribution of currents within the

antenna is visually encoded using colors (blue for the symmetric mode

and red for the antisymmetric mode). Here, the orthogonal components

of the scattered electric fields are distinguished by a phase shift of π.

Adapted from [67]. (b) Schematic of a gap-plasmon HMS. The left in-

set shows the unit cell made of a gold nanorod and a continuous gold

film separated by a MgF2 spacer. Adapted from [180]. . . . . . . . . . . 32

2.8 (a) Poincaré sphere, representing the polarisation state of light, (b) closed

path on the surface of the sphere, resulting in a PB phase shift equal to

half of the solid angle Ω, adapted from [183] (c) example PB meta-atom

used throughout the work, and (d) simple phase to orientation mapping

of the meta-atoms. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33

2.9 Experimental measurements of the HMSs under different conditions.

(a) Solid blue and orange lines demonstrate the relative efficiency of

Subcell-1 to Subcell-2 in dry and wet conditions. From left to right, the

stars correspond to wavelength and medium of (b-d). Taken from [71]. . 34

2.10 Example of using the dependence of the scattering of PB phase meta-

atoms on unit cell geometry. (a) and (b) show the individual meta-atom

subcells with lengths L1,2, widths W1,2 dielectric height Tp, metal cap

thickness of T , rotation angle θ and periodicity P . (c) Shows a side view

of the electric field fields of Subcell-1 and Subcell-2 of the HMS, where

the resonant condition for Subcell-1 is an incoming wavelength of 705

nm and the effective medium is air. The resonant condition of Subcell-

2 is an incoming wavelength of 735 nm, and the effective medium is

water. Taken from [71]. . . . . . . . . . . . . . . . . . . . . . . . . . . 35
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2.11 Self-calibrated flexible holographic curvature sensor. (a) A schematic

representation of the flexible curvature sensor is presented, highlighting

two patterned regions (depicted in gold) that correspond to the HMS

responsible for generating the two-dimensional scale image and the dot

indicator image. As the patterned areas undergo displacement relative to

one another, the position of the dot transitions across the 2D scale, cor-

relating the movement to specific displacement angles θ and ϕ, which

are annotated directly on the scale for reference. (b) Parametric plot of

the angle accuracy of the HMS when compared to a mirror, with the

two angles θ and ϕ combined into one parameter ζ . Insets a–d display

the holographic images captured at designated points. Inset e provides

a magnified perspective of the graph, accentuating the alignment be-

tween the two methodologies (illustrated by blue dots), the associated

uncertainty (depicted with orange error bars), and the linear regression

(represented by a solid black line). Taken from [78]. . . . . . . . . . . . 36

2.12 Example of a propagating mode HMS lens.(a) and (b) Scanning electron

microscope images of the zirconia posts forming the micro-lens. (c)

Phase mask of a lens. (d) Schematic of truncated waveguides used to

create high-NA micro-lens. Taken from [129]. . . . . . . . . . . . . . . 37

3.1 Current membrane designs. (a) shows the semi-spherical handle design,

where h is the handle height, d is the diameter, wg is the side length of

the gold film square, tg is the gold thickness, wm is the square mem-

brane width, and tm is the membrane thickness. (b) shows the cylindri-

cal handle design, where lh, th and wh are the handle length, thickness

and width respectively. Adapted from [194]. . . . . . . . . . . . . . . . 40

3.2 EBL system schematic. . . . . . . . . . . . . . . . . . . . . . . . . . . 42

3.3 Fabrication using PMMA and gold. (a) and (b) show the undercut from

secondary electron scattering, allowing thin film deposition. (c) shows

a dose test used for optimizing development time. (d) shows what the

undercut looks like from the top, it appears as a faint shadow around the

structure. (e) shows a successfully evaporated gold alignment marker. . 43
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3.4 Greyscale lithography process. (a) shows a top-down view, (b) shows a

side view of how the hemispherical handles are fabricated by gradually

decreasing the dose used to write the handles to taper off the edges. . . . 44

3.5 Key fabrication steps. Feature size is exaggerated to present them clearly.

(a) Gold alignment markers are written and deposited, and a sacrificial

layer of Omnicoat is spun. (b) SU8 membranes are written and devel-

oped. (c) Gold surface is deposited. (d) Handles are written and devel-

oped. Taken from [194]. . . . . . . . . . . . . . . . . . . . . . . . . . . 45

3.6 SEM images of successfully fabricated membranes with hemispherical

handles as seen (a), (b) from above, and (c) at a 30 degree angle. . . . . 47

3.7 Different issues of membrane fabrication, (a) shows issues with gold

lift-off after evaporation, (b) microscope image shows misalignment (c)

gold bubbling due to exposure to PMMA off-gassing during evaporation

and (d) effects of overdosing SU8. . . . . . . . . . . . . . . . . . . . . 48

3.8 Single objective holographic optical trapping system (Section 1, left,

outlined in pink), with a pump laser (Section 2, center, outlined in

green) and imaging/sensing (Section 3, bottom, outlined in yellow).

Here, λ/2 — half-wave plate, MM — motorized mirror, SLM — spa-

tial light modulator, LED — light emitting diode, PBS — the polarising

beam splitter, and BS — the beam splitter. BPF, LPF, and SPF refer

to bandpass, long, and short pass filters, respectively. The distances are

not drawn to scale. The automated mirror portion would be shown in

Section 1 but is left out and shown in Figure 3.9 for visual clarity. . . . . 50

3.9 Modified optical setup allows for switching between two optical paths

using two mechanized mirrors controlled by a computer. The first path

results in typical holographic optical trapping. In the second path, the
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laser is focused on the back focal plane of the microscope objective.

This results in a collimated beam coming out of the objective. The

focal lengths and mirror position differ from Figure 3.8 because this is

an earlier version of the trapping system, but the principle is identical.

Adapted from [204]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 52
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3.10 (a) (i) Beam size estimation with inset beam profiles at (ii) 7.7 mm

and (iii) 230 mm away from the sample with (b) zooming in on the

section where the micromirror traps would have been illuminated by

the beam. Error bars show the standard deviation, as the beam diameter

was measured three individual times. Taken from [204]. . . . . . . . . . 54
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throughout this work from (a) the top and (b) the side. . . . . . . . . . 57

3.12 Flow chart of the LABVIEW software used to control the holographic

optical tweezers. Below the flow chart is a screenshot of the front panel,

with all steps marked with individual numbers. The full LABVIEW

program can be found in the repository. . . . . . . . . . . . . . . . . . 60

3.13 (a) Demonstration of full 3D control of multiple beads and membranes,

with control over both pitch and yaw shown side-by-side. (b) Depiction
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3.20 Data acquisition flow. QPD picks up 3 signals, which are transferred

through a position aligner and the connector block to the data acqui-

sition (DAQ) card without any conditioning. Photodiodes pick up a

single signal each, which is amplified and filtered using the connector

block before being passed to the DAQ. . . . . . . . . . . . . . . . . . . 71

3.21 Characteristic shape of the spectrum detected when scanning along a
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by the arrows around the particle. Taken from [204]. . . . . . . . . . . . 76

4.2 Optical setup used for the CO2 ablation of glass slides. The 3D stage,

shutter, and CO2 laser control were automated. The inset shows the

glass ablation process. Taken from [204]. . . . . . . . . . . . . . . . . 77

4.3 (a) Parameters used for an array of micromirrors, (b) the resulting gold
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4.4 Front panel of the LABVIEW software used to automate the fabrication
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4.9 (a) Trapping stiffness of the micromirrors in x and y, compared to a 1.2

NA microscope objective. The error bars represent the standard devia-

tion over 5 sets of measurements. (b) ellipticity of the micromirrors (c)

beam profile formed by a micromirror. Taken from [204]. . . . . . . . . 85

4.10 (a) Scheme for measuring the mirrors using the DekTak (b) zoomed out
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by the objective trap and then the micromirror trap. The vaterite particle

was rotated at 1 Hz, the scale bar is 5 µm. Adapted from [204]. . . . . . 88
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5.5 Beam profile of NA = 1.2 HMSs with side length of (a) L = 30 µm, (b)

L = 60 µm, (c) L = 90 µm, (d) L = 210 µm and (e) L = 315 µm. Taken

from [128]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 94
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by the HMS. Adapted from [128]. . . . . . . . . . . . . . . . . . . . . 99
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5.13 Images of HMSs destroyed by beads, with the destroyed tracks high-
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image at the focal point. Taken from [129]. . . . . . . . . . . . . . . . . 104
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488, 532, 590, and 632 nm. The error bars represent the standard devia-
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ment of the meta atoms. Taken from [129]. . . . . . . . . . . . . . . . . 105
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each specified power setting, resulting in the error bars along the y-axis
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6.1 Shown is a mirror, held in place by optical trapping, being used to

stimulate WGMs on various planes of a spherical microlaser sitting on

glass. Before reaching the micromirror, the trapping and excitation laser

beams travel in the positive z-axis direction. The central point of the mi-
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used throughout this section. Taken from [194]. . . . . . . . . . . . . . 110
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6.2 (a) the experimental setup under different illumination conditions: (i)

with glass using the objective, (ii) with water using the objective, and

(iii) with glass using the membrane; and (b) a typical spectrum for case

(i), including an inset of the fitted normalized spectra for a specific mode

across conditions (i)- (iii), where the mode excited via the membrane

shifts between the water and glass modes. The scale bar is 10 µm. Taken

from [194]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 112
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the perpendicular direction (not depicted), the beam’s estimated width

is about ∼ 10 µm. Taken from [194]. . . . . . . . . . . . . . . . . . . . 114
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6.5 Analysis of spectral shifts and micromirror positions. (a) Graphical rep-

resentation of spectral shifts observed when the micromirror is placed

at different elevations above the glass slide: 10, 17, 23, 30, and 57 µm.

The shifts are benchmarked against the spectrum of the microlaser on

glass (λg), obtained through objective-direct excitation. Point sizes cor-

respond to normalized spectral intensities. Solid horizontal lines (∆λg

and ∆λw) represent average spectral shifts for excitation on glass and in

water, respectively. Histograms elucidate the distribution of these shifts,

with dashed lines indicating average values and dotted lines showing

standard deviations. Two heatmaps of the spectra are shown below for

(iii) and (v). (b) Schematic detailing the relative placements of the mi-
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red lines mark the spectra corresponding to the positions in (a), with the

initial normalized spectrum depicted in the inset. The size of data points
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6.9 Video frames analyzing a photonics jet formed by the microsphere with

(a) the LED illumination on (b) and the LED off. (c) Shows the schematic.
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