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Abstract

This thesis investigates the development of liquid crystal (LC) devices for deployment in ad-

vanced optical beam control, with a focus on their potential to enhance precision, efficiency,

and versatility in various optical applications. The key innovations of this work include the

development of diffractive optical elements, new intensity adaptive optics (I-AO) systems and a

generator of optical quasiparticles using LC devices. For the development of direct laser written

(DLW) diffractive optical elements, such as Dammann gratings and computer-generated holo-

grams (CGHs), they are fabricated using two-photon polymerisation (TPP) DLW, achieving

diffraction efficiencies above 60% and response times of 20 ms for thin (5 μm) devices and 120

ms for thick (20 μm) devices.

The thesis also presents significant advances in intensity-based adaptive optics (I-AO) sys-

tems, proposing the I-AO aberration corrector with corresponding calibration methods and util-

ising dual-loop feedback correction mechanisms along with sensor-based and sensorless methods

to correct the intensity aberrations. This system improves intensity distribution uniformity un-

der aberrations and enables control of the total energy level at the pupil plane, distinguishing

it from conventional phase-only adaptive optics (AO) and expanding the existing AO tool-

boxes. Furthermore, the thesis explores the generation of optical quasiparticles, including opti-

cal skyrmions and optical merons, through cascaded LC spatial light modulators (SLMs). The

proposed structure allows for the dynamic manipulation of the beam polarisations, providing

flexibility in optical quasiparticle generation. The generated optical quasiparticles demonstrate

topological protection against combinations of various perturbations (e.g. attenuators, retarders

and depolarisers) with experimental robustness exceeding 90%.

Future work will focus on refining LC mixtures for faster response times, developing

advanced I-AO correction algorithms, and exploring the potential of optical quasiparticles for

optical computing and high-bandwidth communications.
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Doctor: the word for “healer” and “wise man”,

throughout the universe.

— River Song
CHAPTER 1

Overview

1.1 Introduction

This thesis investigates the development and application of liquid crystal (LC) devices in sophis-

ticated optical systems, particularly focusing on their capability for complex beam control. This

introductory chapter establishes the research motivation and provides a structured overview

of the whole thesis, setting the stage for in-depth discussions in subsequent chapters. These

chapters explore various aspects of LC technology, from fundamental principles to advanced

applications, aiming to offer a comprehensive view of their potentials to enhance and unlock

new optical systems.

1.2 Research Motivation

LCs have been pivotal in optical engineering, known for their ability to modulate light prop-

erties such as amplitude, phase, and polarisation1,2. Initially applied in flat-panel displays3,4,

their remarkable electro-optical properties have led to widespread adoption in fields ranging

from telecommunications5 and adaptive optics6 to biomedical imaging7. As LC technology

progressed, spatial light modulators (SLMs)8 and diffractive optical elements (DOEs)9 emerged,

enabling precise control of light for applications like beam shaping10,11, aberration correction12,

and structured light generation13.
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The evolution of LC technology has seen significant advances in material science14 and

fabrication techniques15. Nematic LCs (NLCs), with their anisotropic molecular alignment, are

particularly suited for real-time optical modulation due to their ability to rapidly reorient under

external electric fields16. While early uses focused on switching between transparent and opaque

states, the potential for more complex light modulation became clear when researchers began

using nematic LCs for phase control, leading to the development of SLMs for high-resolution

imaging and complex light field generation17,18. However, challenges such as response speed,

resolution, diffraction efficiency, and form factor remain.

Today, LC-based SLMs are integral to adaptive optics systems, providing real-time wave-

front correction in fields like astronomy19, where atmospheric turbulence degrades image qual-

ity, and biomedical imaging20, where tissue-induced aberrations must be corrected. Compared

to traditional deformable mirrors, LCs offer a more compact and cost-effective solution, with

precise phase and polarisation modulation capabilities21. Innovations such as two-photon poly-

merisation direct laser writing (TPP-DLW) have further expanded LC applications, enabling

the creation of intricate 3D optical structures and compact, high-performance devices15. LCs

have also played a crucial role in structured light generation, producing optical vortices with

orbital angular momentum, which are essential for applications in high-speed communication

and beyond22–24.

Despite these advancements, challenges persist. LC response speed requires improvement

for ultra-fast, real-time corrections, such as in high-resolution telescopes and high-speed data

transmission17,18. Diffraction efficiency is also hindered by pixelation in SLMs, which reduces

system resolution8. To address these issues, further research into different LC mixtures, im-

proved device architectures, and advanced fabrication techniques are needed4. Expanding LC

functionality beyond the visible spectrum, particularly in the infrared and ultraviolet ranges, is
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crucial for emerging fields like optical computing and optical communication23,25.

Also, miniaturising LC-based devices to reduce their form factor without compromising

performance presents a significant opportunity. While techniques like TPP-DLW have enabled

more compact designs26,27, optimisation is still needed to make these devices cost-effective and

scalable. Developing multi-functional LC devices capable of simultaneously modulating phase

and intensity could lead to more efficient and versatile systems for real-time optical control14,28.

This thesis aims to advance LC-based devices through innovative approaches in design, fab-

rication, and integration into advanced optical systems. The research starts from focuses on

enhancing the performance of nematic LCs in complex laser written diffractive optical elements,

including Dammann gratings and computer-generated holograms (CGHs), with demonstrations

of good response times and diffraction efficiencies, as well as reduced device complexity. By em-

ploying advanced fabrication techniques such as TPP-DLW, the work seeks to develop smaller,

more efficient LC devices capable of real-time optical beam modulation.

Additionally, this thesis demonstrates new LC-based systems capable of correcting complex

intensity distortions and generating structured light in real time. Leveraging dual-loop feedback

mechanisms and optimised control algorithms, novel approaches to adaptive optics are explored,

proposing new correction methods for intensity aberrations. The research also investigates the

generation of optical quasiparticles using cascaded LC devices. These robust quasiparticles hold

the advantage of topological protection, which is also explored and investigated. The outcomes

of this thesis underscore the versatility and enhanced functionality of LC devices in optical

beam control.
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1.3 Thesis Outline

This thesis details the development of LC devices and accompanying optical systems for complex

beam control. This introductory chapter provides the motivation of the research and an

overview of the thesis structure, setting the stage for subsequent detailed discussions on the

innovations and applications of LC technology in optical systems.

Chapter 2 provides important background on LCs and their expansive roles in optical tech-

nologies. The chapter initiates with a foundational introduction to LC phases, demonstrates

their distinct physical and electro-optical properties that are crucial for a wide range of optical

system applications. This section explains how the anisotropic properties of LCs enable their

utility in modulating light based on the orientation of their molecules, which is influenced by

electrical fields among other stimuli. Progressing further, the chapter reviews the innovative

technique of two-photon polymerisation direct laser writing in LCs. This segment elucidates

the underlying theory of two-photon absorption – a non-linear optical process – that allows

for the precise fabrication of complex 3D polymer structures at the micro-scale. This process

is particularly significant for creating diffractive optical elements with extremely high precision,

which is the subject of Chapters 3 and 4, and are critical for advanced optical systems in fields

such as telecommunications and medical imaging.

In addition to these technologies, the chapter also introduces the integration of LC devices

within adaptive optics systems. A comprehensive overview of adaptive optics is provided,

explaining how these systems are used to correct distortions in optical beams in real-time.

Detailed applications of LCs in adaptive optics are then discussed, illustrating how they improve

system adaptability and performance through dynamic control of beam intensity and phase

correction.
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Chapter 2 concludes by reinforcing the versatility and significance of LCs, not only in

advancing existing optical technologies but also in pioneering new applications in diffractive

optical elements and adaptive optics. This summary underscores the importance of continuous

innovation in LC technologies for achieving superior beam control in cutting-edge optical

systems.

Chapter 3 presents an in-depth exploration of the development of polychromatic multi-

element LC Dammann gratings. The chapter opens with an in-depth theoretical background on

Dammann gratings, providing insights into their design principles and the specific techniques

used for their generation. This foundational knowledge is critical for understanding the unique

capabilities of these gratings in distributing light evenly across a defined area, making them ideal

for applications requiring uniform light distribution across multiple wavelengths. Utilising a

SLM imaging system, simulations are conducted to predict the performance of these gratings,

providing a predictive framework for their practical deployment. The chapter then transitions to

a detailed description of the two-photon polymerisation direct laser writing system employed

for fabricating these gratings. It discusses the structural nuances of the system and various

optimisations that have been developed to enhance the stability and accuracy of the fabrication

process.

Detailed fabrication procedures are provided for both single and multi-element Dammann

gratings, with particular emphasis on the single-element switchable 2D Dammann grating. This

section presents a thorough analysis of experimental results, including assessments of fabrication

quality, diffraction efficiency, response time, temperature stability, and multiwavelength com-

patibility. Furthermore, the chapter examines the performance of multi-element interchangeable

2D Dammann gratings, emphasizing their fabrication quality and functional metrics.

Chapter 3 concludes by summarising the key contributions of this research to advancing
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Dammann grating design and application. It highlights the successful integration of theoretical

models, simulation methods, and experimental validation, demonstrating the creation of 2D

LC-based Dammann gratings that can be switched using voltage. These gratings are designed

to operate across multiple wavelengths and temperatures, with quantified response times and

diffraction efficiencies. The results in this chapter have been published in the paper ‘Multiele-

ment Polychromatic 2D Liquid Crystal Dammann Gratings’ Advanced Materials Technologies

8, 2200861 (2023).

Chapter 4 focuses on the advanced topic of laser-written LC Computer Generated Holo-

grams (CGH), which represent a more sophisticated class of diffractive optical elements com-

pared to Dammann gratings in Chapter 3. The chapter starts with a detailed overview of CGHs,

outlining the critical hologram generation algorithms and the methods used to evaluate their

effectiveness through numerical simulations and experimental results using a SLM.

The narrative then shifts to a detailed examination of single-element, switchable laser-

written CGHs. Experimental findings related to their diffraction efficiency and response times

are presented, along with in-depth discussions of these results. This section not only highlights

the technical successes but also discusses the challenges and limitations encountered during

the experiments. Additionally, the chapter explores the characteristics and performance of

multi-element interchangeable CGHs. Data on their efficiency and response characteristics are

provided, followed by comprehensive analyses of these results. This part of the chapter provides

insights into the practical applications and potential of these laser written CGHs in enhancing

optical systems without the need for SLM technology.

Chapter 4 concludes with a summary that underscores the advancements in the laser-written

CGH technology, particularly emphasising the adaptability and efficiency of the laser-written

LC method in generating dynamically switchable holographic patterns to form different images

6



in the replay field. Some of the results presented in this chapter have formed the basis of

the published paper ‘3D Switchable Diffractive Optical Elements Fabricated with Two-Photon

Polymerisation’ Advanced Optical Materials 10, 2102446 (2022).

Chapter 5 examines the use of LC devices for correcting intensity aberrations in adaptive

optical systems, addressing principles of adaptive optics, system development, calibration of the

adaptive optical elements, correction methods, and experimental outcomes. It begins with an

introduction to the fundamental principles of intensity aberration correction in both sensor-

based and sensorless formats, with a spotlight on Zernike polynomials and their intensity-specific

modifications. These concepts establish the basis for various correction modes tailored to diverse

optical applications such as high-resolution microscopy and biomedical issue observations. The

chapter then details the development and calibration of a dual-loop feedback correction system,

crucial for dynamically adjusting and correcting aberrations in real-time and ensuring that all

optical components, such as SLMs and sensors, function optimally.

The discussion of correction methods focuses on two main approaches: sensor-based and

sensorless methods. The sensor-based method includes calibration and the use of a look-up-table

(LUT) derived from system characterisation to correct aberrations detected by a pupil sensor.

In contrast, the sensorless method iteratively applies specially designed patterns to the SLM

to compensate for intensity aberrations, inspired by traditional wavefront sensorless algorithms

but adapted for intensity corrections. Experimental results provide a comparative analysis of

corrective performance for each method, discussing their practical strengths and limitations.

Chapter 5 concludes with a summary that emphasises the innovative use of LC devices and

dual-loop feedback mechanisms, enhancing the adaptability and performance of optical systems

for intensity aberration correction. This approach promises significant advancements in fields

such as astronomy and medical imaging, paving the way for more precise imaging solutions,
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particularly in applications where precise intensity control is crucial for accurate diagnostics,

like high-resolution microscopy or disease diagnosis. The results in this chapter are accepted

for publication in paper ‘Intensity Adaptive Optics’ Light: Science & Applications.

Chapter 6 investigates the use of LC devices for generating structured light, focusing on the

creation of optical skyrmions and merons. It explores the construction of cascaded LC systems

using SLMs to manipulate light fields and presents experimental results on the generation and

stability of skyrmionic and meronic beams. These beams are essential for understanding the

behaviour and stability of light fields under optical perturbations.

The construction of cascaded LC devices using multiple SLMs is discussed, explaining how

they can be used to manipulate light to form optical skyrmions and merons. While the theory

behind cascaded SLMs is established, this work demonstrates for the first time the successful

generation of skyrmionic and meronic beams using this configuration. This setup enables

dynamic control of light fields, allowing the formation of complex topological textures with

high robustness. The results confirm the high efficiency and structural fidelity of the generated

beams, closely matching theoretical predictions. The chapter also evaluates the topological

protection of these beams, demonstrating their resilience against optical perturbations and

highlighting their potential for robust structured light applications.

Chapter 6 concludes with a summary of the advancements in the field of optical skyrmions

and optical merons generated using LCs. It highlights the novel approaches developed in

this research for manipulating light with LCs to create robust topological structures. These

developments not only have the potential to enhance understanding of topological photonics

but also pave the way for innovative applications in optical communications, microscopy, and

on-chip optical computing technologies.

Chapter 7 summarises the advancements achieved in this research, focusing on the devel-
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opment of LC-based DOEs, adaptive optics, and structured light systems. It highlights the

contributions made in replacing SLMs with laser-written LC devices, correcting intensity aber-

rations, and generating topologically protected light fields. In the latter case, these concluding

remarks highlight the significant findings related to the development and application of LC

devices in generating complex light patterns, adaptive optics, and optical skyrmions and optical

merons. The chapter concludes with potential directions for future research, including the

exploration of more complex topological structures and the extension of LC technologies in

optical communication, optical computing and beyond.
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Study the present, in the light of the past, for

the purpose of future.

— John Maynard Keynes
CHAPTER 2

Background

2.1 Liquid Crystals

2.1.1 Introduction to Liquid Crystals

The term Liquid Crystal (LC) refers to an intermediate state of matter between the crystalline

solid and the isotropic liquid phases1,2,29,30. The molecules in crystalline solids are highly organ-

ised, which means they are both positionally and orientationally ordered. They are constrained

to occupy specified locations in a lattice and to point their molecular axes in specific directions.

Molecules in liquids, on the other hand, diffuse randomly throughout the volume with their

molecular axes rotating freely and have no regularity in terms of the molecular orientation.

Therefore, as its name suggests, the LC phase is a state of matter lying between the crystalline

solid and the isotropic liquid phase and is classified as a mesophase. The molecules in all LC

phases have no rigid positional order like the molecules in a solid and diffuse much like the

molecules in a liquid2. However, they also maintain some degrees of orientational and positional

ordering which an isotropic fluid does not have.

In general, LCs can be first divided into two categories depending upon the manner in

which the LC phase is formed: thermotropic and lyotropic29. For thermotropic LCs, the

changes in the mesophase depend on the temperature. For lyotropic LCs, the phase transition
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depends on the concentration of the LC molecules in a solvent4. Thus, in the following

context of this thesis, if it is not specifically mentioned, the use of the term ‘LC’ refers to

thermotropic LC by default. The anisotropic structure as well as the chemical structure of a

typical thermotropic LC molecule is illustrated in Figure 2.1. In the chemical structure of a

LC molecule, it typically consists of two or more ring structures which are separated by a rigid

linking group with hydrocarbon chains at one end and a nitrile group at the other.

C N

CH3

C

N
� �

Figure 2.1: Illustration of a liquid crystal molecule. (a) The typical rod-like structure of a thermo-
tropic LC molecule. (b) The chemical structure of a commonly used thermotropic LC (5CB).

The vast majority of thermotropic LCs are composed of rod-like molecules, with one axis

that is longer than the others. Following the nomenclature originally proposed by Friedel31,

LCs of rod-like molecules can exhibit a range of different mesophases such as the nematic,

cholesteric and smectic phases. A schematic of the molecular arrangement of the different LC

mesophases is illustrated in Figure 2.2. Nematic LC is the most commonly used in commercial

technologies and is the only LC phase considered in this thesis. Thus, the following discussions

will mainly focus on nematic LCs.

In the nematic LC phase, these rod-like molecules have no long-range translational order

but have a high degree of long-range orientational order, as the molecules are self-aligned with

their long axes being roughly parallel to each other32. Though the LC molecules are pointing

in different directions in a microscopic view, in general the nematic phase can be described
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macroscopically by the director n̂. The director n̂ is a vector which lies in parallel with the

average orientation of the molecules. An illustration of the director n̂ is also displayed in

Figure 2.2.
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Figure 2.2: Schematics of different LC mesophases. (a) Nematic phase, where the rod-like molecules
have no long-range translational order but have a high degree of long-range orientational order. (b)
Cholesteric (chiral nematic) phase, where the molecules form a spontaneous twist about the axis
normal to the preferred helix direction. (c) Smectic phase, where the molecules form a stratified
structure. A variety of arrangements are possible within each stratification and are classified into type
A (i), B (ii), C (iii) and so on.

To describe the ordering of molecules in a nematic LC phase quantitatively, the order

parameter S is defined to describe the orientational order of the LC phase, where S = 1 for a

perfectly aligned LC with all the molecules pointing in the same direction and S = 0 for the

isotropic liquid where the molecules are pointing in random directions. For the nematic LC

phase, an average of the second Legendre polynomial is utilised to express the order parameter

S mathematically:

S = ⟨P2(cos θ)⟩ =
1

2

⟨
3 cos2 θ − 1

⟩
(2.1)

where θ is the angle between the orientation of a LC molecule and the director n̂. The average

symbol ⟨·⟩ is used to calculate the order parameter over a large volume of molecules. Typically,

the value of S for general nematic LC is around 0.6.
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As the temperature of a thermotropic nematic LC is increased, the microscopic order of

the LC molecules will transition gradually from highly ordered structure through the LC phase

and into the isotropic liquid phase3,33. When the temperature is below the melting point of

the material, it will show a crystalline solid structure with periodic positional and orientational

order. However, when the temperature increases, it melts into the nematic LC phase where

the LC molecules are roughly in parallel with each other with a high degree of orientational

order and no positional order. When the temperature increases above the clearing temperature,

the LC will transition into the isotropic liquid phase where all the molecules are pointing in a

random direction. Figure 2.3 illustrates the variation in order with the change of temperature,

with typical melting and clearing points of the commonly used LC material E7.
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Figure 2.3: LC order variation with temperature. At low temperatures, a crystalline state forms
with both orientational and positional order. When the temperature is increased over the melting
point, a nematic phase is formed. An isotropic arrangement of the molecules will be observed after
the temperature reaches the clearing point.

2.1.2 Properties of Nematic Liquid Crystals

(i) Physical Properties

The physicist Sir Charles Frank developed a continuum theory to explain the behaviour of LCs

in the 1950s, based on the work of Oseen and Zocher in 193332,34,35. Frank constructed a model
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to describe the elastic free energy density of a LC by considering numerous ways of deforming

a nematic LC. The elastic energy of a nematic LC material is minimised if the molecules are

in thermodynamic equilibrium, which indicates that the director does not vary in space. In

other words, when the nematic LC molecules reach a ground state, the LC director will not

vary throughout space. Thus, Frank reduced all possible deformations to three fundamental

distortions: splay, twist, and bend. Each of these is illustrated in Figure 2.4.

����� ����� ����

� � �

Figure 2.4: Three fundamental distortions of the nematic LC phase. The deformations of a
nematic LC phase are classified as (a) splay, (b) twist, and (c) bend.

The splayed elastic distortion is represented as the divergence of the director (∇ · n̂); the

twisted elastic distortion is characterised as the dot product of the curl of the director and the

director (n̂ ·∇× n̂); and the bend elastic distortion is described as the cross product of the curl

of the director and the director (n̂ ×∇× n̂). The amount each distortion contributes to the

total distortion is different, thus three relative elastic coefficients K11, K22 and K33 are used to

determine the ratios. The total amount of energy gained by each distortion can be described

by the Frank-Oseen free energy density as32,34:

felastic(n̂) = fsplay(n̂) + ftwist(n̂) + fbend(n̂)

=
1

2

{
K11 |∇ · n̂|2 +K22 |n̂ · ∇ × n̂|2 +K33 |n̂×∇× n̂|2

} (2.2)
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where n̂ = (nx, ny, nz) represents the orientation of the LC director and K11, K22 and K33

are the Frank splay, twist and bend elastic constants, respectively, with unit of [N]. In general,

K33 > K11 > K22, which means that bend distortions have a more significant energy than

splay and twist distortions. For the commonly used LC material E7 this thesis, the elastic

coefficients are: K11 = 10.8pN, K22 = 6.8pN and K33 = 17.5pN. In practice, to simplify the

analytical process, a one-constant elastic free energy density expression is often utilised with the

assumption K33 = K11 = K22 = K resulting in

felastic(n̂) =
1

2
K
{
|∇ · n̂|2 + |∇ × n̂|2

}
. (2.3)

(ii) Electrical and Optical Properties

A nematic LC is a type of dielectric material. When an electric field is applied to a nematic

LC, dipole moments will be induced in the molecules that are opposite to the applied electric

field. The effect of these dipole moments is described by the polarisation density field P. With

the assumption that the polarisation density is linear, homogeneous, and isotropic along each

direction, the equation for the polarisation density P under applied field E is given by:

P = ε0χeE. (2.4)

Therefore, the electric displacement field can be described as:

D = ε0E+ P = ε0(1 + χe)E = ε0εrE (2.5)

where ε0 is the vacuum permittivity, χe is the electric susceptibility and εr is the material relative

permittivity related to the electric susceptibility by εr = 1 + χe. For LC materials, which are
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usually anisotropic, εr needs to be written in the tensor form:

εr =


ε⊥ 0 0

0 ε⊥ 0

0 0 ε∥

 (2.6)

where ε⊥ and ε∥ represent the electric permittivity being perpendicular and parallel to the

director, respectively (which is along the z axis in the current expression). By defining the

dielectric anisotropy as ∆ε = ε∥ − ε⊥
36, the electric displacement field D can be simplified to

D = ε0ε⊥E+∆εε0 |n̂ · E| n̂. (2.7)

By substituting Equation 2.7 into the free dielectric energy expression fdielectric(n̂) = −1

2
D · E,

and omitting the orientation independent term −1
2
ε0ε⊥E

2, the free dielectric energy density

can be simplified as37:

fdielectric(n̂) = −1

2
∆εε0 |n̂ · E|2 . (2.8)

In order to describe the LC behaviour in a more complete way, the free energy introduced by

distortion should be taken into consideration as well. Thus, the overall Frank energy density

with the one constant approximation can be expressed as:

F = felastic + fdielectric =
1

2
K
{
|∇ · n̂|2 + |∇ × n̂|2

}
− 1

2
∆εε0 |n̂ · E|2 (2.9)

It can be seen from this equation that the LC director will reorient when an external electric

field is applied. However, due to the existence of elastic distortion, by using the Euler-Lagrange

differential method to analyse the equation, it can be shown that there exists a critical field

below which a reorientation will not occur. This is known as the Fréedericksz threshold and is
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expressed as:

VTH = ETHd = π

√
K

∆εε0
(2.10)

where d is the thickness of the LC layer along the direction of electric field, ETH is the strength

of the uniform electric field and VTH is the voltage applied across the LC layer. It is useful to

note that the Fréedericksz threshold voltage for a given material is independent of the thickness

of the LC layer and is related only to the electric permittivity and Frank elastic constants of

the LC phase.

In optics, the refractive index is a dimensionless number that describes the propagation of

light through a material. It is defined as the ratio between the speed of light in vacuum to that

in the medium. For a typical isotropic material with relative permittivity εr in optical spectrum,

the refractive index can also be expressed as the square root of the relative permittivity. Thus

n =
c

v
=

√
εr. (2.11)

For an LC material, as it is an anisotropic material, the effective refractive index is different for

incident light with different polarisations. Thus, two refractive indices are defined for LC, one

is the extraordinary refractive index, ne, which refers to the situation where the polarisation of

the light is parallel to the optical axis, and an ordinary refractive index, no, which refers to the

situation where the polarisation of the light is perpendicular to the optical axis.

For a uniformly aligned nematic LC, the optical axis is aligned along the director n̂. This

phenomenon is referred to as birefringence and is defined as∆n = ne−no. Figure 2.5 illustrates

the anisotropic refractive indices of the optical indicatrix. As expressed in Equation 2.9, the LC

director will reorient when an external electric field is applied, which will cause the refractive

index difference between the optical indicatrix changing along with the field applied.
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Figure 2.5: Birefringence of a uniformly aligned nematic LC. The anisotropic refractive indices
along the optical indicatrix are labelled. The refractive index that is parallel to the optical axis is
referred to as ne. The refractive index perpendicular to the optical axis is referred to as no.

Due to the anisotropy in the refractive index mentioned above, light travelling through an

LC with different polarisation components will have different velocities for components that

are either aligned parallel or perpendicular to the optical axis of the LC. Thus, a phaselag

will be developed between polarisation components, which results in a change of the overall

polarisation of the light. This phenomenon is called optical retardation and is the principle

used in electrically switchable waveplates. The optical retardation can be expressed as

∆φ =
2π

λ
∆nd (2.12)

where ∆n is the birefringence and d is the distance over which the light travels.

A common way of retrieving the optical retardation is to measure the transmission-voltage

curve. If a pair of crossed identical polarisers (named “polariser” and “analyser” based on their

positions) is placed before and after a LC sample and with a fixed angle χ between the polariser

and the LC director, by changing the birefringence ∆n of the LC via different applied voltages,

the light intensity through the analyser can be changed accordingly. For the experiments in

this thesis, the voltage applied across the LC layer is typically an AC voltage at 1 kHz, chosen

to avoid DC damage to LCs and to balance the LC’s reorientation speed for a fast switching.
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Figure 2.6 illustrates the configuration of whole measurement system with polariser, analyser,

and LC layer for a typical transmission-voltage curve measurement system.
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Figure 2.6: Fréedericksz transmission curve measurement system. (a) A schematic of the system
with a pair of crossed polarisers sandwiching a voltage-controlled LC layer in between. (b) The angular
relationship between the polarisers and the rubbing direction of the nematic LC.

By measuring the intensity of the light after the analyser and by comparing that with the

incident light intensity, the transmission-voltage dependence can be derived as

T =
I

I0
= sin2(2χ) sin2

(
π∆nd

λ

)
(2.13)

where I is the transmitted light intensity measured after the analyser, I0 is the incident light

intensity measured before the light entering the LC layer, χ is the fixed angle between the

polariser and the LC director, ∆n is the birefringence, d is the thickness of the LC layer and

λ is the wavelength of incident light.

Since χ is a fixed angle for a certain measurement, which acts as a constant scaling factor

in the results, the measurement transmission result T can then be normalised to [0, 1] as T ′ to

eliminate the consideration of χ. Thus the optical retardation ∆φ can be derived as

∆φ = 2 arcsin

(√
T

sin2(2χ)

)
= 2 arcsin

(√
T ′
)
. (2.14)
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Figure 2.7: Typical transmission-voltage dependence results. (a) The normalised transmission-
voltage dependence results for nematic LC at various wavelengths and different voltages from 0 Vrms
to 10 Vrms, with the inset figure demonstrating the overall performance up to 25 Vrms. The thickness
of the LC layer is 5 μm. (b) The optical retardation retrieved from the measurement at various
wavelengths and different voltages from 0 Vrms to 10 Vrms, with an inset figure demonstrating the
overall performance within a higher range up to 25 Vrms.The thickness of the LC layer is 5 μm. (c)
The normalised transmission-voltage dependence results for nematic LC with 20 μm layer thickness.

Since T ′ is constrained to the range [0, 1], the direct result from this equation is mathemat-

ically limited to ∆φ ∈ [0, π]. However, in practice, phase retardation varies continuously with
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the voltage, requiring phase be flipped at its extremes to resolve total phase values larger than π.

A typical transmission-voltage curve measurement result with normalised values and the optical

retardation retrieved from measurements for various wavelengths (520 nm, 633 nm, 780 nm)

and layer thicknesses (5 μm and 20 μm) are illustrated in Figure 2.7.

2.2 Two-Photon Polymerisation Direct Laser Writing in Liquid Crystals

2.2.1 Two-Photon Absorption

3D microstructures have widespread applications in many different fields including micro-

optics26, microelectronics38, communications23, biomedical tools39, Micro-Electro-Mechanical

systems (MEMS)40 and more. Furthermore, there are increasing demands to develop new

methods with which to fabricate miniaturised and integrated 3D microstructures41. Thus,

this leads to the development of various microfabrication technologies including deep ultravi-

olet (UV) lithography42, electron/ion beam lithography43,44, nanoimprint lithography45, micro-

stereolithography46, inkjet printing47 and self-assembly48. However, these techniques are some-

times limited by one or more of the following properties: ability to fabricate delicate 3D mi-

crostructures, resolution of the fabrication process, and high cost. In comparison, two-photon

polymerisation (TPP) enables the fabrication of complex and delicate 3D microstructures in

various materials with sub-diffraction-limit resolution. As a result, TPP fabrication process has

attracted great interest all over the world.

In addition, direct laser writing (DLW), which belongs to the category of laser-based 3D

printing techniques49, has the ability to fabricate delicate microstructures in various media using

computer aided designs50, similar to classic stereolithography51–53 and selective laser sintering

techniques54,55. In comparison with the latter two techniques, the advantage of DLW is that

it offers superior feature resolution and does not require the need for recoating; however,
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a downside is that DLW can be much slower than other methods and requires expensive

fabrication equipment.

Initial work on DLW was carried out in the early 90s utilising a single-photon absorption

method56,57. After that, Maruo et al.26 demonstrated the first successful DLW fabrication with

multi-photon polymerisation in 1997. The potential for fabricating full 3D microstructures was

immediately embraced by the photonics community and many applications were exploited58.

More recently this technique has been applied in more diverse fields such as micro-optics59,60,

microfluidics61, biomedical implants62,63, and tissue engineering39,64,65.

By using multiphoton absorption in DLW, TPP-DLW has emerged as a powerful laser-

processing technique that can be used to fabricate complex and delicate polymer structures at

the scale of micrometres38,40,66. TPP-DLW is sometimes referred as 3D two-photon printing,

nanoprinting, and advanced additive manufacturing etc.67, which indicates its ability to fabricate

delicate structures in a volume of material. Usually, a high intensity femtosecond laser with

ultrafast pulses is focused into a target polymerisable resin, and a photochemical process called

two photon absorption occurs which triggers a free-radical polymerisation process and crosslinks

the monomers in the resin. Compared with a conventional focused UV laser/LED polymerising

system, where the whole illumination area is polymerised, TPP-DLW ensures that absorption

only occurs in a much smaller volume due to the non-linear nature of two-photon absorption.

By translating the sample with respect to the focus spot of the laser, tiny, complex, and delicate

structures can be fabricated in three dimensions. In some cases, the fabrication of features

below the optical diffraction limit have been reported68,69.

2.2.2 Two-Photon Polymerisation in Liquid Crystals

The kernel process of TPP is from the physics of two-photon absorption (TPA), which is a non-

linear optical process that only occurs when the material is exposed to the light source of a very
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high intensity. TPA was first theoretically proposed in 1931 by Maria Göppert Mayer70 and was

experimentally confirmed in 1961 by Werner Kaiser71, made possible 30 years later by the inven-

tion of the laser. It was a historical moment when a microstructure had a feature size of 120 nm

beyond the diffraction limit of the fabrication wavelength in 200140, after which various TPP

applications sprang up. It includes photonic crystals72–74, microfluidic devices61,62,75, biomedical

science76–78, micro-optics60,79–81, dielectrics82, metamaterials83 and so on. The TPP process is

initiated by focusing a high intensity femtosecond laser beam tightly through a high-numerical-

aperture (high-NA) objective lens into a volume of photosensitive resin. The formation of the

polymer networks can be represented in Equation 2.15, Equation 2.16 and Equation 2.1784. It

corresponds to three processes: the initiation process (Equation 2.15), the propagation process

(Equation 2.16) and the termination process (Equation 2.17).

PI hv+hv−−−→ PI∗ −−→ R · + R · (2.15)

R · +M −−→ RM · M−−→ RMM · · · · −−→ RMn · (2.16)

RMn · + RMm · −−→ RMn+mR (2.17)

During the initial process, by absorbing two photons, the photoinitiators (PIs) reach an excited

state (PI*) and decompose into radicals (R·). Then, during the propagation process, monomer

radicals (RMn·) are formed by combining radicals together with monomers (M). After that, in

the termination process, two monomer radical chains are combined together to form a long

chain and the polymerisation process is terminated. This TPA process is the fundamental

process of TPP. Different from one-photon absorption (OPA) process, where a single photon

can make the initiator increase from a low energy level to a high energy level, in the TPA process,

photoinitiators (PIs) absorb two photons simultaneously to make the initiator transit from a

low energy level to a high energy level. A comparison between OPA and TPA in polymerisable
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resin and their corresponding absorption region is illustrated in Figure 2.8 and Figure 2.9.
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Figure 2.8: Comparison between OPA and TPA processes in a polymerisable resin. The figure
illustrates the fundamental differences in absorption mechanisms, with OPA involving the absorption
of a single photon at a shorter wavelength to transition from the ground state to an excited state, and
TPA involving the simultaneous absorption of two photons at a longer wavelength to reach the same
excited state. The diagram highlights the different sizes of polymerised region in each process.

It can be observed from Figure 2.9 that for the normalised laser intensity, the full width

at half maximum (FWHM) of the laser source of TPA is narrower than that of OPA. Due to

the non-linear nature of TPA, the absorption rate depends on the square of the light intensity,

which confines polymerisation to the focal point where the intensity exceeds the threshold.

This enables highly localised fabrication with high spatial resolution. This means that, given

the same polymerisation threshold energy for a certain material, the TPA process will polymerise

a narrower region in the resin compared to the OPA process.

In general, at least two components should be included in the resin for use with TPP-

DLW fabrication. One is a monomer, or a mixture of monomers, which will provide the final

polymer network. The other component needed is a photoinitiator, which will absorb the

laser light through a multi-photon absorption process and generated active radicals which will

cause the monomers to be polymerised50. Several monomer and photoinitator combinations

have been used for this purpose. In recent years, the use of LC materials as polymerisable
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resins for TPP-DLW has been investigated. In general, there are two ways of using TPP-DLW

to fabricate microstructures in mixtures with LCs. One method is to fabricate micropolymer

surface structures that are then filled with an LC mixture afterwards. Another method is laser

writing into a polymerisable mixture containing LCs to form a crosslinked polymer network

to lock the LC director inside the network. In this thesis, the polymerisable mixture prepared

is 1%wt IR819 + 29%wt RM257 + 70%wt E7, where IR819 is the photoinitator necessary for

TPA, RM257 is the monomer for network forming and E7 is the host liquid crystal. All of

them are supplied from Merck.
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Figure 2.9: normalised laser intensity profiles for OPA and TPA in polymerisable resin. The
FWHM is narrower for TPA than for OPA, indicating that TPA polymerises a much narrower region
in the resin at the same polymerisation threshold energy.

2.2.3 3D Nano- and Micro-Fabrication in Liquid Crystals

A common way of aligning LCs is to make them contact with micro grooves, scratches or

gratings on a polymer surface85,86, as it is a well known method to align LCs in mass device

production. The fabrication of LC alignment structures with TPP-DLW in a positive photore-

sist was first reported by Xie87, which was utilised to align nematic LCs. A positive photoresist

becomes soluble in the exposed regions upon UV exposure, allowing selective removal and pat-

terning. Later on, a similar fabrication structure and results were reported by Lee in commercial
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negative photoresist88. In contrast, a negative photoresist becomes insoluble in the exposed ar-

eas, leaving behind the patterned structure after development. Following these two successful

demonstrations, several studies reported the fabrication of complex 2D polymer microstructures

based on single gratings89. Serra et al.90 successfully demonstrated a simple cubic microlattice

polymer structure which was then treated with homeotropic (vertical) alignment agent and

filled with LC. This approach extended the idea of surface polymer structures from 2D layers

into 3D structures.

A number of interesting and novel phenomena have been demonstrated with LC-filled

polymer surface structures. For example, Ho et al.91 showed that by changing the temperature,

the diffraction of light through a microlattice structure could be tuned. Separately, He et al.92

created a fast, polarisation-independent LC phase modulator using TPP-DLW by fabricating

polymer shelf structures in LC devices. However, a drawback of fabricating surface alignment

structures is that it is impossible to control the exact direction for every point in the bulk of

the LC. The LC director alignment in the bulk is determined by the elastic energy between

the surface network and LC after the fabrication and it cannot be directly controlled during

the fabrication. Figure 2.10 illustrates the concept of etching out surface polymer structures

with TPP-DLW.
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Figure 2.10: Demonstration of TPP-DLW fabrication of LC alignment structures in polymers.
This technique aligns LCs through contact with structured polymer surfaces, enabling the creation of
devices with varied functionality.
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Compared to the results above, TPP-DLW fabrication in polymerisable LCs follows a

different methodology. The polymerisable resin is prepared with monomer, photoinitiator and

host LC and it is then injected into a glass cell. Then TPP-DLW is utilised to fabricate the 3D

microstructures directly in the cell. Here, the polymerisable resin is liquid crystalline as well,

which is also anisotropic. It means that the property of polymer structures depends on the

director alignment during fabrication. Thus by forming a network with the crosslinked polymer,

the orientation of the LC director inside the network will be locked in the same direction.

Figure 2.11 illustrates the concept in details. This provides significant new opportunities for

fabricating novel LC devices as the orientation of the LC director in the polymer mixture can

be precisely controlled using external fields during TPP-DLW fabrication. The first successful

fabrication of polymer microstructure using TPP-DLW was first reported by Yoshida et al.

where a chiral nematic monomer mixture was polymerised25,93. Subsequently, a fabrication of

microcylinders using TPP-DLW and a polymerisable nematic LC mixture was reported by Ito et

al94. And Tartan et al. demonstrated the advantages of polymerising LCs with voltage-controlled

alignment of the director in selected regions inside an LC device using TPP-DLW15,95.
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Figure 2.11: Demonstration of TPP-DLW fabrication in polymerisable LCs. The polymerisable
resin, comprising monomer, photoinitiator, and host LC, is injected into an LC glass cell where 3D
microstructures are fabricated using TPP-DLW. The resin locks the director orientation within the
crosslinked polymer network, allowing precise control with external fields. This technique enables the
creation of advanced LC devices with tailored electro-optic properties.

In summary, TPP-DLW is a powerful and versatile technique for fabricating microstruc-
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tures in LC-polymer composite materials. Furthermore, by fabricating directly inside the poly-

merisable LC-polymer mixture, it shows great potential for controlling the alignment precisely

with external electric fields applied during fabrication, which allows highly-localised polymer

stabilisation of voltage-dependent director profiles. This is a largely unexplored area for ad-

vanced microfabrication of functional structures in LCs. This thesis demonstrates new optical

devices fabricated using TPP-DLW in the form of Dammann gratings and computer generated

holograms.

2.3 Liquid Crystal Devices for Adaptive Optics

2.3.1 Introduction
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Figure 2.12: Illustrations of common optical aberrations, including phase aberration, polarisa-
tion aberration, and intensity aberration. The effects of these aberrations and how they distort the
optical wavefront are demonstrated.

Adaptive optics (AO) is a sophisticated technology engineered to optimise the performance of

optical systems by actively correcting aberrations20,96–101. These aberrations, manifesting as dis-

tortions of the light, degrade image quality and affect the system performance102. Primary causes

of optical aberrations include atmospheric turbulence103, optical component imperfections such

as irregular lens shapes or compositions104, and misalignment of optical paths105. Common aber-

rations include phase aberrations, where variations in the wavefront phase cause blurring and
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distortion106; polarisation aberrations, which alter the states of polarisation of light, affecting

image contrast and resolution107; and intensity aberrations, leading to uneven light distribution

and brightness inconsistencies108. The effects of these aberrations on the optical wavefronts are

demonstrated in Figure 2.12.

The concept of AO was first proposed by Horace W. Babcock in 1953109. Babcock envi-

sioned a system in a telescope to dynamically compensate for wavefront distortions caused by

atmospheric turbulence, which is particularly problematic for ground-based astronomical obser-

vations. His foundational work led to the development of AO systems incorporating deformable

mirrors (DM), capable of real-time wavefront adjustments to correct incoming aberrations in

telescopes by the fine movement of each mirror segment in the DM. This dynamic adjustment

significantly enhanced image resolution and clarity100. Since the conceptual inception of the

correction system, AO has been extensively refined and now has broader applications, including

mitigating the phase aberrations in astronomical telescopes104, optical communications110,111,

super-resolution microscopy/nanoscopy112 and high-precision laser fabrication113. The typical

schematics of AO systems for these applications have been demonstrated in Figure 2.13.

In astronomical telescopes, AO compensates for atmospheric turbulence that blurs celestial

images19,114. Light from stars and other celestial objects scatters and distorts as it passes through

the atmosphere, reducing image resolution115. AO systems address this by dynamically adjusting

optical elements, such as DMs, in real time to detected aberrations, restoring the wavefront

and enabling telescopes to reach near-diffraction-limited resolution96,116. This advancement has

led to breakthroughs in exoplanet studies, star formation, and black hole dynamics102,117,118.

In optical communications, AO stabilises signals affected by atmospheric turbulence or op-

tical fibre imperfections, ensuring signal coherence and reducing data transmission errors119–121.

Real-time phase correction improves throughput and reliability, enhancing performance in free-
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space and terrestrial communication networks, including satellite-based systems122–124.
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Figure 2.13: AO applications in astronomy, optical communication, laser fabrication, and mi-
croscopy. AO dynamically corrects wavefront distortions in (a) astronomy, optical communication,
and laser fabrication, and (b) microscopy, enhancing resolution, signal integrity, and imaging accuracy.

In microscopy, AO corrects aberrations caused by the heterogeneous refractive index of

biological tissues, enhancing image resolution and contrast97,101. This is particularly valuable

for deep-tissue imaging in neuroscience, where AO improves the visualisation of neuronal

structures and activity in vivo125,126.

AO also plays a critical role in high-precision laser fabrication by optimising laser beam
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focus and intensity. This ensures high spatial resolution in micro/nanofabrication processes,

essential for manufacturing MEMS, semiconductor wafers, and medical devices127–130. In di-

rect laser writing (DLW), AO enables fine structural control, improving feature accuracy and

resolution131.

Beyond traditional phase AO, advancements including vectorial AO (V-AO), intensity AO

(I-AO), and polarisation AO (P-AO) broaden its potential application. For example, in V-

AO, it corrects both phase and polarisation aberrations, crucial for deep-tissue microscopy and

astronomical imaging, using advanced wavefront sensors and DMs to ensure precise control of

the vectorial state of light132,133. P-AO, on the other hand, targets purely polarisation aberrations,

vital for applications involving structured light, optical computing, and polarisation-sensitive

biomedical imaging, using specialised sensors and adaptive elements to maintain the desired

polarisation state13,134. As for I-AO, Chapter 5 in this thesis elaborates on this system and

corresponding correction methods in detail.

2.3.2 Sensor-Based and Sensorless Adaptive Optics

AO operates on the principle of wavefront correction, addressing deviations from the ideal phase

of the light that cause image blurring and distortion6,135–137. Aberrations such as spherical, astig-

matism, coma, trefoil, and higher-order types uniquely impact optical system performance138.

AO implementation involves applying an equal and opposite phase aberration to an adaptive

device based on the measured aberrations117. The method can be classified into two cate-

gories: sensor-based (direct) methods, where the wavefront is directly measured to retrieve the

aberration and sensorless (indirect) methods, where the aberration is estimated from indirect

measurement12,139–142.

In sensor-based AO systems, wavefront sensors are employed to directly measure the wave-
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front distortions caused by aberrations99,115,135. The most commonly used wavefront sensor

is the Shack-Hartmann sensor, which consists of an array of lenses that focus light onto a

detector array, creating a pattern of spots102. Figure 2.14(a) demonstrates the basic concept

of Shack-Hartmann sensor. The displacement of these spots from their ideal positions is used

to calculate the wavefront distortions143,144, which is shown in Figure 2.14(b). Other types of

wavefront sensors include the pyramid sensor and the curvature sensor145,146.
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Figure 2.14: Schematic representation of the Shack-Hartmann wavefront sensor. (a) The basic
concept of the Shack-Hartmann sensor, illustrating how an array of lenses focuses light onto a detector
array, creating a pattern of spots. (b) For a single lenslet, the displacement of these spots from their
ideal positions is used to calculate wavefront distortions, demonstrating the ability of the sensor to
detect and measure aberrations in the optical wavefront.

Once the wavefront distortions are measured, this information is used to control a DM

or other adaptive optical element that adjusts its shape to correct the aberrations147,148. An

illustration of a sensor-based method is presented in Figure 2.15. Recent advancements in

adaptive elements, sensor technology, computational algorithms, and materials science have

significantly improved sensor-based AO149. Modern DMs, with increased actuator density and

response times, allow for a finer aberration correction even in rapidly changing environments,

accommodating thousands of actuators for higher spatial resolution150.
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Figure 2.15: Illustration of sensor-based AO concept. The sensor-based method includes a wave-
front sensor that directly measures aberrations. These measurements are sent to a controller, which
processes the data and instructs the corrector to adjust and correct for the aberrations, ensuring im-
proved image quality or beam focus. The flow of correction is cyclic, maintaining optimal system
performance by real-time continuous adjustments.

Sensor-based AO systems are widely used in astronomical telescopes to correct for atmo-

spheric turbulence. By continuously measuring the distortions in the incoming light from

celestial objects and adjusting the DMs in real-time, these systems enable ground-based tele-

scopes to achieve near-diffraction-limited imaging, significantly enhancing the resolution and

clarity of astronomical observations102. In ophthalmology, sensor-based AO systems improve

retinal imaging by compensating for optical aberrations in the eye. This enhancement allows for

high-resolution imaging of the retina, aiding in the diagnosis and monitoring of eye diseases151.

Sensorless AO, on the other hand, does not rely on direct wavefront measurements139.

Instead, it uses image quality metrics and computational algorithms to infer and correct aberra-

tions152. The correction process in sensorless AO involves iteratively optimising an image quality

criterion, such as sharpness or contrast153. This approach is advantageous in scenarios where

integrating a wavefront sensor is impractical due to space, cost, or other constraints141.

In sensorless AO, aberrations are often represented as a series of modes, typically using
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mathematical functions such as Zernike polynomials154. These modes describe different types

of aberrations, including defocus, astigmatism, and coma155,156. The AO system applies a series

of predefined aberration modes to the adaptive elements and evaluates the resulting changes in

the image quality metric12,157. Optimisation algorithms, such as genetic algorithms or gradient

descent, are used to determine the optimal combination of modes that maximise the image

quality metric117. An illustration of the configuration for the sensorless method is presented in

Figure 2.16.
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Figure 2.16: Illustration of sensorless AO concept. For the sensorless method, aberrations are
corrected without direct measurement. Instead, a camera provides image for quality metrics evaluation,
which are used for modal-based aberration estimation. The commonly used modals are Zernike
polynomials. These estimations inform the corrector to adjust the adaptive elements and correct
aberrations, thereby enhancing image quality. The process involves a feedback loop where the corrected
images are continuously evaluated to maintain optimal performance.

Sensorless AO has found applications in biological microscopy, where it is used to correct

aberrations induced by heterogeneous tissue structures. This capability enables high-resolution

imaging deep within biological samples, facilitating detailed studies of cellular and subcellular

structures112. Recent advancements in sensorless AO systems include the integration of ma-

chine learning (ML) techniques. These systems continuously learn from previous observations,

dynamically improving their performance in real-time158–160.
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2.3.3 Liquid Crystals for Adaptive Optics

One critical requirement for adaptive elements in AO systems is the ability to provide real-time

modulation across the pupil with high resolution for each individual region97,101,102,126,161. This

capability is essential for correcting aberrations and ensuring high-quality imaging or signal

transmission21. When an electric field is applied to a nematic LC, the director orientation will

be changed, altering the refractive index and birefringence through the LCs14,162,163. This char-

acteristic allows for precise control over the phase of light passing through the LC layer, making

it ideal for AO systems to compensate the aberrations by modulating the light28. Consequently,

spatial light modulators (SLMs) have been designed as key components in modern AO systems

due to their versatility and precision in phase modulation.
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Figure 2.17: Illustration of LCoS structure. The schematic shows the layered configuration of a
typical LCoS device used for adaptive optics.

SLMs are capable of modulating the amplitude, phase, or polarisation of light on a pixel-

by-pixel basis, crucial for aberration corrections in AO systems. Most SLMs use LC on Silicon

(LCoS) technology to fabricate the internal core adaptive element164–166. LCoS comprise a

nematic LC layer between a transparent ITO (Indium-Tin-Oxide) electrode and a reflective

silicon backplane. The structure includes, from top to bottom, a high-transparency cover glass,

a transparent electrode layer, a LC layer, and a silicon backplane with a dielectric mirror, pixel

electrodes, and a CMOS (Complementary Metal-Oxide-Semiconductor) circuit. Alignment
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layers are coated on the inner surfaces of the transparent electrode and dielectric mirror. A

schematic of a typical LCoS device is presented in Figure 2.17.

SLMs modulate the phase of reflected light by applying a voltage across the LC layer, chang-

ing the orientation of the director. The refractive index at each pixel will be altered to affect

the light with different phase delay. This high-resolution capability is crucial for applications

such as correcting atmospheric turbulence in telescopes and compensating for refractive index

variations in biological tissues in microscopy. The typical retardation modulation range of a

single pixel against the greyscale level on the SLM is demonstrated in Figure 2.18(a). Normally,

nematic phase SLMs operate at switching rates of the order of tens of Hertz and are slower for

longer optical wavelengths due to increased device thickness. However, overdrive techniques

can increase modulation rates to approximately 1 kHz with the so-called greyscale modulation17.

Faster modulation speed higher than 1 kHz can be achieved with ferroelectric LC SLMs, but

are typically limited to binary modulation18. The concept of using LCoS to modulate the phase

of light for aberration correction is illustrated in Figure 2.18(b).
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Figure 2.18: Concept illustration of using LCoS to modulate the light. (a) The relationship
between greyscale levels and phase retardation shows the modulation range of a single pixel. (b) Light
phase modulation is achieved by varying the voltage across the LC layer, altering the refractive indices
n1, n2, n3 at each pixel.
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In this thesis, the primary SLM model used is the Hamamatsu LCOS-SLM (X15213-01)

operated in reflective mode for real-time adaptive optics control. This device features a high-

density array of 1024 × 768 pixels, each with a 20 µm × 20 µm pitch, resulting in a fill factor

exceeding 95%. The effective area size is 20.5 mm × 15.4 mm. It runs at a 60 Hz refresh

rate and accepts 8-bit (0-255) grey-level input, thereby providing continuously adjustable phase

modulation. Typically, a linear polariser is placed before the SLM so that the incident beam has

a well-defined polarisation aligned with the LC directors, ensuring pure phase-only wavefront

shaping. However, amplitude modulation or complex vectorial control can be achieved by

incorporating additional polarisers and waveplates at the input or output, as demonstrated in

Chapter 5 for amplitude modulation and in Chapter 6 for polarisation generation.

In summary, SLMs, particularly those based on LCoS technology with nematic LCs, are

indispensable in modern AO systems. Their precision and resolution in light modulation make

them ideal for applications in astronomy, biological microscopy, optical communication, and

high-precision laser fabrication. This thesis demonstrates a new I-AO system that improves

intensity distribution uniformity under aberrations and controls total energy level at the pupil

plane, along with companion sensor-based and sensorless methods, which expanding the existing

AO toolboxes.

2.4 Summary

This chapter provides an overview of LCs and their applications in advanced optical technolo-

gies. It begins with an introduction to LC phases, highlighting their unique state of matter that

combines properties of both liquids and solids. LCs exhibit distinct physicochemical character-

istics, including anisotropic behaviour, which is fundamental to their functionality in various

optical applications. The chapter delves into the physical properties, emphasising their molec-
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ular alignment and phase transitions, and their electric and optical properties, focusing on the

dielectric anisotropy and birefringence.

The discussion progresses to the theory and applications of TPP direct laser writing in LCs.

The theory of two photon absorption is explained, describing how simultaneous absorption

of two photons can induce polymerisation in photoreactive materials. This process is then

contextualized within LC mixtures, elucidating how it enables precise 3D nano- and micro-

fabrication. These advanced fabrication techniques facilitate the creation of intricate polymer

structures within LCs, which are crucial for developing new photonic devices with a high degree

of functionality.

AO, a pivotal technology in modern optics, is also explored with a focus on LC devices.

The chapter introduces the general principles of AO, which involve real-time correction of

optical aberrations to enhance image quality. It contrasts sensor-based and sensorless AO,

explaining the methodologies and advantages of each approach. The application of LCs in

AO is detailed, demonstrating how their real-time tunable refractive indices allow for dynamic

wavefront correction, thereby improving the performance of optical systems in various fields

ranging from astronomy to microscopy.

In summary, this chapter establishes a comprehensive background on LCs and their multi-

faceted roles in cutting-edge optical technologies. It lays the foundation for understanding how

these unique materials are harnessed in TPP and AO, setting the stage for further exploration

and innovation in the field of photonics.
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When you have eliminated the impossible, whatever

remains, however improbable, must be the truth.

— Sherlock Holmes
CHAPTER 3

Polychromatic Multi-Element Liquid Crystal Dammann

Gratings

3.1 Design and Generation of Dammann Gratings

3.1.1 Introduction

A Dammann grating is a beamlet array generator which efficiently converts a monochromatic

incident beam into a finite array of spots with a uniform intensity distribution8,167–172. The

original design of the grating was put forward by Dammann in 1977, when a binary-phase

(0, π) grating structure was proposed that could generate an array of multiple beams in the

Fourier plane (the focal plane)167,168. Compared with conventional gratings, which consist of

narrow grooves separated by a fixed period, Dammann gratings consist of features of specific

lengths that can generate beamlets of different configurations in the far field.

Dammann’s method of generating beams with uniformly distributed intensity is attractive

for three reasons. First, it is based on modifying the phase information of the incident light

without changing the intensity distribution, which allows for a high throughput of light. Sec-

ond, these gratings are binary, which means that they can be fabricated with techniques such

as photolithography, ion etching or laser writing. Third, since a Dammann grating can split the

incident beam into a uniform array, it can be combined with other more advanced patterns to
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modify multiple beams simultaneously into desired beam shapes and profiles.

Since the first demonstration, and with the rapid development of contemporary microfab-

rication technologies5,173–175, Dammann gratings have been successfully fabricated in a range

of different materials and for various technological applications8,10,176–178. The initial pattern

design method proposed by Dammann was for a symmetric grating that was targeted for the

generation of an odd number of spots along one direction. The nonsymmetric pattern design

was first proposed by Mait171 in 1988 to generate a pattern consisting of an even number of

spots. Later, Morrison reduced further the computational complexity of the process that is

required to generate the pattern parameters by utilising a symmetric phase shift profile, which

led to the generation of an even number of spots in the far field179. Alternatively, a grating with

a non-orthogonal 2D pattern was proposed by Vasara180 in order to develop arrays with more

irregular configurations177. A group of numerical solutions for Dammann gratings from 2 to

64 was computed and presented by Zhou181 and was later employed for a number of different

Dammann grating designs including circular Dammann gratings182, 3D Dammann gratings183,

and a beam shaping device10. In terms of technological applications, Dammann gratings have

been widely applied to the fields of optical communications184, optical computing9,185, and laser

beam shaping10,170,186.

A common method for fabricating Dammann gratings is to use UV lithography with high-

resolution binary phase masks to form the required pattern on a fused silica substrate. This

method, in general, can produce high quality Dammann gratings with fabrication errors less

than 2%177,187. There have also been a number of attempts to fabricate Dammann gratings

in various liquid crystal (LC) materials and devices11,188–191. To create different phase profiles

within LC materials, the spatial orientation of the director should be precisely controlled.

Towards this end, photoalignment materials have been used to functionalise the surface of a
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substrate so as to align the LC director along a desired direction181,182, and this has been a

popular approach for the fabrication of Dammann gratings in LC devices188,190–193. In this case,

the sulphonic azo-benzene dye, which is a photoalignment material, is the surface alignment

material of choice that has been employed in the literature188,190–193.

There are, however, significant limitations when using photoalignment layers of this type,

such as the perishable nature of the alignment layer after a relatively short period of time. More-

over, because the orientation of the LC director is determined by the static alignment pattern

on the surface, it is difficult to generate complex 3D structures using this method. Meanwhile,

to fabricate Dammann gratings with photoalignment layers, predesigned photomasks are often

required, which restricts the flexibility of the pattern design. Even though electrical tunabil-

ity of an LC Dammann grating has been reported by Wang et al.190, the Dammann grating

pattern presented was still based on surface photoalignment layers that were patterned with

photomasks. In this case, the application of an external electric field resulted in overcoming the

surface alignment effects so as to reorient the LC director and switch the Dammann pattern

on and off. Here the whole structure was limited to a surface-induced alignment rather than a

bulk 3D configuration. Additionally, these Dammann gratings are often designed for operation

at a single specific wavelength rather than a range of wavelengths.

In this chapter, bi-element switchable Dammann gratings are reported that can operate

at multiple wavelengths by tuning the applied voltage. These switchable gratings have been

fabricated in polymerisable LC resins using two-photon polymerisation direct laser writing

(TPP-DLW), which negates the need for perishable photoalignment layers or static configura-

tions; it also enables more than one grating to be encoded into the LC layer at any one time. As

discussed in Section 2.2, TPP-DLW allows for the fabrication of sophisticated 3D microstruc-

tures in the polymerisable LC resin by locking-in the orientation of the LC director inside the
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network at the moment of exposure to the laser writer15,95,194,195. Results are presented of the

fabrication and characterisation of both a single element switchable 2D Dammann grating and

multi-element interchangeable 2D Dammann gratings written into a region of LC covering a

size of 1024 μm by 1024 μm. Simulations are conducted before fabrication to determine the

optimum fabrication parameters that result in voxels with dimensions of ~1 μm radius and

~8 μm in length. The fabricated gratings produce a uniform intensity distribution across the

far-field array, with fast response times and high diffraction efficiency. They demonstrate sta-

ble operation across a range of wavelengths by adjusting the applied voltage, highlighting their

potential for dynamic beam shaping and optical communication.
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Figure 3.1: Concept of an electrically-switchable LC Dammann grating fabricated using TPP-
DLW. (a) Laser writing into an LC device under an electric field. (b) Laser-written Dammann grating
with polymerised regions. (c) Replay field under fabrication voltage. (d) Replay field with no voltage.
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Figure 3.1 illustrates the novel concept of fabricating a single layer Dammann grating in a

LC device with TPP-DLW along with the corresponding diffraction patterns observed in the

replay (far) field when the grating is activated or deactivated. This is the first demonstration of

using DLW to fabricate a switchable Dammann grating in LC device, which enables dynamic

pattern switching through the application of an external electric field. Figure 3.1(a) demon-

strates the process of laser writing into an LC device. The alignment of the LC director is first

controlled by an external electric field, and then locked by a polymer network using direct laser

writing. The writing process of locked and tunable regions of a Dammann grating using two-

photon laser writing is illustrated in Figure 3.1(b). After the fabrication of a Dammann grating,

an external electric field is applied again to activate and deactivate the pattern in the replay (far)

field and the expected results are shown in Figure 3.1(c) and Figure 3.1(d), respectively.

3.1.2 Design of LC Dammann Gratings

�������

�������

�������

����

������

����������

����������

g(x,y) G(u,v)

Figure 3.2: Concept illustration of a Dammann grating. It is assumed that the grating is illuminated
by a collimated laser beam with a planar wavefront and the output pattern is captured in the far field.
The designed Dammann grating is represented as its transparency function g(x, y) and its diffraction
pattern after a Fourier lens is represented by the Fourier transform of transparency function as G(u, v).

The design of the LC Dammann gratings used is based on scalar diffraction theory167,168,170. It

is assumed that the grating is illuminated by a collimated laser beam with a planar wavefront

and the output pattern is captured in the far field. The designed 2D Dammann grating can

be represented as a transparency function g(x, y) and the diffraction pattern is represented
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mathematically by the Fourier transform of the 2D Dammann grating as G(u, v). The concept

of a Dammann grating is demonstrated in Figure 3.2.
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Figure 3.3: Illustration of typical Dammann gratings. The typical 1D structure of a Dammann
grating over one period −0.5 ⩽ ξ ⩽ 0.5 with (a) symmetric structure and (b) nonsymmetric structure.
The designed transition points are shown as ξ1, ξ2, ξ3, . . ., ξN within one period.

The transparency function g(x, y) can be represented by the product of two individual

1D grating functions in the x and y directions: g(x, y) = g1(x)g2(y). For this situation, the

Fourier transform of g(x, y) is separable into two directions: G(u, v) = G1(u)G2(v), where

G1(u) and G2(v) are the 1D Fourier transform of g1(x) and g2(y), respectively. The grating

structures in the x direction (g1(x)) and y direction (g2(y)) do not necessarily need to be the

same, as the number of spots in the diffraction pattern in either direction can be different.

However, for simplicity, let’s assume g1(x) = g2(y) = g(ξ) and G1(u) = G2(v) = G(u).
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Then the main computational problem becomes finding the transparency function g(ξ) with

phase-only form: g(ξ) = e−iϕ(ξ) and its Fourier transform will then generate G(u).

In order to reduce the computational complexity and increase grating usability, the phase

difference ϕ(ξ) introduced by the grating was restricted to be 0 and π only. So, for the grating,

the value of g(ξ) was restricted to be g(ξ) = 1 and g(ξ) = −1 only. Furthermore, in order to

generate a diffraction pattern, the grating should be a periodic pattern, thus g(ξ) = g(ξ+∆ξ).

For our analysis, it is convenient to set ∆ξ = 1 as a way of normalising the results. Figure 3.3

illustrates the typical 1D structure of a Dammann grating over one period −0.5 ⩽ ξ ⩽ 0.5

with symmetric structure and nonsymmetric structure.

Since the grating can be either even or odd, the transition points in the negative half-

period are mirrored from those in the positive half-period. Therefore, the only free parameters

for either structure are the positive transition points ξ1, ξ2, ξ3, . . ., ξN within the interval

0 < ξ ⩽ 0.5.

The next goal is to compute the transition points ξ1, ξ2, ξ3, . . ., ξN so that the zeroth (only

for the odd grating) and ±1st, . . ., ±N th diffraction orders have equal intensities. The number

of transition points N relates to the number of spots in the array. For an even symmetric

grating, it will generate 2N + 1 spots in the 1D diffraction pattern. For an odd nonsymmetric

grating, it will generate 2N spots in the 1D diffraction pattern. In the following discussion, we

use the boundary conditions ξ0 = 0 and ξN+1 = 0.5.

For the even symmetric grating168, the transparency function ge(ξ) is written as

ge(ξ) =



N∑
n=0

(−1)nrect
[
ξ − (ξn+1 + ξn)/2

ξn+1 − ξn

]
0 < ξ ⩽ 0.5

N∑
n=0

(−1)nrect
[
ξ + (ξn+1 + ξn)/2

ξn − ξn+1

]
−0.5 ⩽ ξ < 0

(3.1)
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where rect[·] is the rectangular function. The Fourier transform G(u) of Equation 3.1 can

then be derived for both halves of the function. For the positive half 0 < ξ ⩽ 0.5 of the

transparency function ge(ξ), its corresponding G(u) can be represented as

G(u)|0<ξ⩽0.5 = F{ge(ξ)|0<ξ⩽0.5}

=
N∑
n=0

(−1)nF
{
rect

[
ξ − (ξn+1 + ξn)/2

ξn+1 − ξn

]}
=

N∑
n=0

(−1)nF
{
rect

[
1

ξn+1 − ξn
·
(
ξ − ξn+1 + ξn

2

)]}
=

N∑
n=0

(−1)n(ξn+1 − ξn) · sinc((ξn+1 − ξn)u) · e−πui(ξn+1+ξn).

(3.2)

If u = 0, which represents the zeroth order of the diffraction, the transform is calculated as

G(u)|0<ξ⩽0.5 =
N∑
n=0

(−1)n(ξn+1 − ξn). (3.3)

If u ̸= 0, which represents higher orders of diffraction, their transforms can be calculated as

G(u)|0<ξ⩽0.5 =
1

uπ

N∑
n=0

(−1)n sin(πu(ξn+1 − ξn)) · e−πui(ξn+1+ξn)

=
1

uπ

N∑
n=0

(−1)n
eπui(ξn+1−ξn) − e−πui(ξn+1−ξn)

2i
· e−πui(ξn+1+ξn)

=
1

uπ

N∑
n=0

(−1)n
e−2πuiξn − e−2πuiξn+1

2i
.

(3.4)

For the negative half −0.5 ⩽ ξ < 0 of the transparency function ge(ξ), its corresponding G(u)

can be represented as

G(u)|−0.5⩽ξ<0 = F{ge(ξ)|−0.5⩽ξ<0}

=
N∑
n=0

(−1)nF
{
rect

[
1

ξn − ξn+1

·
(
ξ +

ξn+1 + ξn
2

)]}
=

N∑
n=0

(−1)n(ξn+1 − ξn) · sinc((ξn − ξn+1)u) · eπui(ξn+1+ξn).

(3.5)
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If u = 0, which represents the zeroth order of the diffraction pattern, the transform is

calculated as

G(u)|−0.5⩽ξ<0 =
N∑
n=0

(−1)n(ξn+1 − ξn). (3.6)

If u ̸= 0, which represents higher orders of diffraction, their transforms can be calculated as

G(u)|−0.5⩽ξ<0 = − 1

uπ

N∑
n=0

(−1)n sin(πu(ξn − ξn+1)) · eπui(ξn+1+ξn)

=
1

uπ

N∑
n=0

(−1)n
e−πui(ξn−ξn+1) − eπui(ξn−ξn+1)

2i
· eπui(ξn+1+ξn)

=
1

uπ

N∑
n=0

(−1)n
e2πuiξn+1 − e2πuiξn

2i
.

(3.7)

Thus, the odd-numbered diffraction orders of ge(ξ) in the Fourier planeG(u) are then expressed

as

Ge(u) = F{ge(ξ)} =


1

uπ

N∑
n=0

(−1)n(sin 2πuξn+1 − sin 2πuξn) u ̸= 0

2
N∑
n=0

(−1)n(ξn+1 − ξn) u = 0.

(3.8)

Alternatively, for the odd nonsymmetric grating171, the transparency function go(ξ) takes the

form

go(ξ) =



N∑
n=0

(−1)nrect
[
ξ − (ξn+1 + ξn)/2

ξn+1 − ξn

]
0 < ξ ⩽ 0.5

−
N∑
n=0

(−1)nrect
[
ξ + (ξn+1 + ξn)/2

ξn − ξn+1

]
−0.5 ⩽ ξ < 0.

(3.9)

In the same way, by applying the Fourier transform to Equation 3.9, it is straightforward to

derive similar results for the even-numbered diffraction orders in the Fourier plane, which take

the form

Go(u) = F{go(ξ)} =


1

πui

N∑
n=0

(−1)n(cos 2πuξn+1 − cos 2πuξn) u ̸= 0

0 u = 0.

(3.10)
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The above expressions also highlight why the symmetric grating leads to an odd number of

diffraction spots while the nonsymmetric grating leads to an even number of diffraction spots

in the far field. According to Parseval’s theorem, the sum of the intensities of all diffraction

orders is 1:
∞∑

u=−∞

Iu =
∞∑

u=−∞

|G(u)|2 = 1. (3.11)

Thus, for the design of the gratings, a group of solutions for the transition points ξ =

[ξ1, . . . , ξN ] is required to create an array of diffraction spots with uniform intensity distribu-

tion, which is equivalent to I0(ξ) = I±1(ξ) = · · · = I±N(ξ). Numerical approaches are utilised

to derive solutions for ξ, and Zhou and Liu181 have provided a detailed table of the transition

points required for generating an array of any desired size. For all of the experiments reported in

this chapter, the transition points used in the pattern design have been taken from their results.

The transition point values for the 6-by-6 grating used for this study were: ξ1 = 0.11444 and

ξ2 = 0.20897. An example of a 6-by-6 grating design based on these transition points ξ1 and

ξ2 is shown in Figure 3.4.

0

π

�����

Figure 3.4: Illustration of the generated Dammann grating based on the designed transition
points. An example of a 6-by-6 grating design based on these transition points ξ1 and ξ2. Black and
white regions represent the target phase of 0 and π, respectively. Grey borders in the figure are for
the pattern edge illustration purpose only.

In the fabrication process, the transition points are quantised using a 1 μm square region,
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which corresponds to the minimum laser voxel dimension (see Section 3.3.1) and defines each

pixel on the raster image of the designed pattern. Therefore, the number of pixels in the pattern

affects the quantisation error introduced at the transition points during mathematical calcula-

tions, which in turn impacts the actual phase change and the overall pattern quality. In order

to gain more insight in terms of the factors that influence the actual device performance, simula-

tions were first carried out to determine the optimum design parameters (and consequently the

fabrication parameters) that would generate an array of spots with a high diffraction efficiency

and a uniform intensity distribution.

3.1.3 Generation of LC Dammann Gratings

The diffraction pattern in the far field can be derived by taking the Fourier transform of the

complex light distribution immediately after the grating. The propagating laser beam was

modelled using a monochromatic Gaussian beam intensity profile expressed as

I(ρ, z) =
I(0, 0)

1 + z2

z2R

e
−2ρ2

w2 (3.12)

where ρ =
√
x2 + y2 is the distance away from the centre of the laser beam; z is the distance

away from the waist point of the laser beam; zR =
πw2

0

λ
is the Rayleigh length; w is the waist

of the laser beam, which is a function of z; and w0 is the beam waist at distance z = 0.

By normalising I(0, 0) to 1 for calculation simplicity, Equation 3.12 at z = 0 can be further

simplified to

I(x, y) = e
−2·(x2+y2)

w2
0 (3.13)

where (x, y) is the position in a plane perpendicular to the propagation that is relative to the

central position of the beam where maximum intensity is observed.

A Dammann grating that gave rise to an array of 6-by-6 spots in the replay(far) field
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was then generated by employing the transition point values provided by Zhou181. The total

pattern size and the grating period were determined first according to the fabrication speed of

our DLW system, which was 100 μm per second for a single photo-polymerised line. Each

pixel of the design pattern corresponded to a 1 μm square region in the actual device fabricated

with the DLW system, which had to be taken into consideration, along with the spot size of

the illumination source in the experimental system used to characterise the diffraction patterns.

In the design pattern, a pixel value of 1 represents a phase of π and a value of 0 represents a

phase of 0, indicating a π phase difference between the two regions, which is controlled by the

designed transition points. After generating a 1D grating, the 2D pattern was then generated by

XOR-ing two 1D gratings with one of them being rotated by 90◦. The entire process sequence

as well as the simulated Gaussian beam are presented in Figure 3.5.
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Figure 3.5: Preparations for simulating the Dammann grating. (a) The simulated Gaussian laser
beam source. (b) Generation of a Dammann grating that gives rise to a 6-by-6 square array of spots
in the replay (far) field by taking the exclusive OR result for vertical and horizontal 1D Dammann
gratings.

3.2 Simulations of the Far-Field Intensity Distribution

3.2.1 Numerical Simulations

In order to determine the best fabrication coefficients, the pattern for the Dammann gratings

is classified based on the parameters used to generate them. There are few parameters that can
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control the quality of the far-field diffraction pattern generated by the Dammann grating.

The first tunable parameter is the number of pixels in the designed pattern that represent

the width of one grating period. Each pixel in the pattern corresponds to a 1 μm square in the

actual fabrication process. Simulations were performed using patterns with a total size of 8192

by 8192 pixels, varying the number of pixels per grating period from 16 to 2048 pixels. The

quality of the gratings, in terms of the intensity distribution in the replay field, was assessed by

calculating the maximum variation in normalised spot intensity.

The transition points were calculated based on the continuity of the axis, meaning they can

be any real number within a period. However, fabricating at the exact transition points would

be time-consuming. To increase fabrication speed while maintaining grating quality, the period

was quantised into whole pixels. The transition points were then rounded to the nearest whole

number of pixels, as fractional pixels cannot be fabricated.

When the width is small (i.e., 16 pixels), the normalised intensity difference ∆I between

the maximum and minimum intensity is ∆I|T=16 = 0.76, which indicates a pattern with a

significantly non-uniform intensity distribution that mismatches with the design target of a

uniform Dammann array. For a slightly larger width, i.e., 32 pixels or 64 pixels, the intensity

difference becomes ∆I|T=32 = 0.26 or ∆I|T=64 = 0.24, respectively, which are also not in

accord with the initial design. When the period is larger than or equal to 128 pixels, the

difference drops to ∆I|T=128 = 0.06, which means that the grating period with more than

128 pixels can generate a uniform intensity array with only a small degree of nonuniformity

that is less than 0.06 in the Fourier plane. However, when the grating period becomes larger,

the gap between each spot in the diffraction pattern will become narrower, which makes it

difficult to observe the diffraction pattern on a screen in the replay field. In order to balance

the need for low nonuniformity in the intensity distribution of the spots with the size of the
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diffraction pattern in the replay field, a pixel width of 128 pixels for the period is selected as

the fabrication parameter. The normalised intensity difference ∆I between the maximum and

minimum intensity for different grating periods are listed in Table 3.1.

Table 3.1: Intensity difference ∆I with different grating period.

T 16 32 64 128 256 512 1024 2048
∆I 0.76 0.26 0.24 0.06 0.05 0.03 0.01 <0.005

The distribution of the intensity and the overall quality of the diffraction pattern was

affected by the phase ramp at the transition points between two adjacent pixels with different

phase profiles. The ramp represents the gradual phase transition from one pixel to another

pixel around the transition point. For the actual fabrication, it is impossible to make the phase

change so abrupt at the transition point that there is no ramp in the phase, which reduces the

accuracy of the actual fabricated pattern compared with the ideal grating, which has a perfect

discontinuous phase change at the transition points. To simulate what is observed in practice,

and to determine the tolerance in the fabrication, the pattern was intentionally blurred with

different averaging kernels in Figure 3.6.

� � � � �

Figure 3.6: Blurred Dammann grating with an average filter and the corresponding Fourier
transforms of the grating. The filter window kernels used range from 1-by-1 to 9-by-9 pixels with a
step size of 2 pixels from (a) to (e).

The Fourier transform of the blurred gratings in Figure 3.6 indicate that if there is a slight

blurring of the pattern edge this will not affect the quality of the diffraction spots significantly,
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while the zeroth order will quickly become dominant if the quality of the fabrication of the

edges is poor.

The simulations provide detailed guidance about how to choose the most appropriate

parameters for the design of the grating and the fabrication of the grating in the LC device

to obtain the best quality in terms of the diffraction pattern. The final parameters chosen for

this study were as follows: (1) The grating image size was set to 1024 pixels by 1024 pixels,

with a grating period width of 128 pixels; (2) the writing speed and power were carefully

selected during the fabrication as well to minimise the blurring of the edges of the grating

pattern. These fabrication parameters were further verified using a spatial light modulator

(SLM), where a similar environment close to the actual laser-written LC devices is provided.

3.2.2 Testing Design using an SLM

Before writing the gratings directly into the LC glass cells, the gratings were characterised

experimentally using a SLM. The SLM consists of a grid of nematic LC pixels which have a linear

switching range between 0 and 2π at a wavelength of 780 nm. A Dammann grating was loaded

onto the SLM, which was installed in an off-axis replay configuration. This characterisation

system is illustrated in Figure 3.7.
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Figure 3.7: Layout of the SLM experiment setup used to inspect the Dammann gratings designed
in this work. Dammann gratings were loaded onto the SLM installed in an off-axis configuration
and the far-field intensity distribution are then captured by a CCD camera after the Fourier lens.
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The laser had a wavelength of λ = 780 nm. The power of the laser was attenuated using

a neutral density (ND) filter of optical density (OD) of OD = 0.2. A beam expanding system

was also included with f1 = 25.4 mm and f2 = 125 mm, which resulted in an expansion of the

beam to suit the size of the effective area of the SLM. The replay images were then captured by

a CCD after a lens on an off-axis position. By loading the designed Dammann grating pattern

on to the SLM, the far field image could then be captured by a CCD camera.

The pattern loaded onto the SLM was essentially the same as that presented in Figure 3.4

but adjusted to utilise the full tunable range and resolution of the SLM. The 24-bit RGB image,

where 8 green bits are the most significant bits and 8 blue bits are the least significant bits, was

loaded into the 16-bit digital video interface of the SLM. According to the datasheet of the

SLM, the last 8 blue bits are ignored and only an image composed of 8 green bits and 8 red

bits will result in a tunable linear output phase of the SLM across the full 16-bit range.

Figure 3.8(a) and (b) illustrate the grating pattern and simulation results of the correspond-

ing replay image in the Fourier plane, respectively. The initial simulation results in Figure 3.8(c)

indicate that the designed Dammann grating pattern creates an array of spots in the replay field

as intended.

� � �

100 µm

Figure 3.8: Design, simulation and experimental characterisation results of a 2D Dammann
grating in an SLM imaging system. (a) Configuration of a Dammann grating that gives rise to
a square array of 6-by-6 spots in the replay field. (b) Simulation of the corresponding replay field
pattern. (c) Photograph of the replay field pattern observed when the Dammann grating in (a) was
loaded onto the SLM.
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From simulation results of the pattern formed by the SLM imaging system, it can be noticed

that the outcome of the simulation is not identical to the expected pattern. This discrepancy

was caused by the gap between two SLM pixels which in effect is the same as the gradient

phase ramp at the pattern edge. This nonideal situation contributes to the the centre zeroth

order spot and thus emphasizes the advantage of the DLW method, which can overcome this

weakness.

3.3 Two-photon Polymerisation Direct Laser Writing System

3.3.1 Fabrication System

A schematic of the TPP-DLW system is illustrated in Figure 3.9. The laser source is a mode-

locked Titanium-Sapphire femtosecond laser (Spectra-Physics Tsunami) emitting at a centre

wavelength of 780 nm, which is pumped by a diode-pumped solid state (DPSS) CW laser

(Spectra-Physics Millennia V) at 532 nm, emitting 100 fs pulses at a repetition rate of 80

MHz. The laser was focused into the LC layer of the cell using an Olympus 0.45 numerical

aperture (NA) objective lens. The power of the fabrication laser focused into the LC layer after

the objective was 40 mW. The lateral (∆x,∆y) and axial (∆z) dimensions of the voxels were

estimated using the following equations15:

∆x,∆y ≈ λ

2NA
(3.14)

∆z ≈ 3nλ

2NA2
(3.15)

where n is the refractive index of the mixture used during the fabrication. For the formulation

used in this experiment, the refractive index is estimated to be n=1.51, which results in voxel

dimensions that are ~1 μm in the lateral dimension and ~8 μm along the axial dimension.
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Figure 3.9: Schematic of the optical layout of the two-photon polymerisation direct laser writing
system. Key optical subsystems are highlighted with the necessary components labelled. The laser
source used in the TPP-DLW system is a mode-locked Titanium-Sapphire femtosecond laser (Spectra-
Physics Tsunami) working at λ = 780 nm and emitting 100 fs pulses at a repetition rate of 80 MHz.
The laser was focused into the fabrication plane inside the liquid crystal (LC) device using an Olympus
0.45 numerical aperture (NA) objective lens. The red lines show the path of the 780 nm femtosecond
laser for two-photon fabrication, while the yellow lines show the path of the halogen source that
illuminates the LC sample (filtered by a 550 nm long pass filter to prevent unwanted cross-linking).

The voltage-controlled sample was mounted onto a 3D printed adapter on a 3-axis piezo-
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electric translation stage with positioning resolution of 1 nm and movement accuracy of 100 nm

(Aerotech ANT95XY-050 and ANT95V-3). The halogen bulb beside the stage illuminates the

sample through an orange (550 nm) filter so that the photocuring process could be monitored

with an in-situ monochrome CCD camera in real time. A polarising optical microscope con-

figuration was established by forming an image of the illuminated sample through the dichroic

mirror before it was captured by a CCD camera using a lens of 200 mm focal length with a

polariser and analyser installed. The LC mixture was polymerised by moving the device under

the focus of the pulsed laser beam at a speed of 0.1 mm/s. The LC device was driven by a 1

kHz square wave of voltage ranging between 0 Vrms and 10 Vrms.

My contributions to the system include integrating the intensity modulation scheme (S1 in

Figure 3.9) and developing an automatic control algorithm for the 3-axis stage, enabling large-

scale fabrication. The intensity modulation enhances power control flexibility, accommodating

a broader range of users. The embedded optimisation algorithm in the automatic control

system (see Section 3.3.2) ensures consistent high-precision fabrication. These improvements

have significantly enhanced overall efficiency and reliability of the DLW system.

3.3.2 System Optimisation

Based on previous experiments on the DLW system, a significant drift in the z axis was observed

during the fabrication procedure, which caused an uneven distribution of the pattern in LC

devices during fabrication of structures that lasted a long period of time. Some preliminary

qualitative research indicated that the reason for the stage z axis drift is the thermal expansion

of mechanical components in the stage during a long fabrication period. Considering that the

system has been fixed and no equipment tends to be added into or removed from the system, a

non-destructive method referred to as maximum contrast method was proposed for quantizing

the problem with a predetermined calibration pattern. In addition, a PID control algorithm
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was utilised for compensation, as it only uses the original camera in the system to obtain the

contrast information of the calibration target required.

(i) Maximum Contrast Method

By utilising the same technology behind the autofocus (AF) process in a smartphone camera,

we designed this method to derive the actual z axis position of the stage. The camera on a

smartphone typically performs an autofocus by detecting the contrast of the image it receives

and moves the position of the lens to find the best position before capturing an image. This

method is classified as passive AF as the algorithm relies on image information only. Naturally,

the difference between adjacent pixels of the sensor will increase with correct image focus, where

the image sharpness is maximised196. The optical system can therefore be adjusted using the

relationship between the image contrast and position derived.

The contrast is represented as the sliding average of a 3-by-3 block where the average differ-

ences in the grey scales between a pixel and its surrounding 8 pixels are calculated. Assuming

that the grey scale of the original M-by-N RGB image is represented as Imn, where m ∈ [1,M ],

m ∈ N∗ and n ∈ [1, N ], n ∈ N∗. The average difference in each 3-by-3 block Bij is represented

as:

Bij =
1∑

k=−1

1∑
t=−1

(I(i+k)(j+t) − Iij) (3.16)

where i ∈ [2,M − 1], i ∈ N∗ and j ∈ [2, N − 1], j ∈ N∗. The contrast C is defined as:

C =
M−1∑
i=2

N−1∑
j=2

Bij. (3.17)

The core principle of this method is providing a way of deriving a certain feedback signal from

the calibration targets fabricated continuously across the thickness of the device and creating a

closed-loop compensation system. By creating and measuring a standard reference pattern using
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a camera at different depth positions, a group of values could be derived for the calibration for

comparison and calibration in real-time during the fabrication process.

(ii) Algorithm Robust Test

The PID algorithm was then utilised to compensate the stage error in a dynamic way using

the feedback signal provided from contrast measurements. The stage was designed to move to

a random position within a relative ±5 μm deviation and then using the PID algorithm to

control the stage to move back to its original height.
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Figure 3.10: Illustration of stage position drift.(a) Results of stage position readings with random
deviations using image contrast as a feedback signal with random deviations. (b) Measured position
drifts of stage for error evaluations.

The whole process was then repeated for 1000 times. Figure 3.10(a) shows the random

deviations and the stage readings as well as their trends without the compensation method.

It can be noticed that there is a significant drift between the stage readings and the random
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deviations, which proves that the thermal drift did exist during the whole fabrication process.

To illustrate the thermal drift more clearly, Figure 3.10(b) is plotted. The drift of the stage was

calculated by comparing the difference between the random deviation (target) and the z axis

readings (real). The total time cost for the robust test was about 100 minutes and a significant

drift over 1 μm has been noticed. Since the drift of the stage can be precisely measured, thus

the real-time compensation can be achieved during a long timescale fabrication process.

Meanwhile, the stage movement error EM could also be derived from this test as well. This

calculates the error between the final reading of the z axis, Zfinal, after returning the stage to the

reference (origin) position and the sum of the accumulation of ∆dk during PID compensation

Z̃final, where Z̃final = Zinitial +
∑

∆dk. Thus EM = Zfinal − Z̃final.

�
�
��
�
�
�
��
�
��
�
��
��
�
�

���

���

���

����

����

����

����
� ��� ��� ��� ��� ��� ��� ��� ��� �������

�������������

 �!!"�#�$���$#���������������

Figure 3.11: Illustration of relative movement error of the stage in the robust test. The mean
value of the error is -1.11 nm and the standard deviation is 0.85 nm.

The test results after the integration of the compensation method are illustrated in Fig-

ure 3.11. It can be concluded that the movement error is limited within ±4nm, which is

very accurate compared with the stage drift. So, the PID compensation algorithm didn’t add

in extra error to the stage. It also can concluded that the relative movement of the stage is

accurate and reliable, while the absolute reference point (the origin) drifts significantly and is

unreliable during the long-lasting fabrication process. This further supports the effectiveness of
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the incremental PID algorithm in improving the accuracy and stability of the stage during long

fabrication processes.

3.4 Fabrication of LC Dammann Gratings

3.4.1 Single Element Fabrication

The fabrication process for the single layer switchable 2D Dammann grating is demonstrated in

Figure 3.12. A 5 μm thick Instec LC cell capillary filled with the prepared mixture is utilised

in the fabrication. The cell was in its initial state with no external electric field applied before

the fabrication. In this state, the LC director is aligned with the surface rubbing direction.

Then the two-photon laser was focused into the polymerisable resin with its voxel position

precisely controlled by a 3-axis piezoelectric translation stage. Because the thickness of the cell

was smaller than the axial voxel dimension, the polymerised LC resin will be tethered to the

substrates firmly. Different LC regions will be polymerised and the orientation of the director

locked based on the designed Dammann grating pattern. After the fabrication process, the

laser will be removed and different voltages will be applied to tune the free unpolymerised LC

regions in the resin and create different phase profiles for various wavelengths.
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Figure 3.12: Illustration of the concept of an switchable 2D liquid crystal (LC) Dammann
grating fabricated using two-photon polymerisation direct laser writing. The grating is fabricated
across the LC bulk with no voltage applied and activated by applying a voltage to change the orientation
of the LC director to give rise to the designed phase profile.

61



3.4.2 Multi-Element Fabrication
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Figure 3.13: Illustration of the concept of an interchangeable 2D liquid crystal (LC) Dammann
grating fabricated using two-photon polymerisation direct laser writing. One grating (Grating A)
was fabricated on the substrate and activated by applying a voltage corresponding to the voltage used
to write Grating B (which makes this grating inactive). The other grating (Grating B) was written
next to the superstrate and activated by applying a voltage that corresponded to the voltage applied to
fabricate Grating A (which renders Grating A inactive as the director profile between the polymerised
and unpolymerised regions becomes continuous).

The fabrication process for the bilayer interchangeable 2D Dammann grating is demonstrated

in Figure 3.13, which is similar to the process of the single layer switchable 2D Dammann

grating in Figure 3.12. A thicker 20 μm Instec LC cell capillary filled with the prepared mixture

was utilised for this demonstration. The cell was in its initial state where the LC director was

aligned with the surface rubbing direction. Then, based on the design of two Dammann

gratings and the requirement for the voltages at which they are activated, different voltages

were applied for writing the corresponding grating structures. Due to the thicker LC layer

used in the fabrication, the laser writing voxel was precisely controlled to appear at different
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locations in the LC layer. A set of standard patterns was fabricated through the full thickness,

and the method introduced in Section 3.3.2 was used to determine the fabrication depth. In

order to separate two gratings explicitly, one of the gratings was tethered to the substrate while

the other one was tethered to the superstrate during the fabrication process. Grating A that is

attached to the substrate was fabricated first with voltage A applied. Only the designed regions

will be locked-in by the polymer network during the fabrication. Then the same steps were

repeated for Grating B that was fabricated on the superstrate with voltage B applied. After the

fabrication, the writing laser was removed and different voltages were applied to tune the free

unpolymerised regions in the LC layer to switch between the two different gratings.

3.5 Switchable 2D Dammann Grating

3.5.1 Experiment Results

For this study, the polymerisable nematic LC mixture (IR819-RM257-E7) was used. This was

capillary filled into a glass cell with anti-parallel rubbed polyimide alignment layers, indium

tin oxide electrodes, and a cell gap of 5 μm. Figure 3.14 shows the experimental results for

a Dammann grating laser written into the polymerisable nematic LC. The size of the grating

was set to 512 pixels by 512 pixels where each pixel was fabricated with 2-by-2 1 μm laser-

written spots and the number of pixels used to represent each period in the pattern was 128.

This results in a grating size of 1024 μm by 1024 μm, which was the same configuration as

that used for testing with the SLM, but with a total pattern size that was scaled by 2. The

grating pattern was fabricated for the case when no voltage was applied during fabrication

and the target pattern fabricated was designed to exhibit a square array of 6-by-6 spots in the

replay-field. Figure 3.14(a) shows a polarising optical microscope (POM) image of the laser

written pattern. As the pattern was written at VFabrication = 0.0 Vrms, the features are barely

visible because of the uniformity in the director field. This is because the laser writing has
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locked-in the alignment at 0.0 Vrms for the regions that define the grating. When the device

was inspected without an applied electric field, the director was aligned in the same direction

uniformly throughout the LC layer. Some of the features of the grating can be just made out

in the image, and it is believed that this is due to a slight mismatch in the refractive indices

between the polymerised and unpolymerised regions. Figure 3.14(b) shows a POM image of

the pattern with no analyser installed to highlight the phase-only information from the pattern

(which is null here). The features are nearly invisible because the pattern was written at 0.0 Vrms

where the phase profile is uniform as the director was aligned throughout. When no voltage

was applied the grating was inactive and therefore no pattern was generated in the replay field

as can be seen in Figure 3.14(c).
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Figure 3.14: Demonstration of a switchable laser written LC Dammann grating. (a) Polarising
Optical Microscope (POM) image of the Dammann grating for an illumination wavelength of 660 nm
that gives rise to a 6-by-6 array of spots in the replay field when activated. The POM shows the case
for the voltage off-state at V = 0 Vrms. The arrows indicate the directions of the polariser (P), analyser
(A) and rubbing direction (R). (b) Microscope image of the 6-by-6 square grating with no analyser in
the voltage off-state at V = 0 Vrms. (c) Corresponding replay field pattern for the voltage off-state. (d)
Microscope image of the 6-by-6 square grating in the voltage on-state at V = 1.3 Vrms (with grating
design included in the top left corner). (e) Phase only microscope image of the 6-by-6 square grating
with no analyser in the microscope for the voltage on-state at V = 1.3 Vrms. (f) Corresponding replay
field pattern for the voltage on-state at V = 1.3 Vrms.
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To activate the grating and obtain a diffraction pattern, a replay voltage of VReplay = 1.3

Vrms, which will generate a pattern with π phase difference at a wavelength of 630 nm laser

illumination, was applied where it can be seen that a clear Dammann grating appears in the

LC device (as is evident from the POM image in Figure 3.14(d)). This voltage was selected

based on the transmission-voltage curve measured for the LC device in Figure 2.7. It can also

be seen in Figure 3.14(d) that the fabrication has been successful by comparing the fabricated

pattern in the LC cell with the designed pattern (shown as an inset). Phase information was

inferred from the POM images with no analyser installed in the microscope (Figure 3.14(e))

by checking the edges of the feature where the regions with different phase profiles are clearly

revealed. The director locked-in by a polymer network at 0.0 Vrms remains unchanged while

the director in the non-laser written regions were reoriented by the replay voltage 1.3 Vrms to

create a different phase profile. The mismatch in the refractive indices at the transition edges

between the two regions results in the appearance of the grating.

Figure 3.14(f) shows the 6-by-6 array of spots generated in the replay field (far field) when

the LC device was switched on with a voltage of 1.3 Vrms, demonstrating that the intensity is

relatively uniformly distributed amongst the spots. The results show that the fabricated single

layer element can readily switch between the two states with no residual appearance of the other

grating when the device was set to the design voltages for activating the gratings. The results

also show that the diffracted spots are distributed with a uniform intensity distribution when

the grating was activated and then completely disappear when the grating was deactivated. Note

that the faint concentric circles that can be seen in the image are the result of contributions

from other planar optical elements in our 630 nm replay imaging system, such as a half-wave

plate, polariser, beam splitter etc.

When the voltage applied to the LC was neither 0 Vrms nor 1.3 Vrms, which are the designed
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replay voltages, the diffraction pattern will no longer be a uniform beamlet array or simply a

non-diffracted spot. Instead, the zeroth order spot will become dominant in the replay field with

the addition of a beamlet array that is much weaker in intensity. An example of the diffraction

pattern recorded in the replay field when 1.0 Vrms was applied is illustrated in Figure 3.15.

250 µm

Figure 3.15: The replay field pattern for an applied voltage between the on-state and off-state.
In this case, the voltage applied was 1.0 Vrms. The diffraction pattern is no longer a uniform beamlet
array or simply a non-diffracted spot. Instead, the zeroth order spot becomes dominant in the replay
field with a dim 6-by-6 beamlet array in the background.

3.5.2 Analysis and Discussion

(i) Fabrication Quality Analysis

To analyse the fabrication quality in more detail, the optical phase for the cross-sections of one

grating period for the on and off states were extracted from the POM images and the results

are illustrated in Figure 3.16. In the figure, the additional optical phase introduced by the LC

birefringence when the voltage activating the pattern are binarised at the threshold, which is

half the value between the maximum and minimum phase differences. The actual transition

points were then derived from these binarised values. Compared with the designed transition

points, which were : ξ1 = 0.11444 and ξ2 = 0.20897 respect to the unit period length 1, the

fabricated devices exhibited a deviation ∆ξ in the transition point of less than 0.02 with respect

to the unit period length or less than 2% with respect to the actual fabrication length, which

is close to the fabrication quality of UV lithography177,178. Direct inspection of the transition
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points using SEM imaging might be possible. However, due to the process of washing out

the non-reacted LC mixture and coating the polymer network for SEM imaging will inevitably

degrade the quality of the network, which could lead to an incorrect interpretation of the

transition points.
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Figure 3.16: The phase extracted from a cross-section of one period of the grating along the
longitudinal direction in the Dammann grating. This grating generates an array of 6-by-6 spots in
the replay field. Corresponding microscope images of one period under crossed polarisers (with and
without an applied voltage) for the same length scale are presented above the plot.

(ii) Diffraction Efficiency Measurements

The efficiency, which is defined as the ratio between the summation of the intensity of all desired

6-by-6 diffraction spots and the non-diffracted initial laser spot, was found to be approximately

60%. Figure 3.17 presents the results for the diffraction efficiency as a function of voltage,

which describes how much light goes into the 6-by-6 array of spots when the grating was

activated. The mismatch arises because the formation of the polymer network causes a slight

deviation in the voltage required to activate the pattern from the designed value. This leads to

small changes in the pattern intensity under the microscope, affecting image contrast even when

diffraction efficiency is maximised. These results indicate that these laser written LC devices
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are promising for high-quality switchable Dammann gratings with high diffraction efficiency

and relatively uniform intensity distribution across the spots in the array.
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Figure 3.17: Diffraction efficiency and image contrast of a Dammann grating as a function of
the applied voltage. The inset images show the diffraction pattern and polarising optical microscopy
(POM) images at 1.3 Vrms.

(iii) Response Times

The rise (10%-90%) and fall (90%-10%) response times for the switchable grating written into

this LC sample with a 5 μm cell gap were found to be of the order of 40 ms and 200 ms,

respectively, which is significantly less than the response times recorded for the unpolymerised

regions of the device, where response times of the order of 100 ms and 400 ms were recorded.

The faster response times are due to the reduced thickness of the free LC region caused by the

polymerised regions, which constrain the LC molecules and shorten the reorientation distance

under an electric field. The switching time measured for the unpolymerised regions is consistent

with the dynamics of the Fréedericksz transition197 and is consistent with observations that

the relaxation time is shorter for polymerised nematic LCs compared to the unpolymerised

regions198,199.

68



(iv) Temperature Stability

Figure 3.18 demonstrates the performance of a switchable Dammann grating when the temper-

ature of the device was altered. In general, the grating can maintain the maximum diffraction

efficiency across a range of temperatures. Figure 3.18(a) illustrates the diffraction efficiency of

a Dammann grating as a function of the applied voltage at different temperatures ranging from

25 ◦C to 60 ◦C. It was noticed that the initial diffraction efficiencies at 0 Vrms increases due

to a change in the temperature. This is caused by a change in the dielectric permittivity, the

elastic coefficients and birefringence of the LC mixture at different temperatures between the

polymerised and unpolymerised regions.

�

�

���

���

���

���

��

�
��
��
��
��
�
��
�
��
��
�
��

���

 ���

���

���

���

��

�!"

�!�

 !�

 ! 

 !�

 !#

 !�

 !$

�
��
��
��
��
�
��
�
��
��
�
��

%
�
&�
�
'
�
�(
)
�*
�%

�+
,�

�  � # � $ � - � "

�� �$ #� #$ �� �$ $� $$ �� -��$

%�&��'��*�%�+,

.�+/����0���*�12

�$�12 #$�12 �$�12 $$�12 ���12

��������������������

%�&��'��()

Figure 3.18: The diffraction efficiency of a switchable Dammann grating for different applied
voltages and temperatures. (a) Diffraction efficiency of a Dammann grating as a function of the
applied voltage at five different temperatures ranging from 25 ◦C to 60 ◦C. (b) The change in the
diffraction efficiency (primary y-axis, blue symbols) and “Voltage ON” voltage (secondary y-axis, red
symbols) as a function of temperature. The coloured dashed lines on the graph are intended to guide
the eye.
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Figure 3.18(b) reveals the change in the diffraction efficiencies and the voltage at which the

grating appears on (labelled as “Voltage ON”) at different temperatures. It is shown that the

maximum diffraction efficiency of the switchable Dammann grating is maintained from room

temperature up to the clearing temperature of the LC mixture. Meanwhile, as an increase in

the temperature increases the initial optical phase difference between the polymerised regions

and the unpolymerised regions, a lower voltage was then required to activate the grating and

turn on the far-field diffraction pattern.

(v) Multiwavelength Compatibility

� � � �

400 µm 400 µm 100 µm 100 µm

Figure 3.19: Demonstration of a switchable laser written LC Dammann grating operating at
other wavelengths. The diffraction patterns are demonstrated under wavelengths of λ = 520nm and
λ = 780 nm by adjusting the voltage applied to the LC device. (a) The replay field pattern for the
voltage off-state at V = 0 Vrms for an incident wavelength of 520 nm captured with a CCD camera.
(b) The replay field pattern for the voltage on-state at V = 1.14 Vrms at a wavelength of 520 nm. (c)
The replay field pattern for the voltage off-state at V = 0 Vrms at a wavelength of 780 nm captured
with a monochromatic CCD camera. (d) The replay field pattern for the voltage on-state at V = 1.54
Vrms at a wavelength of 780 nm.

Figure 3.19 demonstrates the ability of the 2D switchable Dammann grating to work at a range

of different wavelengths. By adjusting the voltage applied to the LC device according to the

transmission-voltage curve for the 5 μm sample in Figure 2.7(a), a phase difference of π can be

achieved between the locked-in regions and the non-laser written regions. Figure 3.19(a) and

Figure 3.19(b) shows the off-state and on-state of the Dammann grating when illuminated with

light of a wavelength of 520 nm. The images were captured using a CCD camera. The test
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voltage applied to the cell to control the director orientation of the non-laser written regions

was V = 1.14 Vrms. Figure 3.19(c) and Figure 3.19(d), on the other hand, shows the switching

of the Dammann grating when the LC device was illuminated by light of a wavelength of 780

nm. The 780 nm images were captured using a monochromatic CCD camera with the infrared

filter removed. The voltage applied to turn the grating on was V = 1.54 Vrms. Note that the

concentric circles seen in Figure 3.14(f) are not present here as the planar optical elements (e.g.,

waveplates) in our imaging system have been removed.

3.6 Interchangeable 2D Dammann Gratings

3.6.1 Experiment Results

Figure 3.20 shows an LC device that consists of two separate Dammann gratings that give rise

to different arrays of spots in the replay field. In this case, the sizes of the two gratings are

both 1024 pixels by 1024 pixels, where each pixel was fabricated using the DLW to illuminate

regions of 1-by-1 1 μm spots, which results in an overall grating size of 1024 μm by 1024 μm.

The two Dammann gratings that were designed give rise to an array of 6-by-6 spots in a square

configuration and an array of 6-by-6 spots in a rhombus configuration. The gratings were

fabricated in a glass cell with an LC layer thickness of 20 μm and were driven with a 1 kHz

square wave with different voltage amplitudes during the fabrication process. The Dammann

grating corresponding to the 6-by-6 rhombus pattern (pattern A) was fabricated in the presence

of a voltage VA = 3.38 Vrms applied to the LC cell. On the other hand, the Dammann grating

corresponding to the 6-by-6 square pattern (pattern B) was fabricated when the LC cell was

subjected to a voltage of VB = 5.96 Vrms. The voltages applied for the fabrication is based on

the transmission-voltage curve for the 20 μm LC layer in Figure 2.7(c) and a phase difference

of π can be achieved between the locked-in voltages. Figure 3.13 illustrates the concept of an

interchangeable Dammann grating fabricated using TPP-DLW.
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Figure 3.20: Demonstration of LC devices with interchangeable Dammann gratings. (a) Micro-
scope image of the Dammann grating that gives rise to a 6-by-6 square array in the replay field (with
the grating design shown in the top left corner) fabricated at VA = 3.38 Vrms. The arrows indicate
the direction of the polariser (P), analyser (A) and rubbing direction of the alignment layer (R). (b)
Phase only microscope image of the Dammann grating that gives rise to a 6-by-6 square array in the
replay field fabricated at VA = 3.38 Vrms. (c) Corresponding replay field pattern for the Dammann
grating that generates a 6-by-6 square array in the replay field (with simulated replay field shown in
the top left corner of the image). (d) Microscope image of the Dammann grating that gives rise to a
6-by-6 rhombus array of spots in the replay field (with the grating design shown in the top left corner)
fabricated at VB = 5.96 Vrms. (e) Phase only microscope image of the Dammann grating that gives
rise to a 6-by-6 rhombus array of spots in the replay fabricated at VB = 5.96 Vrms. (f) Corresponding
replay field pattern showing the 6-by-6 rhombus array of spots (the simulated replay field is shown in
the top left corner).

The depths of the patterns fabricated within the LC layer were carefully chosen to ensure

that they were close to the glass substrates and that they did not overlap with each other.

These voltages were selected based on measurements of the transmission-voltage curve for the

LC sample, which creates a π phase difference between the two laser-written gratings. It can

be seen in Figure 3.20(a) and Figure 3.20(e) that the Dammann gratings compare well with the

design pattern (shown in the inset of each image). The diffraction patterns were obtained by

applying the voltage that was used to write the other grating, i.e., applying voltage VA (voltage for

rhombus pattern fabrication) to observe pattern B (square pattern) in the replay field whereas
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applying VB (voltage for square pattern fabrication) meant that pattern A (rhombus pattern)

could be seen in the replay field. The phase only information from the pattern is highlighted in

Figure 3.20(b) and Figure 3.20(e) which were captured from POM with no analyser installed.

The results for the 6-by-6 square diffraction pattern captured in the far field (replay field)

in the replay system as well as the corresponding simulation results (shown in the insets) using

the designed pattern are presented in Figure 3.20(c). The square pattern results clearly illustrate

the uniformity of the diffraction intensity distribution among all the spots as well as the high

diffraction efficiency of the grating. Moreover, the results for the 6-by-6 rhombus diffraction

pattern captured with two diagonals aligned with the camera are presented in Figure 3.20(f).

The corresponding simulation results using the designed pattern where the 2D pattern was

generated by XOR-ing two 1D gratings with one of them being rotated by 30◦, instead of 90◦,

are shown in the insets. The rhombus pattern results clearly illustrate the uniformity of the

diffraction intensity distribution with irregular pattern design as well as the high diffraction

efficiency of the spot generation. The results demonstrate that the fabricated bi-element grating

configuration can switch readily between the two gratings by changing the voltage amplitude.

The square array of diffraction spots is distributed as designed with a uniform intensity

distribution when the target voltage VA = 3.38 Vrms was applied to the cell and completely

changed to a rhombus pattern when a different voltage VB = 5.96 Vrms was applied. The pattern

designed to generate a 6-by-6 rhombus pattern in the far field consisted of more quantized errors

due to discrepancies between the theoretical transition points and the real fabricated pixels,

which are caused by the non-90◦ rotation of the grating during the pattern design process.

These discrepancies, along with fabrication errors, result in as much as a 20% deviation in the

intensity across the elements in the far field diffraction pattern. This non-uniformity in the

intensity can be reduced through further refinements to the fabrication and design process.
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When the voltage applied was neither 3.38 Vrms nor 5.96 Vrms, which are the designed replay

voltages in this case, the diffraction pattern will no longer be either a uniform 6-by-6 square

beamlet array or a uniform 6-by-6 rhombus beamlet array. Instead, the zeroth order spot

dominates in the replay field with two lower intensity and overlapping square and rhombus

beamlet arrays.

3.6.2 Analysis and Discussion

(i) Diffraction Efficiency

When the designed voltages were applied to the device, the diffraction efficiency, which is

defined as the ratio between the summation of the intensity of all diffraction spots and the

non-diffracted initial laser spot, can reach approximately 40%. The diffraction efficiency of

the bi-element grating is lower than that of the single element grating and is believed to be

due to the thicker LC layer as well as the presence of the other Dammann grating, which is

not perfectly deactivated giving rise to more light scattering and loss. In order to improve

the uniformity of the intensity in the diffraction pattern for interchangeable gratings, a more

accurate fabrication process will be needed so as to handle the irregular pattern edges. In

addition, a more sophisticated pattern would be required to compensate the quantisation errors

that are introduced when interpreting the transition point values into achievable grating designs.

(ii) Response Times

As the response time is known to be proportional to the square of the device thickness197, it is

therefore reasonable that the 20 μm device exhibits a longer response time compared with that

observed for the 5 μm device. Furthermore, because only two thin layers of LC close to the

substrates have been polymerised by the laser writing process, there is still a large bulk of the

LC that is free of a polymer network in the middle of the cell. This is unlike the situation in
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the 5 μm cell, where the polymerised network extended throughout the entire thickness of the

LC layer. Thus, the two types of regions (polymerised and unpolymerised) for the bi-element

device have a similar response time.

(iii) Fabrication Quality Analysis

To analyse the fabrication quality in more detail, the cross-sections of one grating period of the

square pattern were extracted from the microscope image and are summarized in Table 3.2. The

normalised greyscale of the images were binarised at a threshold defined as the middle region

between the maximum and minimum values. The actual transition points were then derived

from these binarised values. Comparing the actual transition points derived from the cross-

section with the deigned transition points, it was found that the fabrication led to a deviation

in the transition points of less than 2% in accordance with that observed for the single element

grating. In this case, the rise and fall response times recorded for the switchable pattern were

found to be of the order of 120 ms and 900 ms, respectively, which did not vary significantly

from the response times recorded from the unpolymerised regions in the same device.

Table 3.2: Comparison between designed transition points and actual fabricated transition points for
the 6-by-6 patterns.

Transition points ξ1 ξ2 ξ3 ξ4 ξ5

Designed values 0.11444 0.20897 0.50000 0.61444 0.70897
Switchable Pattern 0.10256 0.21927 0.50398 0.59863 0.71264

Interchangeable Pattern—Square 0.09328 0.21016 0.49859 0.59520 0.71227
Interchangeable Pattern—Rhombus 0.09180 0.21093 0.49965 0.59425 0.71268

3.7 Summary

In conclusion, this chapter has demonstrated both single and bi-element LC Dammann grat-

ings that can be switched on/off and between different gratings, respectively. For the latter

case, these two different gratings give rise to different patterns in the replay field with the

application of a voltage. A series of simulations have been carried out to verify the design of
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the Dammann grating, predict the far-field diffraction pattern and determine the fabrication

parameters required to achieve high quality gratings with good intensity uniformity across the

elements in the array. These simulation results were first verified experimentally with the use of

a spatial light modulator. A single element switchable grating was then fabricated and charac-

terised to prove that the parameters derived from the simulations were suitable for fabrication.

It is also demonstrated that the single element switchable grating can function across a range of

wavelengths by simply varying the voltage to always ensure a phase difference of π between the

laser written and non-laser written regions of the grating. Following this, a more sophisticated

bi-element grating structure was designed and fabricated in an LC layer whereby the far-field

pattern switches between a square array and a rhombus array with the application of a voltage.

Compared to SLMs, these laser-written LC gratings offer several advantages, including faster

switching speeds and higher optical efficiency due to reduced pixelation losses. They also pro-

vide a simpler and more compact structure, which can lower fabrication complexity and cost

when integrating into other systems. However, SLMs retain greater flexibility for dynamic pat-

tern generation and finer phase control due to their pixelated nature. The demonstrated high

fabrication quality and reliable switching performance of LC Dammann gratings underscore

their potential for applications in optical communications, optical computing, and laser beam

shaping.
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When God said, ‘Let there be light,’ he surely must have

meant perfectly coherent light.

— Charles Hard Townes
CHAPTER 4

Laser Written Liquid Crystal Computer Generated

Holograms

4.1 Design and Generation of Computer Generated Holograms

4.1.1 Introduction

Interference patterns with simple periodical structures like Dammann gratings fabricated using

direct laser writing have been thoroughly demonstrated in Chapter 3. Now this concept is

extended to the complex computer-generated holograms (CGHs) laser-written in liquid crystals

(LCs). Holography is an advanced technique for creating 3D images by reconstructing wave-

fronts. This process involves superimposing an object wave and a reference wave to generate

an interference pattern, which is then recorded on a photosensitive medium to produce a holo-

gram200. CGHs extend this concept by calculating the interference pattern using computational

methods and recording it in a film201. This computational approach enables the creation of 3D

images of virtual objects stored digitally, facilitating more complex and dynamic visual represen-

tations202. When displayed on spatial light modulators (SLMs), CGHs can produce dynamic 3D

images, adding a new dimension to visual displays. This technology has significant implications

for enhancing visual experiences in fields such as entertainment, medical imaging, and scientific

visualisation203.
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CGHs are designed using sophisticated algorithms that generate specific phase profiles to

diffract light into desired patterns. This computational approach allows for precise control over

light, enabling the production of high-resolution images and complex light field distributions201.

The creation of a CGH involves calculating the interference pattern produced by a virtual object

and encoding this pattern onto a substrate using techniques such as lithography or direct-write

methods204. These processes involve intricate steps where the phase and amplitude of the

light waves are meticulously controlled to achieve the desired holographic effect205. These

holograms are versatile and capable of generating 3D images and dynamic light modulation,

making them highly valuable for various applications, including virtual reality, augmented

reality, and advanced microscopy206.

The computational aspect of CGHs allows for the precise modulation of both amplitude

and phase distributions of the object wave into the intensity distribution of the interference pat-

tern207. This method offers significant advantages over traditional optical holography, including

the ability to directly control the shape of the wavefront and optimise phase distribution to

reduce image degradation208. Using algorithms, such as the Gerchberg-Saxton (GS) algorithm,

CGHs can iteratively adjust the phase to minimise errors in the reconstructed image203. The GS

algorithm, in particular, is efficient in optimising phase-only holograms by iteratively transform-

ing the hologram between the real space and frequency domain to refine the phase profile209.

This optimisation process is crucial for achieving high-quality holographic images with minimal

artefacts.

In recent years, phase-only CGHs have become prominent due to their high light efficiency

and ability to produce bright, high-quality reconstructed images. These holograms modulate

only the phase distribution of the reconstruction wave, which can be optimised to enhance

image clarity and reduce artefacts210. The phase-only modulation minimises the loss of light
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intensity, making these holograms particularly efficient and suitable for applications requiring

high brightness and contrast211. This capability has expanded the use of CGHs in various fields,

including optical tweezers, which use focused laser beams to manipulate microscopic particles;

optical interconnections, which enable high-speed data transfer between electronic components;

and optogenetic techniques, which involve controlling biological processes with light203,212,213.

CGHs can be fabricated using various techniques. One common method involves electron-

beam lithography, which allows for precise patterning at the nanoscale to create the fine struc-

tures required for CGHs214. In this process, a focused electron beam writes the holographic

pattern onto an electron-sensitive resist, which is then developed and etched onto the substrate.

This method enables the creation of complex holographic elements with high precision and

fidelity215. Additionally, laser writing techniques can be employed to fabricate CGHs by ab-

lating material from a surface to form the desired holographic structures216. These methods

offer flexibility in creating both binary and greyscale holograms, which are essential for optical

applications, including beam shaping and optical trapping217.

Moreover, the use of two-photon polymerisation direct laser writing (TPP-DLW) has ad-

vanced the fabrication of 3D structures in LC materials218. This technique involves the two-

photon absorption process, where a femtosecond laser, focused through a high numerical aper-

ture objective lens, induces polymerisation at the centre of the focus, creating a small volume

called a voxel219. By translating the laser focus relative to the sample, 3D polymer network

structures can be constructed voxel-by-voxel, allowing for micrometer-sized features formed in

LCs27. This high-resolution capability is crucial for developing advanced optical components.

With the appropriate use of photoresist materials and laser pulse energies, it is possible

to fabricate intricate microstructures in transparent polymer photoresists220. A polymerisable

LC resist has been demonstrated to allow structure control by applying different electric fields
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to change the director orientation during fabrication15,95. The variable birefringence and sen-

sitivity to external electric fields makes LCs suitable for use as switchable optical materials in

SLMs and single-pixel switchable diffractive optical elements (DOEs)194,195. This technological

advancement has broadened the scope and efficiency of applications utilising CGHs.
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Figure 4.1: Schematic diagram of an LC device with a computer-generated holography (CGH) A
collimated laser beam passes through the LC-based CGH, which modulates the phase profile φ(x, y).
The modulated light is then focused by a lens onto the image plane, where the desired intensity pattern
I(u, v) is formed. This configuration illustrates the process of converting a collimated laser beam into
a specific image through the designed CGH pattern.

In this chapter, we begin by demonstrating the method of generating CGHs and testing the

generated CGH patterns on a SLM to validate their functionality. The concept of fabricating

complex DOEs, such as CGHs, in LC is illustrated in Figure 4.1. Following this initial

evaluation, a single-element switchable CGH is fabricated for the first time using TPP-DLW in a

polymerisable liquid crystal resist, which can transition between visible and invisible states under

different applied voltages. Building on these results, we proceed to fabricate more complex multi-

layer structures of electrically switchable CGHs, which are capable of transitioning between two

distinct diffraction modes under different applied voltages. These advancements pave the way

for the development of highly versatile and reconfigurable optical devices in LC devices.
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4.1.2 Design of Computer Generated Holograms

The method for generating CGHs can be categorized into global optimisation methods and

iterative design methods221,222. Among these, the Gerchberg-Saxton (GS) algorithm stands out

as a widely utilised iterative method for phase retrieval and optimisation in computer-generated

holography. Initially developed for single-plane holographic reconstruction223,224, the GS algo-

rithm has evolved to find application in various fields such as optical tweezers, beam shaping,

and holographic displays. The algorithm retrieves the phase profile using a Fast Fourier Trans-

form (FFT), which ensures high computational efficiency225. Its primary function is to generate

phase-only holograms by successively transforming between the real space and frequency do-

main, guided by the input and output targets as constraint conditions. In this process, the

input plane constrains the CGH to be a pure-phase element, ensuring the phase-only nature of

the hologram. Meanwhile, the output target ensures that the intensity of the output pattern

matches the desired target, although the phase of the output is not considered in this constraint.

The algorithm iterates until the diffraction pattern of the CGH are close to the output target,

typically after numerous iterations that refine the accuracy and fidelity of the hologram.

The process begins by creating a complex field from the amplitude of the incident source

light isource, paired with an initial guess for the phase φ0, which can be either random or uniform.

Thus, the initial incident field can be mathematically expressed as

h = h0 = isource · eiφ0 . (4.1)

Applying the FFT to this incident field h yields the propagation outcome H on the image

plane, expressed as

H = F(h) = Iout · eiΦ (4.2)
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where F represents the FFT, Φ is the output phase and Iout corresponds to the intensity profile

that forms in the Fourier plane. For each point in Iout, the difference from the corresponding

point on the target intensity profile Itarget is calculated and defined as the error ε

ε = Iout(u, v)− Itarget(u, v) (4.3)

where u and v are the indices for each points in the intensity profile.

An evaluation metric E, defined as the root-mean-square value of the error ε, is employed

during the iteration process. It is expressed as

E =

√∑
u,v ε

2

N

=

√∑
u,v

[
Iout(u, v)− Itarget(u, v)

]2
N

(4.4)

where N is the total number of pixels in the Fourier plane. If E exceeds a certain threshold,

indicating that the output pattern Iout does not yet sufficiently match the target, the target

intensity pattern Itarget replaces the output intensity pattern while retaining the phase pattern

Φ. This adjustment forms a new pattern H ′ as

H ′ = Itarget · eiΦ. (4.5)

Then, by taking the inverse fast Fourier transform (IFFT) of the new pattern H ′ , the phase-only

pattern φ can be derived from the outcome h′ as

h′ = F−1(H ′) = iin · eiφ. (4.6)

Since the light source remains unchanged during the experiment, the intensity profile iin in
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the outcome from IFFT will be replaced with isource. Meanwhile, to maximise the compatibility

of the generated phase-only pattern with various fabrication techniques such as lithography or

direct laser writing, the pattern φ is binarised into either 0 and 2π as B(φ). Thus the incident

field h for the next iteration is represented as

h = isource · eiB(φ). (4.7)
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Figure 4.2: Diagram of the Gerchberg-Saxton (GS) algorithm for computer-generated holography.
The process begins with an incident light source isource and an initial phase guess φ. The complex field
h is formed and subjected to a FFT to produce the field H at the image plane with intensity Iout and
phase Φ. The output intensity is compared to the target intensity Itarget. If discrepancies exist, the
target intensity replaces the output intensity while retaining the phase, forming a new field H ′. This
new field undergoes an IFFT to yield the updated complex field h′. The phase is binarised B(φ) to
maintain phase-only modulation, and the updated complex field is used for the next iteration. The
process continues iteratively until the output intensity matches the target intensity closely, minimising
the error.

Following these iterative steps from Equation 4.1 to Equation 4.7, the binarised phase-

only pattern B(φ) is derived when the evaluation metric E falls below the threshold value,

signalling that the generated hologram sufficiently matches the desired target intensity profile.

An illustration of the algorithm flow is displayed in Figure 4.2.

83



4.1.3 Generation of Phase-Only Patterns

� �

� �

Figure 4.3: Images used for CGH pattern generation. (a) and (c) shows the target images of the
University of Oxford crest and Somerville College, respectively. (b) and (d) shows the re-positioned
images for CGH pattern generation. Each image was adjusted to 128 pixels by 128 pixels and positioned
in the upper left corner of a 256 pixels by 256 pixels black background to avoid overlap with the 0-th
order spot during the holographic reconstruction process.

The target images for the CGHs consisted of the Oxford University logo and the Somerville

College crest, chosen for their distinct and recognisable designs. These images initially were

both resized to 128 pixels by 128 pixels to maintain clarity and detail. Subsequently, they were

positioned in the upper left corner of a black background measuring 256 pixels by 256 pixels.

This specific placement was strategically selected to prevent the replay images from overlapping

with the strong 0-th order spot, a common issue that can cause significant interference and

reduce the quality of the holographic reconstruction. The original images as well as the image

for pattern generation are demonstrated in Figure 4.3.

Once the images were prepared, they were processed using the GS algorithm introduced

in Section 4.1.2 as Itarget, which generated a binarised 256 pixels by 256 pixels phase image.

Then a crucial step is to convert the continuous phase values into fabrication parameters that
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are suitable for the DLW system. The binarisation ensures that the resulting hologram can be

accurately fabricated using the available laser technology. The resulting binary pattern for both

images are presented in Figure 4.4.

� �

Figure 4.4: The resulting binary CGH patterns for the target images. The left image represents
the binary CGH pattern for the crest of the University of Oxford, while the right image represents
the binary CGH pattern for the crest of Somerville College. These patterns were generated using the
GS algorithm and binarised for fabrication using the Direct Laser Writing (DLW) system. Both of
them have the pattern size of 256 pixels by 256 pixels. The target intensity outcome is attached as the
inset image of the pattern.

In the DLW system, careful attention was paid to the fabrication parameters. The target

hologram pattern was designed to cover an area of 1024 μm by 1024 μm in the LC device,

with each individual pixel of the hologram occupying an area of 4 μm by 4 μm. This area

size was chosen to be multiples of the laser voxel size (approximately 1 μm by 1 μm) to

simplify fabrication while maintaining high diffraction efficiency and minimising artefacts from

pixelation. The hologram pattern was designed to be fabricated within an LC glass cell using

the TPP-DLW technique introduced in Section 2.2. For the devices with a single CGH, the

thickness of the LC layer was 5 μm. While for the device with multiple CGHs, an LC layer with

a thickness of 20 μm was selected to provide sufficient space for fabrication with minimal cross-

talk between the laser-written structures. These specific thicknesses were chosen to optimise the

interaction between the laser-written hologram and the LC, ensuring that the phase modulation

85



properties of the hologram were effectively utilised.

4.1.4 Testing with an SLM Imaging System

� �

100 µm 100 µm

Figure 4.5: Holographic reconstruction results using an SLM imaging system. The left image
shows the reconstructed image in the replay field of the University of Oxford crest, and the right image
shows the reconstructed image of the Somerville College crest. These reconstructions were achieved
using an SLM imaging system, demonstrating the accuracy and fidelity of the CGH patterns generated
through the Gerchberg-Saxton algorithm. The insets in the lower right corners of each image display
the original target crests for reference.

Before writing the CGHs directly into the LC devices, the CGHs were characterised experi-

mentally using a SLM. The SLM imaging system used for testing the hologram was identical to

the one used for the Dammann grating in Figure 3.7 in Section 3.2.2. Figure 4.5 illustrate the

CGH pattern and the test results of the corresponding replay image, respectively. The initial

test results indicate that the designed CGH patterns create the desired intensity pattern in the

replay field as intended.

4.2 A Laser Written Switchable Computer Generated Hologram

4.2.1 Experiment Results

In this study, we employed the same polymerisable nematic liquid crystal (LC) mixture (IR819-

RM257-E7) as used in Section 3.5.1. This mixture was capillary-filled into a glass cell equipped

with anti-parallel rubbed polyimide alignment layers, indium tin oxide (ITO) electrodes, and
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a cell gap of 20 μm. The experimental results for a single-layer pattern inscribed into the

polymerisable nematic LC with the observations under polarised optical microscope (POM)

and in the replay field are illustrated in Figure 4.6.
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Figure 4.6: Fabrication and replay results of a switchable laser written CGH. (a) The designed
hologram with an enlarged region highlighted for comparison. (b) Enlarged region of the hologram
pattern for comparison with POM images after fabrication. (c) POM image of the fabricated CGH
with the corresponding replay field image at a voltage V = 0.0Vrms, where some features of the pattern
can be distinguished but no meaningful images are formed in the replay field. (d) POM image of
the fabricated CGH with the corresponding replay field image at the voltage V = 3.7Vrms, showing
uniformity in the director field with barely visible features and no significant diffraction in the replay
field. (e) POM image of the fabricated CGH with the corresponding replay field image at a voltage
V = 6.7Vrms, where a clear POM image of the fabricated pattern and replay image of the University
logo can be observed, confirming successful pattern fabrication and functionality.
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The CGH dimensions were configured to 256 by 256 pixels, with each pixel consisting of

4-by-4 1 μm laser-written spots, resulting in a CGH pattern size of 1024 μm by 1024 μm. This

setup is consistent with the configuration used for testing with the SLM. The CGH pattern

was fabricated at a specific voltage (Vfabrication = 3.7Vrms), and the target image emerged in the

replay field when an optimal voltage (Vreplay = 6.7Vrms) was subsequently applied. The voltages

applied for the fabrication is based on the transmission-voltage curve for the 20 μm LC layer

in Figure 2.7(c) and a phase difference of π can be achieved between the locked-in voltages.

Figure 4.6(a) and (b) show the designed hologram pattern and an enlarged region, intended

for comparative analysis with the fabricated results. Polarising optical microscope (POM) images

of the laser-written pattern and their corresponding replay field images for three different applied

voltages are displayed in Figure 4.6(c) to (e). At an applied voltage of V = 3.7Vrms, the features

of the pattern are barely discernible, attributed to the uniformity in the director field. This

occurs because the laser writing process locks the alignment at the same voltage within the

regions defining the CGH pattern, as evidenced in Figure 4.6(d).

When the device is observed without an applied electric field V = 0.0Vrms, the LC director

in the non-polymerised regions align with the substrate surface direction, while the polymerised

regions retain their original orientation fixed by the laser writing process. This alignment dif-

ference results in the partial visibility of some structural features in the POM image due to the

refractive index mismatch between polymerised and non-polymerised regions. The correspond-

ing replay image at this voltage, however, does not result in a clear image of the University crest,

as shown in Figure 4.6(c).

To activate the CGH and obtain an image, a replay voltage of VReplay = 6.7Vrms was

applied, which leads to a π phase difference at a wavelength of 630 nm in selected regions of

the LC device. It can be seen that a clear CGH appears in the LC device (as is evident from
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the POM image in Figure 4.6(e)). This voltage was selected based on the transmission-voltage

curve measured for the sample shown in Figure 2.7(b). It can also be seen in Figure 4.6(e) that

the fabrication has been successful by comparing the fabricated pattern in the LC cell with the

design pattern (shown in Figure 4.6(b)). The director locked-in at Vfabrication = 3.7Vrms remains

unchanged while the director in the non-laser written regions are reoriented by the replay voltage

VReplay = 6.7Vrms to create a different phase profile. This confirms the successful fabrication

and operational integrity of the CGH pattern under the specified optimal conditions, which

demonstrates that the intensity is distributed as designed on the image plane.

The results show that the fabricated single layer CGH element can readily switch between

the on and off states with different voltages applied. The results also show that the diffraction

patterns are distributed with a relatively uniform intensity distribution when the CGH is

activated and then completely disappear when the CGH is deactivated.

To demonstrate the change in replay field images with varying applied voltages, a sequence

of images was captured as the voltage across the fabricated device was incrementally adjusted

from V = 0.0Vrms to V = 10.0Vrms. Figure 4.7 illustrates the evolution of these replay field

images, transitioning from a random speckled diffraction pattern to the clear University logo.

Initially, at lower voltages, the replay field images exhibit significant speckle-like noise and lack

clear definition of an image. As the voltage increases, this noise diminishes as the LC in both

non-polymerised and polymerised regions are uniformly aligned. The speckle noise disappears

completely at V = 3.7Vrms by calculating the contrast and mean values of the images. At

the optimal voltage of V = 6.7Vrms, the University logo becomes fully discernible with high

contrast and minimal noise, indicating effective modulation of the LC alignment and successful

creation of the desired image. However, as the voltage continues to increase, the image contrast

slightly decreases, introducing some noise into the results. This sequence underscores the critical
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role of precise voltage control in achieving clear and accurate holographic image reconstruction

in polymerisable nematic LCs.
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Figure 4.7: Evolution of the replay field images with varying applied voltages. The sequence
of images demonstrates the transition from a random speckled pattern to the clear depiction of the
University logo as the voltage increases from V = 0.0Vrms to V = 10.0Vrms. Initially, no clear image
is observed at lower voltages. As the voltage increases, the speckle-like noise in the images reduce
before disappearing completely at V = 3.7Vrms. The optimal voltage of V = 6.7Vrms results in a
fully discernible University logo with high contrast and minimal noise.
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4.2.2 Response Times

The switching time, or response time, is a crucial parameter for CGH fabricated in LC devices.

In this experiment, LC devices with thicknesses of 5 μm and 20 μm were fabricated with the

same CGH pattern using the same fabrication parameters to examine their response times. The

response time of the switchable CGH is defined as the duration required for the device to

transition between its on state (showing designed pattern) and off states (showing no pattern).

This is specifically measured by the rise and fall times, which correspond to the intervals during

which the CGH switches between two states when the applied voltage is altered. To determine

the response time, the intensity of the output field pattern generated by the CGH is measured

using a photo diode. This is done while the CGH is illuminated by a 633 nm laser. The

measured intensities for both the on and off states are then compared against the intensity of

the original illumination source to obtain the normalised intensity.

For a single-layer switchable CGH, the stable states occur when no image is displayed on

the replay field (V = 1.7Vrms for the 5 μm device and V = 3.7Vrms for the 20 μm device) and

when a clear image is displayed (V = 3.3Vrms for the 5 μm device and V = 6.7Vrms for the 20

μm device). The stability of these states is evaluated by their normalised total intensity. The

device begins in one stable state, and a voltage drives it to the other state, resulting in a change

in the total intensity, which then restabilises. The response time is defined as the total time

taken for the device to reach a stable state after this change, with stability confirmed when the

total intensity falls within ±5% of the target intensity.

The experimental results demonstrate distinct switching times for devices with different

thicknesses, as shown in Figure 4.8 and Figure 4.9. For the 5 μm device, the switching

time from the off state (low voltage, no image) to the on state (high voltage, target image) is

approximately 20 ms, which is defined as the rise time. Conversely, the transition from the on
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state to the off state takes about 120 ms, which is defined as the fall time. In contrast, for the

20 μm device, the switching time from the off state to the on state is around 70 ms, while the

transition from the on state to the off state takes about 430 ms. These measured switching

times are consistent with the dynamics of the Fréedericksz transition and align with the shorter

relaxation times observed in polymerised nematic LCs compared to non-polymerised regions,

as reported in previous studies197–199.
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Figure 4.8: Response time measurement for a 5 μm LC CGH device. The graph shows the
switching time from the off state (V = 1.7Vrms, no image) to the on state (V = 3.3Vrms, target
image) is approximately 20 ms. The transition from the on state to the off state (red line) takes about
120 ms. These times are measured as the device transitions between the on state and the off state, with
stability confirmed when the normalised total intensity falls within ±5% of the stable state intensity,
which is marked as gray dashed lines for reference.

0.2

0.00 0.200.10 0.30 0.40 0.50

6.7 V
rms

  to  3.7 V
rms

3.7 V
rms

  to  6.7 V
rms

0.4

0.6

0.8

0.0

N
o

rm
a

li
se

d
 in

te
n

si
ty

Time / s

Figure 4.9: Response time measurement for a 20 μm LC CGH device. The graph shows the
switching time from the off state (V = 3.7Vrms, no image) to the on state (V = 6.7Vrms, target
image) is approximately 70 ms. The transition from the on state to the off state (red line) takes about
350 ms. These times are measured as the device transitions between the on state and the off state, with
stability confirmed when the normalised total intensity falls within ±5% of the stable state intensity,
which is marked as gray dashed lines for references.

92



The observed differences in response times can be attributed to the variation in device

thickness and the change of the switching voltages, which impacts the electric field distribution

and the orientations of the LC director. Thinner devices tend to have faster switching times due

to the more efficient reorientation of LC director under an applied electric field. Additionally,

the flow of LC molecules during reorientation influences both the response time and switching

dynamics. The elastic properties and viscosity of the LC material govern the relaxation time,

as the director reorientation is driven by the combined effects of the applied electric field and

the internal elastic torque generated by the LC flow. These findings highlight the importance

of optimising LC device parameters, such as the thickness of the LC layer, the polymerisation

depth, and the LC materials, to achieve faster switching and improved optical performance for

specific applications.

4.3 Interchangeable Computer Generated Holograms

The goal of this experiment is to demonstrate the feasibility of fabricating electrically switchable

bilayer CGHs in an LC device and to evaluate their switching performance. The study aims

to achieve rapid and high-contrast switching between distinct holographic images by selectively

activating different CGH patterns through controlled voltage application. This involves fab-

ricating two independent CGHs at different depths within the LC layer and leveraging the

voltage-dependent birefringence of the LC medium to modulate the active pattern.

4.3.1 Experiment Results

The LC polymerisable mixture and fabrication technique employed in this study align with

those outlined in Section 4.2. The operation parameters of the TPP-DLW system for fabricating

electrically interchangeable bilayer CGHs remains consistent with the previous chapter, with

the primary modification being the pattern change from Dammann gratings to CGHs. The
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LC device comprises two separate CGH layers, each designed to produce distinct target images

in the replay field. The CGH dimensions were configured to 256 by 256 pixels, with each pixel

consisting of 4-by-4 1 μm laser-written spots, resulting in a precise CGH pattern size of 1024

μm by 1024 μm, as before. These CGHs are engineered to generate two distinct images: the

crest of the University of Oxford and the crest of Somerville College.
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Figure 4.10: Fabrication and replay images of an interchangeable laser written CGH pattern.
(a) and (d) show the cropped regions of the designed hologram patterns for the Somerville College
crest and the University of Oxford crest, respectively. (b) and (e) display polarised optical microscope
(POM) images of the corresponding laser-written pattern regions, indicating high fabrication quality
consistent with the designs. The scale bars in the images represent the length of 60 μm. (c) and
(f) illustrate the replay field images observed when the target voltages are applied, revealing clear and
high-contrast images of the Somerville College crest and the University of Oxford crest, respectively.

Figure 4.10(a) and (d) illustrate the cropped regions of the designed CGHs for the two

target images. These CGHs were fabricated in a 20 μm thick glass cell using DLW while driven

with a 1 kHz square wave at different voltage amplitudes. According to the parameters used

in Section 4.2.1, the fabrication process began by applying a voltage of VA = 3.7Vrms to the

device. The CGH of the Oxford University logo was then fabricated, resulting in polymer

formation on the substrate of the cell. Subsequently, the stage returns to the initial starting
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point of the Oxford University hologram, and the focal point was shifted from the substrate

to the superstrate. A voltage of VB = 6.7Vrms was then applied to fabricate the CGH of the

Somerville College crest. All other regions of the cell remain unpolymerised and will vary with

a change in the voltage. POM images of the corresponding laser-written pattern regions are

displayed in Figure 4.10(b) and (e), showing the fabrication quality and similarity with the

design specifications.

After fabrication, the CGH was placed in the replay field imaging system and illuminated

with a collimated laser beam linearly polarised parallel to the rubbing direction of the LC

mixture. This optical assembly ensures that the laser was fully modulated by the birefringence

changes in the mixture as the voltage was varied. By placing a screen at a distance behind the

illuminated sample, the far-field diffraction pattern generated by the hologram was captured.

During the replay of the diffraction pattern, different voltages were applied to obtain the

corresponding images. When VA = 3.7Vrms was applied to the cell, there was no difference in

the orientation of the LC director between the polymerised pixels of the CGH of the Oxford

University logo (fabricated at VA) and the non-polymerised regions, resulting in a uniform

refractive index and phase profile. In contrast, the Somerville College crest on the superstrate at

VA exhibited polymerised pixels with the highest phase difference compared to the surrounding

regions, creating a high contrast phase profile. Conversely, when VB = 6.7Vrms was applied, the

CGH of the Somerville College crest on the superstrate results in a uniform refractive index

and phase profile, while the Oxford University logo on the substrate exhibits the highest phase

difference, thus generating an image of the Oxford University logo in the replay field.

Importantly, although the applied voltage affects the entire LC cell, the polymerised regions

of each CGH retain their fixed orientation. This ensures that the applied voltage selectively acti-

vates the target CGH pattern without simultaneously influencing the other, as the polymerised
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pixels maintain their refractive index and phase profile independently of the surrounding non-

polymerised regions.

The results of the hologram patterns at the designed replay voltages are illustrated in Fig-

ure 4.10(c) and (f). The results unequivocally demonstrate that the fabricated bilayer structure

can switch clearly and effectively between the two states. The Oxford University logo appears

with high quality and clarity when the target voltage was applied to the cell, completely trans-

forming to the Somerville College crest when a different voltage was applied. This capability

highlights the potential of bilayer CGHs in dynamic optical applications, where rapid and

reliable switching between distinct images is essential.

To illustrate the evolution of the replay field images with varying applied voltages, a sequence

of images was captured as the voltage across the fabricated bilayer CGH device was incrementally

adjusted from V = 0.1Vrms to V = 10.0Vrms. Figure 4.11 demonstrates the transition of these

replay field images, starting from a random speckled diffraction pattern at zero voltage, migrating

to the crest of Somerville College at lower voltages and then transitioning to the University of

Oxford crest at higher voltages.

Initially, at low voltages, the replay field images display significant speckle-like noise and

lack clear definition due to the entangled structure between the polymerised and unpolymerised

regions from both of the designed patterns. As the voltage increases, the alignment of the

LC director in both the polymerised and unpolymerised regions in the pattern fabricated at

V = 3.7Vrms becomes more uniform, leaving the pattern fabricated at V = 6.7Vrms the dom-

inate structure. At a voltage of approximately V = 3.7Vrms, the noise diminishes completely,

revealing a clear and high-contrast image of the Somerville College crest.
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Figure 4.11: Evolution of replay field images for bilayer CGHs with varying applied voltages.
The sequence of images demonstrates the transition from the Somerville College crest to the University
of Oxford crest as the voltage is incrementally increased from V = 0.1Vrms to V = 10.0Vrms. At low
voltages, the replay field images show the Somerville College crest that is corrupted with noise. As the
voltage increases, the noise diminishes, and the images become clearer. The optimal voltage for the
Somerville College crest is approximately V = 3.7Vrms, while the University of Oxford crest becomes
fully discernible with high contrast at V = 6.7Vrms. Further increases in voltage beyond the optimal
levels slightly decrease image contrast and introduce some noise.

As the applied voltage is further increased, the image begins to change, and around V =

6.7Vrms, the University of Oxford crest becomes fully discernible with high contrast and mini-

mal noise. This voltage effectively modulates the LC alignment, successfully creating the desired
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CGH. The figure captures the critical role of the precise voltage control in achieving clear and

accurate holographic image reconstruction in polymerisable nematic LCs.

As the voltage continues to rise beyond the designed voltage levels for replay fields (V =

3.7Vrms and V = 6.7Vrms), the image contrast slightly decreases, and some noise is reintroduced

into the images. This sequence of images underscores the importance of optimising the applied

voltage to balance between clarity and noise reduction in the replay field images. The ability

to switch between distinct images with high fidelity highlights the potential of bilayer CGH

devices in dynamic optical applications.

To demonstrate the structural changes in the fabricated bilayer CGH under POM with

varying applied voltages, a sequence of images was captured as the voltage was incrementally

adjusted from V = 0.0Vrms to V = 10.0Vrms. Figure 4.12 illustrates the evolution of these

replay field images, transitioning from a random noisy pattern, via a clear representation of the

Somerville college crest, to the University logo, showcasing how the fabricated CGH patterns

appear and change under different voltages.

Initially, at low voltages, the POM images exhibit a superposition of patterns comprising

the polymerised and non-polymerised regions. As the voltage increases, the LC director in the

non-polymerised regions align so that the pattern formed matches that of one of the design

patterns. The CGH pattern that corresponds to the Somerville College crest becomes fully

revealed at V = 3.7Vrms. As the voltage level reaches V = 6.7Vrms, the University logo

becomes fully discernible, in conjunction with the formation of the CGH that corresponds to

the University logo. However, as the voltage continues to increase, the image contrast slightly

decreases, introducing noise into the replay field images as the CGH formed in the LC layer

deviates from the design pattern.
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Figure 4.12: Evolution of POM images of bilayer interchangeable CGH in LC devices with
varying applied voltages. The POM images were obtained at specific voltages ranging from V =
0.0Vrms to V = 10.0Vrms, with the step of V = 1.0Vrms and two target voltages V = 3.7Vrms and
V = 6.7Vrms for the designed patterns. Each sub-figure corresponds to a different voltage setting,
demonstrating the impact of voltage variation on the CGH patterns produced by the bilayer when
observed on a POM.

The POM images captured at various voltages clearly demonstrate the ability of the bilayer
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CGH to switch between distinct images with high fidelity. At lower voltages, the Somerville

College crest is prominently displayed, while at higher voltages, the University of Oxford crest

emerges. The gradual transition observed in the images highlights the responsive nature of the

LC alignment to the applied electric field. The uniformity and clarity of the images at specific

voltages emphasise the importance of optimising voltage parameters for each targeted image.

4.3.2 Response Times

The bilayer interchangeable CGHs in LC devices with a thickness of 20 μm were fabricated

to examine their response times. As outlined in Section 4.2.2, the response time is defined as

the duration required for the switchable CGH to transition between its two states with clear

patterns. The Somerville college crest is displayed in the replay field (V = 3.7Vrms) and when

the University of Oxford logo is displayed (V = 6.7Vrms). Each of the patterns have a unique

intensity level when the LC molecules stabilised after the corresponding voltage being applied.

To monitor the change of the intensity level determine the response time, the intensity of the

output field pattern generated by the CGH is measured using a photo diode. This is done while

the CGH is illuminated by a 633 nm laser. The measured intensities levels are then compared

against the intensity of the original illumination source to obtain the normalised intensity.

The device begins in one voltage to display one of the diffraction pattern, and another

voltage is applied to drive the device to display another diffraction pattern, resulting in a

change in the total intensity. The response time is defined as the total time taken for the device

to display the new pattern after this change, with stability confirmed when the total intensity

falls within ±5% of the intensity level of the target pattern.

The experimental results, as shown in Figure 4.13, demonstrate distinct switching times

for the 20 μm device. The switching time from the Somerville college crest (low voltage,
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V = 3.7Vrms) to the University logo (high voltage, V = 6.7Vrms) is approximately 50 ms.

Conversely, the transition from the University logo to the Somerville college crest takes about

220 ms. Both switching times are significantly faster compared to the single-layer switchable

CGH device in Section 4.2.2, Figure 4.9. This improvement arises from the increased thickness

of the polymerised regions in the LC layer, which enhances the structural anchoring of the

LC molecules and lowers the effective thickness of the non-polymerised region. This stronger

anchoring reduces the extent of molecular reorientation required in the non-polymerised regions

during switching, thereby lowering the activation energy and enabling a faster response under

the same electric field when transitioning between two patterns.

0.3
-0.1 0.0 0.1 0.2 0.3 0.4 0.5

6.7 V
rms

  to  3.7 V
rms

3.7 V
rms

  to  6.7 V
rms

0.6 0.7

0.4

0.5

0.6

0.7

0.8

N
o

rm
a

li
se

d
 in

te
n

si
ty

Time / s

Figure 4.13: Response time measurement for an interchangeable LC CGH device. The graph
illustrates the normalised total intensity changes for the transitions between showing the University
logo and the Somerville college crest at applied voltages of V = 3.7Vrms and V = 6.7Vrms. The red
line represents the transition from the University logo to the Somerville college crest, with a response
time of approximately 220 ms. The blue line depicts the transition from the Somerville College crest
to the University logo, with a response time of around 50 ms.

4.4 Summary

This chapter focuses on the demonstration of laser-written LC CGHs, which represent a more

sophisticated class of diffractive optical elements compared to the Dammann gratings presented

in the previous chapter. This chapter has discussed the design and generation of laser-written

LC CGHs. Before fabricating the LC CGHs, tests were carried out using a SLM to validate the
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design. These tests ensure that the CGH pattern produces the desired intensity distribution in

the replay field. The chapter details the process of generating and fabricating these phase-only

patterns.

The study has explored the fabrication of single-layer and bilayer switchable CGHs using

a polymerisable nematic LC mixture. The experimental results demonstrate the ability to

switch between different holographic projected images by applying specific voltages. The single

switchable CGHs were fabricated with a 20 μm thick LC cell, with the CGH pattern being

written at one voltage and switched off at another. This capability allows for low-cost, compact

dynamic holographic projection display elements. The response time was measured as the

duration required for the CGH to transition between its on and off states. Experimental

results indicate significantly different switching times for LC devices with thicknesses of 5 μm

and 20 μm, where the 5 μm device exhibited a rise time of approximately 20 ms and a fall time

of 120 ms, while the 20 μm device showed a rise time of around 70 ms and a fall time of 430

ms.

Building on the success of single-layer CGH fabrication, bilayer CGHs were developed,

designed to produce distinct holographic images at different applied voltages. The fabrication

process involved inscribing two separate holographic patterns into the same liquid crystal de-

vice, one on the substrate and the other on the superstrate, each with a specific target image.

These bilayer CGHs were engineered to switch between the University of Oxford crest and the

Somerville College crest, depending on the applied voltage. At a voltage of V = 3.7Vrms, the

Somerville College crest was prominently displayed, while increasing the voltage to V = 6.7Vrms

altered the replay field to show the University of Oxford crest. The transitions were marked

by clear, high-contrast images with minimal noise, highlighting the capability of these bilayer

structures to dynamically switch between distinct holographic states. The response times for

102



these transitions were also measured, revealing that the switch from the Somerville College crest

to the University of Oxford crest occurred in approximately 50 ms, while the reverse transi-

tion took around 220 ms. These response times are significantly faster than those observed in

single-layer CGH devices, likely due to the increased polymerised region in the bilayer structure,

which reduces the energy required to reorient the liquid crystal molecules.

The rapid and effective changing between active states and switching between two distinct

CGH patterns within the same device, as controlled by varying the applied voltage, further

emphasises the significant potential of optimised bilayer CGHs in dynamic optical applications,

including adaptive optics, display technologies, and re-configurable optical systems. By tailoring

the liquid crystal layer thickness and fine-tuning the voltage parameters, these devices can be pre-

cisely engineered to meet the demands of specific applications, offering enhanced performance

and versatility.
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A good idea is something that does not solve just one single

problem, but rather can solve multiple problems at once.

— Miyamoto Shigeru
CHAPTER 5

Liquid Crystal Devices for Intensity Aberration Correction

5.1 Concept

5.1.1 Introduction

Optical aberrations, including intensity, phase, and polarisation as described in Section 2.3.1,

compromise the performance of optical systems101,117,226,227. Adaptive optics (AO) has been

a pivotal technology for decades, particularly in addressing phase aberrations, and its impact

spans various fields including astronomy19,96,100,228, optical communications229,230, and super-

resolution microscopy20,99,231–233. In astronomy, AO has transformed telescopic observations by

compensating for atmospheric turbulence, allowing ground-based telescopes to achieve near-

theoretical resolution for detailed imaging of celestial bodies like stars and galaxies104,234. This

advancement achieved by dynamically adjusting optical elements has greatly contributed to our

understanding of the universe114,118. In optical communications, AO is essential for maintaining

signal clarity and stability, especially in systems exposed to atmospheric interference, enhancing

both data transmission rates and reliability235,236. Moreover, AO has revolutionised microscopy

by enabling high-resolution and high-contrast imaging deep within biological tissues, where

optical distortions caused by tissue inhomogeneity can otherwise obscure crucial details97,98. By

correcting these distortions in real time, AO enhances image quality, supporting advances in

biological and medical research237,238.
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Recently, AO has expanded into the vectorial domain, addressing either polarisation aber-

rations alone (known as polarisation adaptive optics (P-AO))7,13,134,239 or the combination of

polarisation and phase aberrations (referred to as vectorial adaptive optics (V-AO))227,240–242. P-

AO specifically targets issues where the polarisation state of light is aberrated by optical system

components, which can critically affect applications requiring precise polarisation control such as

structured light24, optical computing243, optical communication110,111, and polarisation-sensitive

imaging in biomedical applications244,245. By actively adjusting optical elements to compensate

for these polarisation distortions, P-AO can enhance the system performance, enabling more

accurate data acquisition and processing.

V-AO, on the other hand, simultaneously compensates the system for both polarisation

and phase aberrations227,242,246. This dual capability is particularly advantageous in fields such

as astronomical imaging96 and deep-tissue microscopy247, where light must travel through var-

ious media that can alter both its phase and polarisation state. Undesirable vector states in

the illumination or detection beams compromise the performance of polarisation-sensitive mi-

croscopes239,248,249, disrupting interference at the focus and further impacting image resolution,

which is also critical for super-resolution microscopy250–253. V-AO systems extend the conven-

tional phase AO by combining the compensation of both polarisation and phase aberrations

using adaptive elements and multiple optimisation methods. The development and refinement

of V-AO systems thus represent a significant advance in the versatility and effectiveness of

AO technologies, promising substantial improvements across a range of scientific and technical

fields.

However, tools for correcting intensity aberrations remain undeveloped. Note that in var-

ious modern optical systems, intensity errors adversely affect the overall system performance,

manifesting as a non-uniform intensity distribution and energy loss. These errors can be at-
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tributed to the light source beam propagation254,255, diattenuation effects227,256, or absorption of

light by materials or biological tissues127,257–260. In microscopy, for instance, these issues disrupt

the intensity uniformity across the pupil of the objective lens, compromising overall system

performance. In laser applications, non-uniform intensity distribution compromises material

processing efficiency, notably in the direct laser writing127 that was introduced in Section 3.3,

where precise energy delivery and focus spot shaping are essential for optimal fabrication out-

comes. In fibre optic communications, light intensity fluctuations introduce transmission errors,

diminishing reliability and transfer speed261. Similarly, in optical data storage technologies, laser

intensity variations undermine data writing and reading accuracy, potentially causing data cor-

ruption262. Additionally, uneven intensity distribution can mask subtle celestial features or skew

brightness measurements vital for astrophysical observations263. The concept of aberrations as

well as their corresponding AO toolboxes for correction is illustrated in Figure 5.1.
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Figure 5.1: The concept of optical aberrations and relevant AO toolboxes. The performance
of an optical system can be affected by different types of aberrations, such as phase, polarisation,
intensity, etc. In the AO toolbox, conventional phase AO addresses phase aberrations, P-AO handles
polarisation aberrations, and V-AO compensates for the combination of these aberrations. This study
introduces and validates intensity adaptive optics (I-AO) method for correcting intensity aberrations,
thereby enriching the AO toolbox.

Intensity aberrations in optical systems are significant distortions that adversely affect the
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system imaging quality264–266. These aberrations typically result in a focal spot that deviates

from its ideal shape267,268. Firstly, image resolution is degraded due to imperfect interference

of the light waves at the imaging plane161. This is primarily because the wavefronts do not

converge perfectly, causing a blurring of the image269. Additionally, these intensity aberrations

contribute to a reduction in contrast. The scattering and loss of energy as the light waves

propagate through the optical system contributes to a nonideal image formation, diminishing

the overall intensity of the measurement98. This energy loss is particularly detrimental in low-

light conditions, where maintaining high contrast is crucial for discerning fine details. The

combined effect of reduced resolution and contrast directly impacts the signal-to-noise ratio

(SNR) of the resultant images270. SNR is a critical factor in determining the quality of an

image; it measures the level of desired signal relative to the background noise. Lower SNR

makes it difficult to distinguish the target-of-interest from noise. Figure 5.2 demonstrates the

typical effect of these aberrations on the focal spot.
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Figure 5.2: Demonstration of the typical effect of intensity aberrations. (a) An ideal optical
system with a uniform intensity profile across the pupil plane, which leads to an ideal focus spot on
the imaging plane. (b) The distorted focus caused by the uneven intensity across the pupil plane, with
intensity aberration existing in the system.

In light of the features described above, the development of a correction technique that

specifically targets intensity aberrations therefore becomes essential. Moreover, implementing

such a technique can greatly enhance the AO toolkit. By correcting intensity aberrations,
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the proposed technique would not only improve image quality but also expand the potential

applications of AO in areas like astronomy, where observing faint celestial bodies requires

exceptionally high-quality imaging271, and in biomedical imaging, where enhanced contrast

and resolution can lead to better diagnosis and understanding of medical conditions272. Such

advancements would substantially benefit the AO community by providing more robust and

versatile tools for high-precision imaging tasks.

����

���������

Intensity

aberration

Focal

lens

Uniform

intensity

Corrected

intensity

Ideal

focus

Pre-compensated

intensity

Figure 5.3: The concept of intensity aberration correction. The effect of integrating an I-AO
corrector into the same system is demonstrated, where the aberrated focal spot is corrected to achieve
an ideal focus.

In this work, for the first time, we put forward the concept of I-AO, which incorporates

a sophisticated dual closed-loop feedback mechanism designed specifically for intensity error

correction. This mechanism operates effectively in both sensor-based (e.g., direct intensity

aberration measurement) and sensorless (e.g., indirect intensity inference without the use of a

intensity sensor) formats, ensuring versatile applicability across different optical systems. Fig-

ure 5.3 depicts the concept of the I-AO system after integrating the proposed I-AO correction

module, showcasing the achieved focus correction. The correction module serves as the core of

the I-AO, where it processes the measurement from both sensor-based and sensorless formats

and subsequently adjusts the intensity profile at the pupil plane to correct intensity aberrations.

We validated the feasibility of the proposed I-AO method by demonstrating the enhance-
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ment of both the focus quality and intensity values following the correction of an intensity

aberrated focusing system. Note that in all I-AO experiments conducted in this work, an addi-

tional closed-loop correction routine was introduced to compensate for energy loss, beyond the

standard correction loop for beam uniformity, by adjusting the attenuation filter after the laser

to modify the overall intensity value. Further details are provided in subsequent sections.

Overall, this chapter demonstrates that I-AO effectively compensates for intensity aberra-

tions, enhancing the toolkit of existing AO technology. The development of advanced AO

techniques that can address these intensity-related issues across various fields would therefore

not only improve the performance of various kinds of optical systems but also broaden the

potential applications of AO technologies.

5.1.2 Intensity Aberration Correction Modes

In our proposed sensorless I-AO method, which will be elaborated in detail in the upcoming

sections, we infer and correct intensity aberrations by measuring the focus intensity distribution

(FID) profile at the focal plane as feedback for the I-AO corrector, employing a correction

mechanism similar to conventional sensorless phase AO. For conventional sensorless phase AO,

Zernike polynomials are used to describe an arbitrary wavefront at a defined pupil. For I-AO,

we employ a similar idea and have designed a set of intensity Zernike modes for the correction

of intensity aberrations appearing in the pupil plane.

The Zernike polynomials are a set of polynomials defined on a unit circle that are contin-

uous and orthogonal. These mathematical functions were developed by Frits Zernike, a Dutch

physicist, as a tool to provide a more systematic approach to understanding optical aberrations

and wavefront analysis in circular systems154. Their uniqueness lies in their ability to best rep-

resent complex wavefront shapes in combination through a series of simpler, mathematically
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defined functions. Each polynomial in the series uniquely corresponds to different common

aberrations found in optical systems, such as spherical aberration, astigmatism, or coma. One of

the key attributes of Zernike polynomials is their orthogonality on the unit disk, which math-

ematically ensures that each polynomial is independent of all others. An arbitrary wavefront

in a polar coordinate (ρ, θ) denoted by W (ρ, θ) can be best represented in terms of a finite

sequence of Zernike polynomials Z as

Ŵ (ρ, θ) =
∑
n,m

Cm
n Zm

n (ρ, θ) (5.1)

where Cm
n denotes the amplitudes or coefficients of each Zernike mode and m and n denote the

azimuthal frequency and radial degree, respectively156. Since only a finite number of Zernike

modes are used, thus the derived wavefront Ŵ (ρ, θ) is just the best approximation of the target

wavefront W (ρ, θ)273.

The Zernike mode Zm
n (ρ, θ) in Equation 5.1 in the real domain can be formulated as155

Zm
n (ρ, θ) = cmn R

|m|
n (ρ)Θm

n (θ) (5.2)

where

cmn =


√
n+ 1 m = 0

√
2(n+ 1) m ̸= 0

(5.3)

R|m|
n (ρ) =

(n−|m|)/2∑
l=0

(−1)l(n− l)!

l!
[
1
2
(n+ |m| − l)

]
!
[
1
2
(n− |m| − l)

]
!
ρn−2l (5.4)

Θm
n (θ) =


cos(mθ) m ⩾ 0

− sin(mθ) m < 0.

(5.5)
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The typical Zernike mode patterns are illustrated in Figure 5.4. The corresponding values for

the radial function R
|m|
n (ρ) and azimuthal function Θm

n (θ), as well as the constant coefficients

cmn are listed in Table 5.1.
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Figure 5.4: Illustration of Zernike modes. This figure displays the spatial patterns of the first 15
Zernike polynomials, which are used to represent various optical aberrations in systems with circular
apertures. Each subplot corresponds to a specific mode, indexed by its radial and azimuthal orders, and
visually represents the type of wavefront distortion that the polynomial corrects. The single-valued
indexing of Zernike modes adheres to Noll’s convention155.

Table 5.1: Algebraic expansion of the Zernike polynomial sequence.

1 0 0 Z0
0 1 1 1

2 1 1 Z1
1 2 ρ cos(θ)

3 1 -1 Z−1
1 2 ρ sin(θ)

4 2 0 Z0
2

√
3 2ρ2 − 1 1

i n m Zm
n Cmn R

|m|
n (ρ) Θm

n (θ)

Continued on next page
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Table 5.1: Algebraic expansion of the Zernike polynomial sequence. (Continued)

5 2 -2 Z−2
2

√
6 ρ2 sin(2θ)

6 2 2 Z2
2

√
6 ρ2 cos(2θ)

7 3 -1 Z−1
3 2

√
2 3ρ2 − 2ρ sin(θ)

8 3 1 Z1
3 2

√
2 3ρ2 − 2ρ cos(θ)

9 3 -3 Z−3
3

√
3 ρ3 sin(3θ)

10 3 3 Z3
3

√
3 ρ3 sin(3θ)

11 4 0 Z0
4

√
5 6ρ4 − 6ρ2 + 1 1

12 4 2 Z2
4

√
10 4ρ4 − 3ρ2 cos(2θ)

13 4 -2 Z−2
4

√
10 4ρ4 − 3ρ2 sin(2θ)

14 4 4 Z4
4

√
10 ρ4 cos(4θ)

15 4 -4 Z−4
4

√
10 ρ4 sin(4θ)

i n m Zm
n Cmn R

|m|
n (ρ) Θm

n (θ)

As mentioned, instead of using conventional phase AO Zernike modes, we introduce a

modified set of Zernike modes to represent intensity aberrations. Recognizing that intensity

profiles are non-periodic and range between 0 and 1, these modified Zernike modes differ in

both the range of possible values and application, and can be expressed as

Zm
n (ρ, θ) =

1

2
cmn R

|m|
n (ρ)Θm

n (θ) +
1

2
(5.6)

where

cmn = 1 (5.7)
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Θm
n (θ) =


cos(mθ) m ⩾ 0

− sin(mθ) m < 0

(5.8)

R|m|
n (ρ) =

(n−|m|)/2∑
l=0

(−1)l(n− l)!

l!
[
1
2
(n+ |m| − l)

]
!
[
1
2
(n− |m| − l)

]
!
ρn−2l. (5.9)

The modified intensity Zernike modes are non-orthogonal due to the non-periodic and power-

related nature of intensity variations, which restricts the use of orthogonal superposition for

correction. The total number of intensity Zernike modes used in the I-AO corrector is usually

determined by the characteristics of the measured sample. For the purpose of demonstrating

a sensorless method for the I-AO corrector, the first 15 intensity Zernike modes were applied

to a spatial light modulator (SLM) throughout the correction process. However, additional

modes can be applied to deal with more complex aberrations.

Due to geometrical crosstalk between intensity and phase for the modulation of each SLM

pixel13,274, additional phase aberrations will also be introduced. The state of polarisation (SoP)

and the scalar phase at the SLM in the I-AO corrector can be modelled with Jones calculus to

represent the light passing through227. For each point on the pupil plane, the change in SoP

and phase can be modelled as:

j2 = J · j1 (5.10)

where j1 and j2 are the Jones vectors before and after the change in SoP and scalar phase,

respectively, applied with the SLM sandwiched between crossed polarisers in the I-AO corrector.

These optical elements are modelled using a 2 × 2 Jones matrix J. Here, we focus exclusively

on retardance and phase modulation for a fully polarised beam of light. As a result, J can be

expressed as

J = eiϕ · U (5.11)
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where ϕ is the scalar phase applied by the SLM and U is a special unitary matrix (SU ) describing

the change in SoP. This latter matrix can also be parameterised275 as

U = SU2(Q, ϕ) = cos
(
ϕ

2

)
I+ cos

(
ϕ

2

)
· (n1σ1 + n2σ2 + n3σ3) (5.12)

where I is the 2×2 identity matrix, ϕ is again the scalar phase applied by the SLM and σ1, σ2,

σ3 are the Pauli matrices defined as

σ1 =

1 0

0 1

 (5.13)

σ2 =

0 1

1 0

 (5.14)

σ3 =

 0 i

−i 0

 . (5.15)

Note that σ3 is defined differently from that presented in some other sources276–280. The

coefficients n1, n2, n3 belong to a vector Q = [n1, n2, n3] with unit norm, i.e., ∥Q∥ = 1. The

SLM, comprised of a nematic liquid crystal (NLC), exhibits a phase delay between its two

principal axes. This delay is governed by its birefringence ∆n, which can be modulated by an

external electric field and introduced in detail in Section 2.1.2. In the SLM, the phase delay

introduced by each pixel is determined by the pixel value applied and is defined as:

ϕ =
2π ·∆n · d

λ

= 2 arcsin

(√
T

sin2 2χ

) (5.16)

where T is the normalised transmitted intensity, χ is the angle between the polariser and the

NLC director (in this case χ = 45◦), ∆n denotes the NLC’s birefringence, d represents the

distance that light travels within the NLC layer, and λ is the wavelength of the light source.

114



The phase delay ϕ is controlled by the voltage applied to each SLM LC pixel element and the

effect can then be modelled as

JLC =

eiϕ 0

0 1

 . (5.17)

From Equation 5.17, we can then take out the common phase factor to account for the prop-

agation through the NLC and focus on the phase difference caused by the birefringence ∆n

between two axes parallel and perpendicular to the LC director. The Jones matrix for the single

pixel then can be represented as

JLC = ei
ϕ
2

eiϕ2 0

0 e−i
ϕ
2


= ei

ϕ
2 · SU2(H, ϕ)

(5.18)

where H = [1; 0; 0] and ϕ can be determined by the target intensity level T . In our experiment,

the SLM was configured with a reflective backplane behind the pixel array. Consequently, the

Jones vector after reflection from the SLM can be expressed as:

JSLM = Jr · ei
ϕ
2SU2(H, ϕ) (5.19)

where Jr = σ1 = iSU2(H, π) represents reflection off the backplane of the SLM280. The Jones

matrices for linear polarisers at +45◦ and -45◦ are given by

J+45 =
1

2

1 1

1 1


J−45 =

1

2

 1 −1

−1 1

 .

(5.20)

Therefore, the Jones matrix of each pixel across the pupil through the SLM module can be
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represented as:

J = J−45 · JSLM · J+45. (5.21)

Thus, this relationship leads to the input and output Jones vectors before and after the modu-

lation by the SLM as

j2 = J−45 · JSLM · J+45 · j1

= ei
ϕ+π
2 J−45 · SU2(H, ϕ) · SU2(H, π) · J+45 · j1.

(5.22)

Subsequently, the phase difference between j1 and j2 is computed using the Pancharatnam

connection277,281, which we define as

Φ(j1, j2) = arg(j1†j2). (5.23)

This phase can be finally cancelled using the DM by setting the phase using φ = −Φ(j1, j2).

Based on the intensity Zernike pattern T = Zm
n (ρ, θ) designed across the pupil, the correspond-

ing phase φ = ϕ+π
2

to compensate in the range from 0.5π to π can be derived across the

pupil, as the modulation range of the SLM ϕ is in the range of [0, π]. Therefore, each intensity

Zernike pattern applied onto the SLM will have a companion DM phase pattern to ensure that

the I-AO corrector will provide a pure intensity modulation. Thus, the combined use of an

SLM with polarisers and a DM forms the foundation of this I-AO sensorless algorithm. The

first 15 modified intensity Zernike modes are demonstrated alongside their corresponding phase

corrections in Figure 5.5.
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Figure 5.5: Illustration of intensity Zernike modes. The first 15 modified intensity Zernike modes
(left) demonstrated alongside their corresponding phase mode (right) on the DM. Intensity Zernike
modes range between [0,1], and the corresponding DM pattern for compensating additional phase
aberrations introduced by the SLM (with phase ranges from 0.5π to π, as shown by the right scale
bar). The indexing of intensity Zernike modes adheres to Noll’s convention.

5.2 System Development and Calibration

5.2.1 Intensity Aberration Correction System

In order to correct for aberration, the I-AO corrector was deployed into our optical system.

As indicated, this correction module consisted of an SLM sandwiched between two crossed

polarisers for pixelated control of the intensity across the beam in the transverse plane, as

shown in the simplified schematic layout in Figure 5.6. This configuration, previously utilised

in conventional phase AO corrections13,139, was adapted here as an I-AO corrector to deal with

intensity errors. Additionally, an extra AO device, in this case a DM, was positioned next to

the SLM-based module to compensate for geometrical phase effects introduced by the SLM

itself during the intensity correction process227,282, as well as residual phase errors introduced
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by the optical system.

����

���������

Uniform

intensity and phase

Pre-compensated intensity

and distorted phase

Pre-compensated intensity

and uniform phase

SLM DM+45° -45°

Figure 5.6: Configuration of the I-AO corrector. Detailed arrangement of the I-AO corrector,
highlighting how pixelated intensity correction is facilitated by sandwiching a spatial light modulator
(SLM) between a pair of crossed polarisers. Additionally, a DM is strategically incorporated to address
and rectify any supplementary phase errors that arise during the intensity correction process, ensuring
comprehensive aberration correction.

The configuration of the correction system employed in this work is presented in Figure 5.7.

A He-Ne laser beam (Melles Griot, 05-LHP-171) emitting at a wavelength of 632.8 nm was

expanded (by lenses L1 and L2) and directed towards the SLM (Hamamatsu, X10468-01) and

a DM (Boston Micromachines Corporation, Multi-3.5). The SLM was used in combination

with the DM functioning as the I-AO corrector as described above. The SLM was inserted

between a pair of crossed polarisers (P1 and P2) that were installed before and after it with the

polarisers configured so that the fast axis of the nematic LC in each pixel was aligned at +45 ◦

and -45 ◦ to the transmission axes of the polarisers. The pupil plane from the surface of the

SLM was relayed to the surface of the DM by lenses L3 and L4, and then further relayed to

the designed pupil plane by lenses L5 and L6.

Depending upon the different correction methods (i.e., sensorless or sensor-based), different

elements were added for the correction process (with the aid of the flip mirror FM1). For the

sensor-based method, a conjugate plane to the pupil plane was directly imaged on the CCD
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and the intensity variation was directly measured on the pupil. Hence the intensity that needed

to be compensated could be derived directly by comparing the difference between the current

pupil profile with that of the target uniform intensity distribution. For the sensorless method,

the pupil plane was focused though a lens and the distribution of the intensity at the focal

point was examined by comparing the result with the ideal distribution of the focus.

Uniform

intensity and phase

Pre-compensated intensity

and distorted phase

Pupil plane

Pre-compensated intensity

and uniform phase

SLM

DM

�����

�����

����

��
��

��

��

��

���

��

��

���

������

���

������

�����������

 �!�"��#���$

��%&"$

 �!�"��������%&"$

�'������� Biomedical

samples

SLM+45° -45°

Controllable

intensity aberration

Intensity

aberration

Thick

materials

Uneven

illumination

Figure 5.7: Experimental setup for intensity aberration correction. This figure presents the
configuration for correcting intensity aberrations using a He-Ne laser emitting at 632.8 nm, expanded
by lenses L1 and L2, and directed through a SLM paired with a DM. The SLM incorporates crossed
polarisers (P1 and P2) aligned at +45◦ and -45◦ relative to the SLM. Optical paths are relayed from
the SLM surface to the DM by lenses L3 and L4, and further to the final pupil plane via lenses L5
and L6. The optical arrangement accommodates both sensor-based and sensorless correction methods
by changing the position of the flip mirror, FM1. Various intensity aberrations can occur in this
setup, such as biomedical samples, thick materials, unevenly illuminated samples and controllable
intensity aberrations. For the sensor-based method, pupil planes are imaged onto a CCD, directly
measuring intensity variations for real-time correction by comparing with the target profile. The
sensorless method evaluates the FID at the focal plane in relation to an ideal distribution, inferring
the aberration without direct imaging.

119



5.2.2 Dual-loop Feedback Correction

In conventional phase AO technology, most methods necessitate and utilise a single feedback

loop for correction. These methods rely on either direct wavefront measurements at the pupil

plane (sensor-based method) or on inferring phase aberrations from FID profiles at the focal

plane (sensorless method). In both cases, the AO corrector is iteratively adjusted to mitigate

phase aberrations. The sufficiency of single loop correction stems from the periodic nature of

phase in electromagnetic waves, allowing adjustments to be made without affecting the beam’s

total energy. However, for intensity aberration correction, a single feedback loop is insufficient

because changes in intensity can alter the beam’s energy distribution as well. Utilising a single

feedback loop in such cases makes it difficult to maintain both the intensity distribution and

total energy intact at the focal plane, with a risk of complete energy loss in severe instances.
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Figure 5.8: The dual-loop correction mechanism in the I-AO methods. The I-AO methods
harness a dual-loop feedback correction. In the first loop, it follows the conventional phase correction
principle to retrieve the intensity aberration in both sensor-based and sensorless format. In the second
loop, it addresses energy deficiencies, ensuring uniform intensity and total intensity recovery without
energy loss.

To preserve the intensity distribution of the beam without compromising the total energy,

we introduce a dual-loop correction mechanism in the I-AO corrector. The first loop follows

conventional phase AO correction principles, employing feedback from the pupil plane (sensor-

based) or focal plane (sensorless) to adjust the I-AO corrector. Its objective is to restore intensity
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uniformity at the pupil plane or the shape of the focus at the focal plane, which have been

disrupted by external aberrations. This loop does not involve restoring the total energy of the

original beam. The second loop then compensates for energy loss introduced during the first

loop by making adjustments to the initial beam intensity. This dual-loop strategy effectively

divides the intensity aberration correction process into two sub-tasks: intensity uniformity

restoration and total intensity recovery, ensuring that no energy is sacrificed. The dual-loop

correction mechanism is demonstrated in Figure 5.8. The response time for the sensor-based

method is approximately 50 ms, which falls within the real-time correction region, making it

suitable for dynamic intensity adjustments. In contrast, the sensorless method has a response

time of around 1 minute due to the iterative nature of the optimisation process, which requires

repeated image acquisition and analysis.

5.2.3 Calibration of Active Optical Devices

An SLM was positioned in the I-AO corrector between two polarisers aligned orthogonally.

This configuration, with both polarisers aligned at a 45◦ relative to the NLC within the SLM,

facilitates pixelated intensity modulation through the NLC’s Fréedericksz transition. The for-

mula for the transmittance (T) of light through the NLC layer as presented in Section 2.1.2,

Equation 2.12 as

T =
I

I0
= sin2(2χ) sin2

(
π∆nd

λ

)
(5.24)

where the symbols are defined the same as the ones defined in Equation 5.16.

Light intensity modulation in the I-AO corrector is achieved by controlling the voltage

applied to the SLM to change the effective birefringence. This was achieved by using an 8-

bit greyscale image of the same resolution as the SLM panel, which was further converted to

voltages according to a manufacturer-defined greyscale-to-voltage map. However, the thickness
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of the NLC layer varies due to the uneven SLM surface, which impacts the modulation quality.

A pixel-specific look-up table (LUT) was therefore needed to account for these disparities. This

LUT correlates pixel values with their modulated intensities, enabling precise and rapid intensity

adjustments during the correction process by quickly identifying the appropriate pattern to load

onto the SLM. The LUT for each SLM pixel was derived by mapping intensity modulation to

greyscale levels, which required the adjustment of the laser intensity via a neutral density (ND)

filter and optimisation of the monochrome camera exposure time to achieve maximal dynamic

range. These parameters remained constant to ensure a consistent calibration throughout the

experiment.
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Figure 5.9: A typical calibration curve derived for each SLM pixel. Usually it will be the shape
of a trigonometric function. To obtain a one-to-one value mapping between the SLM pixel value and
the intensity value after modulation, the maximum and minimum intensity values PnSn

and PnLn

were located when the SLM pixel value was Sn and Ln. The highlighted section of the curve indicates
the one-to-one mapping selected for I-AO corrector.

Next, to efficiently capture the intensity modulation response across all pixels on the SLM,

uniform images with a single value (termed flat value Fi) were employed. With an 8-bit mod-

ulation depth of the SLM, flat values Fi = i satisfying i ∈ [0, 255], i ∈ Z were systematically

tested for each SLM pixel. We applied the same flat value Fi to all N pixels of the SLM by

using the uniform image and then increased the flat value of the uniform image from 0 to

255. This approach allowed us to efficiently record the intensity response of each SLM pixel
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by capturing the intensity response of the whole active region of the SLM from the intensity

sensor for each flat value Fi applied. It should be noted that the discrepancy between SLM

resolution and camera sensor size was mitigated through interpolation. This ensured an accurate

one-to-one mapping between each pixel on the SLM and each pixel on the image captured by

the monochromatic camera for intensity measurement, which eliminated any potential issues

related to resolution mismatch. Consequently, for each image of the active region captured

with the flat value Fi applied, we could determine the corresponding intensity response Pni

for every pixel n across all N SLM pixels, enabling the derivation of the modulation range

as [Pn0 , Pn1 , · · · , Pn255 ] for each pixel n. This process recorded the modulation profile of the

entire value space and enabled precise calibration of pixel-specific intensity responses which are

typically represented by trigonometric functions within the modulation range. By following

these steps, in total 256 intensity images were taken after which the intensity modulation range

for each pixel could be derived. A typical curve measured from this calibration process is shown

in Figure 5.9.

To ensure the mapping is unique between SLM pixel values and intensity modulation, flat

values FSn and FLn corresponding to minimum intensity PnSn
and maximum intensity PnLn

,

respectively, were identified for each SLM pixel n. Intensity values within the range of PnSn

to PnLn
and their corresponding flat values were used for I-AO compensation, with intensity

values outside this range being discarded. Thus for each SLM pixel index with n, when its

pixel value was set between FSn and FLn , it will have a one-to-one mapping to the intensity

value ranging from PnSn
to PnLn

on the monochromatic camera. This approach establishes

the relationship between flat values of each SLM pixel and the intensity values that can be

modulated for each SLM pixel through the I-AO corrector, which was then encoded into the

LUT together with the valid pixel value range. This calibration methodology is illustrated in
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the accompanying flowchart in Figure 5.10.
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Figure 5.10: The flowchart summarises the calibration methodology employed for each pixel
of the SLM. The configuration of the SLM during calibration, the measurement of the intensity
modulation range for each pixel, and the generation of a pixel specific LUT for precise intensity
correction is outlined.
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To achieve a desired output intensity using the I-AO corrector, specific target intensities

PnT
were set on the monochrome camera. This was done by modulating each SLM pixel with

patterns derived from a calibrated LUT. These patterns were generated by selecting a value Fi

between FSn and FLn for each SLM pixel n, such that the corresponding intensities Pni
closely

matched the target PnT
. Subsequently, conventional phase AO correction was applied using the

DM to correct for phase aberrations introduced by the SLM and other system-specific optical

phase aberrations. For a uniform output intensity, a single target intensity level PnT
was set for

the intensity reading on the monochrome camera, which furthermore determines the unique

pattern on the SLM ensuring a uniform intensity at the pupil plane. The images taken at the

focal plane revealed an ideal focal intensity distribution resembling a standard Airy disk shape

as shown in Figure 5.11
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Figure 5.11: The ideal focal intensity distribution through the SLM in its flat state. (a) The
ideal focal intensity distribution captured when the SLM was set to its ‘flat state’ and a standard Airy
disk shape was obtained. (b) The cross section of the focal intensity distribution and the comparison
to the standard Airy disk shape.

5.3 Correction Methods and Procedures

5.3.1 Sensor-Based Method

Sensor-based I-AO directly measures aberrations at the pupil plane with a sensor. Initially, the

SLM was set to a flat state (as stated in Section 5.2.3), and reference images were captured from
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both the pupil and focal planes. A schematic of the measurement logic is demonstrated in

Figure 5.12. Afterwards, the external intensity aberration was introduced into the system, and

the distorted intensity profile on the pupil plane was captured by the intensity sensor, initiating

a dual-feedback loop for sensor-based correction. Loop 1 recovers the intensity profile and

calculates the intensity loss ∆Pn for each pixel n by comparing the captured intensity values

PnC
with the target level PnT

, where ∆Pn = PnT
− PnC

. A new target level P̃n = PnT
+∆Pn

is then set for the pupil plane pixel intensity measured by the monochromatic camera to

compensate for the intensity aberration, leading to the creation of a new pattern image onto

the SLM based on the LUT. The corrected pupil intensity was further assessed to confirm

optimal beam uniformity restoration. Finally, conventional phase AO correction was applied

to address phase aberrations introduced by the SLM during the intensity correction process.

The FID at the focal plane resembles that of an ideal Airy disk, also validating that the intensity

profile at the pupil plane would be uniform.
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Figure 5.12: Schematic of the sensor-based I-AO method. Conceptual schematic illustrating the
sensor-based I-AO method with dual closed-loop feedback correction. The intensity sensor was utilised
to measure the intensity variation directly from the pupil plane to provide information for the first
feedback loop, which recovers the uniformity of the pupil intensity. The intensity from the FID then
provides the second feedback loop to recover the total intensity level.
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Start sensor-based correction

Stop sensor-based correction

Set target intensity P
n
T

 modulated through each SLM pixel n

Set SLM to a flat state

Second feedback loop

First feedback loop

Generate the pattern on SLM for a uniform intensity ouput 

Correct remaining phase aberrations

Correct remaining phase aberrations

Verify the beam uniformity

Adjust the system power level
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n
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Set new target intenisty P
n
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Apply the new generated SLM pattern

Intensity aberration introduced

Figure 5.13: Flowchart outlining the sensor-based correction methodology. Critical steps such as
the SLM flat state initialisation, beam uniformity restoration (loop 1), and total intensity recovery (loop
2) are illustrated, as detailed in Section 5.2.2. The dual feedback loop is highlighted for simultaneous
beam uniformity restoration and total intensity recovery.

After rectifying the uniformity of the intensity profile at the pupil plane and the FID profile

at the focal plane in the first loop, the second loop focuses on recovering the total intensity
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of the initial beam by adjusting the attenuation filter at the illumination source with feedback

from the intensity level measured by the camera. A flowchart presented in Figure 5.13 outlines

this sensor-based correction methodology.

5.3.2 Sensorless Method
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Figure 5.14: Schematic of the sensorless I-AO method. A conceptual schematic of sensorless
I-AO for intensity aberration correction with dual closed-loop feedback correction. In contrast to
the sensor-based approach, No intensity sensor is utilised to measure the intensity variation directly
from the pupil plane. Instead, the aberration is inferred by measuring the FID from the focus plane,
which is used as the first feedback loop to recover the uniformity of the pupil intensity. The same
information is also used to recover the total intensity back to its original level.

Our sensorless I-AO technique iteratively applies predefined patterns to the I-AO corrector to

correct for intensity aberrations detected at the focal plane. This method was inspired by es-

tablished wavefront sensorless algorithms for phase aberration correction AO in microscopy.

The key distinction between the sensorless and sensor-based approach is that the former relies

on evaluating the FID profile at the focal plane to infer the aberration indirectly, as it can-

not directly measure the intensity profile from the pupil plane. In addition, instead of using

traditional phase AO Zernike modes, the modified set of intensity Zernike modes as elabo-

rated in Section 5.1.2 were employed for intensity aberration correction. A schematic of the

measurement logic is outlined in Figure 5.14.
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Initially, the SLM was configured to maintain a uniform intensity level using a calibrated

LUT, which was precisely measured following the detailed procedure outlined in the SLM

calibration process described in Section 5.2.3. Subsequently, an arbitrary intensity aberration

was deliberately introduced, resulting in a distortion of the FID profile at the focal plane. In the

initial correction loop, a total of 15 intensity Zernike modes were evaluated to identify the mode

with the optimal coefficient that would restore the uniformity of the light distribution. It is

important to note that, unlike traditional Zernike modes used in phase correction, the intensity

Zernike modes mentioned in Section 5.1.2 do not support super-positioning. Therefore, our

method involves a systematic and sequential coarse scanning of the coefficient range from 0 to

1 for each mode, with an incremental step of 0.2. For each step, an FID profile was captured

to assess the effect of the applied coefficient.

Contrary to conventional phase AO sensorless algorithms, which retain the optimal coeffi-

cients of previously scanned modes on the AO device during subsequent scans, our approach

discards the previous correction mode before applying the next one. After assessment of each

mode, the I-AO corrector was reset to a flat state before examining the subsequent mode. This

strategy effectively prevents intensity saturation on the pupil plane by clearing coefficients after

each scan, thereby ensuring accurate feedback and optimal corrective adjustments. This metic-

ulous process of capturing focal plane images for all coefficients is critical, yet no modes are

retained in the corrector after the coarse scanning phase. The correction of intensity aberra-

tions is thus postponed until the most effective mode and corresponding coefficient have been

precisely identified and selected. This methodical approach enhances the precision and efficacy

of the correction process, leading to significantly improved imaging quality and consistency.

To select the optimal mode with corresponding coefficient for correcting aberrations, the

FID profile images were assessed from coefficient scans, applying criteria to gauge focal spot
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quality. The primary objective of this analysis was to identify the intensity Zernike mode with

coefficients that restore the distorted FID profile to a configuration most closely approximating

the ideal Airy disk shape. The first criterion for selecting the optimal mode and corresponding

coefficient involved evaluating the low spatial frequency characteristics of the FID profile im-

ages, a measure that provides critical insight into the uniformity and smoothness of the light

distribution across the focal plane283. The second criterion focuses on the circularity of the

focus spot, a parameter that is indispensable for assessing the roundness of the focal spot. The

spot circularity value C evaluating the FID profile was computed as

C =
4Aπ

P 2
(5.25)

where A is the spot area and P is the perimeter of the target spot. Circularity values of 1 indicate

a perfect circle, with deviations from 1 reflecting a poor FID profile. The optimal coefficient

of each mode, determined by a coarse coefficient scan with the low spatial frequency algorithm,

were further evaluated by comparing the circularity value C difference from 1. This difference

served as the mode selection criterion. To streamline the final correction, among modes meeting

this criterion, the one with the lowest index was selected to simplify the outcome.

After identifying the optimal mode for aberration correction during preliminary scanning,

a detailed rescan was conducted over the same range (0 to 1) with finer 0.05 increments. FID

profile images were captured and analysed using a low spatial frequency algorithm and spot

circularity value to pinpoint the coefficient that produces a focus spot closest to the ideal Airy

disk. Achieving this spot indicated optimal system performance with minimal aberrations and

improved image clarity. The corresponding pattern was then generated and loaded onto the

SLM.
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Figure 5.15: Flowchart outlining the sensorless correction methodology. A comprehensive visuali-
sation of the sensorless correction workflow is presented. Steps from the initial calibration of the SLM
using a calibrated LUT, through the iterative application and evaluation of intensity Zernike modes,
to the final adjustments for both intensity profile uniformity and beam intensity level restoration are
summarised.
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Subsequent assessment of the captured focal plane image typically revealed a significant

enhancement in image quality, though some residual discrepancies between the actual and the

theoretically ideal focal spots may persist. These discrepancies were generally attributed to

phase aberrations that occurred during the modulation of the correction pattern on the SLM.

To address these residual phase aberrations, a conventional phase AO correction algorithm was

introduced using the DM.

Following the initial correction loop that restored the intensity profile uniformity using the

selected mode and coefficient, a second correction loop was initiated to reinstate the intensity

level of the beam. This adjustment was accomplished by modifying the ND filter of the

laser source to return the beam intensity to its original level. The entire sensorless correction

workflow is depicted in the flowchart provided in Figure 5.15.

5.4 Experiment Results

Contrary to conventional AO techniques that assess phase and/or polarisation aberrations on

the pupil plane, I-AO demands a comprehensive evaluation of intensity variation across the

pupil plane, achievable through either direct measurement or indirect estimation (e.g., model-

based optimisation of focal quality). Therefore, we propose two distinct I-AO methods for

different imaging applications in previous Section 5.3. The first approach involves direct sens-

ing using an aberration sensor, referred to as sensor-based AO. The second approach relies on

indirect optimisation, known as sensorless AO12,97,227. Further elaboration and validation of

both approaches are discussed in subsequent sections. For both I-AO methods, two important

points are emphasised. First, the methods integrate the correction of both phase and intensity

aberrations, addressing any additional phase errors induced by the AO device itself (geometri-

cal effects) during the correction process. Second, it advances beyond the single closed-loop
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feedback mechanism of conventional AO to incorporate a dual-loop feedback correction. The

additional loop adds total intensity recovery to the restoration of phase and intensity uniformity.

Further details will be elaborated in the following sections.

5.4.1 Sensor-Based Intensity Aberration Correction

The sensor-based I-AO approach goes through the following pipeline: 1) An intensity sensor,

such as a monochrome camera, first acquires a reference frame by capturing the full intensity

profile of the SLM in its flat state with no intensity aberration. This intensity profile was taken

at a plane corresponding to the conjugate pupil plane of the objective lens in the aberrated imag-

ing system. Details of how to calibrate the flat state of the SLM-based corrector, the relationship

between SLM retardance and I-AO corrector intensity values, as well as the intensity compensa-

tion algorithm have already been elaborated in Section 5.2.3; 2) The distorted intensity profile

in the presence of intensity aberrations was then measured to serve as feedback data; 3) The

retardance values required for intensity pre-compensation was then calculated at the conjugate

plane of the I-AO corrector to facilitate the first feedback correction loop (S1 in Figure 5.12); 4)

These retardance values were applied to the I-AO corrector to achieve uniform intensity across

the pupil. 5) The DM was further used to perform sensorless AO and compensate for both

the geometrical phase aberrations induced by the SLM itself, and the systematic phase errors

throughout the system. 6) With a uniform intensity profile obtained at the focal plane, the

attenuator after the light source was finally adjusted based on the reference data to enhance the

total intensity value, marking the end of the second feedback loop (S2 in Figure 5.12). Details of

the sensor-based dual closed-loop feedback correction algorithm were described in Section 5.3.1.

This methodology was validated through two experiments to showcase its viability.

The first experiment demonstrated the necessity of I-AO. Initially, an external spatially

varying intensity aberration was introduced into an optical focusing system (see Figure 5.16,
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I-AO off) and an attempt was made to carry out sensorless phase AO correction via the DM

(see Figure 5.16, Phase AO on). The results show a persistent focus aberration, indicating

that conventional phase AO correction cannot fully rectify the intensity aberrations due to

their impact on interference in the focal plane, and results in an imperfect focal spot. After

removing the intensity aberration, the original intensity distribution was restored across the

pupil to achieve a diffraction-limited focal spot. From the above validation, it was confirmed

that I-AO is essential for complete intensity aberration correction. The measurement of the

intensity values across a cross-section of the focal spot for each step are presented in Figure 5.17.
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Figure 5.16: Experimental demonstration of the need for I-AO. Demonstration of the necessity
of I-AO for intensity aberration correction by comparison with the results obtained using traditional
phase-only AO correction. The intensity profile of the pupil, the phase applied to the DM and the
profile of the focus are presented, for the conditions of I-AO off (with intensity aberration applied but
no intensity aberration correction and no phase-only AO correction), phase-only AO on (intensity
aberration applied, but no intensity aberration correction), I-AO off (without intensity aberration
applied and no phase-only AO correction), separately.

The necessity of the I-AO corrector was then established by demonstrating that a single

DM cannot adequately compensate for introduced intensity aberrations. Random intensity

aberrations induce significant distortions in the FID , and cannot be corrected by conventional

phase-only AO using a single DM, as observed from the results captured at the pupil and focal
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planes. To demonstrate the consistency of system aberrations throughout the experiment and

how the observed intensity aberrations were not attributed to these system aberrations, the

external intensity aberration pattern was removed by restoring the SLM back to its flat state.

In this condition, only inherent system aberrations were present. After the correction with

conventional phase AO, the FID profile was restored to its original Airy disk shape, as observed

at the pupil and focal planes. This outcome confirms that after the system aberrations have

been corrected with phase AO, any distortion of the intensity profile in the system will be due

to the intensity aberrations introduced throughout the experiment.
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Figure 5.17: Cross-section of the FID in the experiment proof of the need for I-AO. Intensity
profile plots along a sampled cross-section of the focus for each step in Figure 5.16. A plot of the
ideal Airy disk is shown by the dashed line.

In the second experiment, a sensor-based I-AO correction was applied for the same intensity

aberration as in the first experiment, with pupil and focal plane profiles depicted in Figure 5.18

(I-AO off). Following the pipeline outlined earlier, the first feedback loop, S1, corrected the

intensity profile based on the measured pupil image, resulting in a uniform intensity profile

across the pupil as shown Figure 5.18 (I-AO S1).
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Comparing the intensity profile along a cross-section of the focus before and after I-AO

correction revealed marked improvements in both pupil intensity uniformity and the overall

focal spot quality. Subsequently, sensorless phase adaptive optics (Phase AO on) addressed the

remaining phase aberrations; and the final feedback loop S2 (I-AO S2), which actively corrected

these intensity aberrations, demonstrated a clear improvement in the pupil intensity level. The

figure highlights the gradual reduction in intensity irregularities as I-AO was progressively

implemented, providing a clear comparison between the focal spot before and after intensity

correction.
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Figure 5.18: Experiment results for the sensor-based method. Sensor-based I-AO correction for
the intensity aberration with a dual feedback loop. The intensity profile of the pupil, the phase applied
to the DM, and the profile of the focus for each step are presented.

Figure 5.19 presents the cross-sectional views of the focal spot for each step of the correc-

tion process. Initially, without any correction, the cross-section exhibits significant distortions,

with uneven intensity distribution that compromises focus quality. After applying phase AO,

the central portion of the focus showed improvement, yet aberrations persisted, particularly in

the outer regions of the beam. When feedback loop S1 was engaged, the intensity aberrations
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were actively mitigated, resulting in a more uniform intensity profile. The cross-sections show

how the aberration-induced intensity dips and peaks were progressively smoothed, leading to an

almost ideal focal spot profile. The final correction loop S2 further corrects the profile closely

in align with the theoretical Airy disk, which demonstrates the ability of the system to approach

diffraction-limited performance when both phase and intensity corrections are applied.
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Figure 5.19: Cross-section of the FID for the sensor-based method. Intensity profile plots along
a sampled cross-section of the focus for each step in Figure 5.18 with a dual feedback loop. A plot of
the ideal Airy disk is shown by the dashed line.

The analysis of these results confirms that while phase AO alone improves focus quality

by correcting phase distortions, it is insufficient for achieving optimal results in systems where

intensity aberrations are significant. The implementation of I-AO not only compensates for

phase issues but also corrects intensity distribution, yielding a more uniform and concentrated

focal spot. The dual-feedback mechanism thus plays a critical role in refining both the intensity

uniformity and the overall level, as demonstrated by the nearly ideal focus obtained after the

correction process.
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5.4.2 Sensorless Intensity Aberration Correction

Here, the feasibility of the sensorless I-AO approach is demonstrated, eliminating the need for

direct sensor-based measurement of the intensity variation at the pupil plane, which is usually

a challenging task in compact optical systems. Instead, this approach indirectly infers intensity

aberrations by analysing the image of the focal spot as feedback. Mimicking conventional phase

AO, and as discussed in Section 5.1.2, this method applies a series of pre-designed aberration

correction patterns sequentially to the AO device, with the optimal correction determined by

assessing the image quality metric of the low spatial frequency283 and the focus spot circularity.

It is crucial to note that: 1) The non-periodic and power-related nature of intensity varia-

tions complicates the use of orthogonal superposition of Zernike-like modes for correction, as

mentioned in Section 5.1.2; 2) Similar to the sensorless technique in modern V-AO correction

methods227, the I-AO approach has to deal with the complex interplay between intensity and

phase through geometrical links when modulating the SLM, suggesting the need for simulta-

neous correction of any additional phase errors introduced by the SLM during the intensity

aberration correction.

During the correction process, 15 intensity Zernike modes, including piston, tip, and

tilt – commonly omitted in conventional phase AO – are scanned and analysed. For each

mode, images of the focal spot are captured at varying amplitudes. The optimal correction

is determined by evaluating two key image metrics mentioned in Section 5.3.2: low spatial

frequency and spot circularity, which are used to identify the best-performing intensity Zernike

mode and its corresponding coefficient. Experiments were conducted to validate the sensorless

approach for I-AO correction, employing the same external intensity aberration as that used

during sensor-based I-AO validation. Recall Figure 5.14 which outlined the sensorless I-AO

procedure. As discussed, it is similar to the sensor-based method, which also utilised a dual
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closed-loop feedback loop, but in this case it relies on the image of the focal spot to infer the

aberration indirectly. Figure 5.20 shows the results for each correction step.
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Figure 5.20: Experiment results for the sensorless method. Sensorless I-AO correction procedure
for intensity aberration with dual closed-loop feedback correction. The intensity profile of the pupil,
the phase applied to the DM and the intensity profile of the focus are presented, for the conditions
of I-AO off, phase-only AO on, I-AO SL1, and I-AO SL2, separately.

Initially, the intensity aberration created an irregular focal spot (see Figure 5.20, I-AO off).

Conventional sensorless phase-only AO was then applied to address the phase errors in the

system introduced by the optical components, with the applied correction phase pattern and

post-correction focal image shown in Figure 5.20 (Phase AO on). Following this, sensorless

I-AO scans through a pre-determined set of intensity Zernike modes, identified the optimal

SLM phase pattern composed of the best intensity Zernike mode and corresponding coefficient

that yielded the highest image metric. The shape of the restored focal spot is demonstrated in

Figure 5.20 (I-AO SL1). Conventional sensorless phase-only AO further corrects for residual

phase errors and enhances intensity uniformity. The final DM phase pattern and resulting focal

spot image are shown in Figure 5.20 (Phase AO on). Finally, feedback loop SL2 compensates

for any intensity loss (see Figure 5.20, I-AO SL2), with the intensity profile plots along a cross-
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section of each focal spot displayed in Figure 5.21. Comparing the beam intensity level and

profile between the ideal and corrected focus spots reveals a clear improvement in the intensity

profile quality during the sensorless correction step.
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Figure 5.21: Cross-section of the FID for the sensorless method. Plots of the intensity profiles
along a sampled cross-section of the focus for each step during the sensorless I-AO correction. A plot
of the ideal Airy disk is shown by the dashed line.

The measurement results confirm the potential of sensorless I-AO for future applications

requiring both intensity and phase correction, particularly in scenarios where adding extra

hardware to measure the intensity aberration directly is constrained, highlighting its significance

for indirect optimisation in compact optical imaging systems.

5.4.3 Discussion

In contrast to conventional AO, where the aberration profile on the pupil plane is not the

compulsory information for conducting aberration correction, I-AO requires a method to de-

termine the full intensity variation on the pupil plane, either directly from intensity sensor

measurement, or indirectly from intensity aberration estimation (e.g., model-based optimisation

of focal quality) through the adjustment of the intensity profile in the pupil domain. Based
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on these principles, an I-AO technique has been introduced in this chapter in two different

formats that can be applied in different scenarios. The first is the direct sensing via an intensity-

aberration sensor, which is usually referred to as sensor-based AO. The second approach relates

to the indirect optimisation methods, which are usually named as sensorless AO.

For the I-AO technique proposed, the following unique points are highlighted. First, it is a

joint correction system encompassing both phase and intensity, which takes extra phase errors

introduced by the AO device itself into consideration during the correction process. Second,

the traditional single feedback closed-loop correction process for conventional AO has been

extended to dual-loop correction, including restoration of the phase and intensity uniformity

via a cascade of AO devices as well as recovery of the total intensity values via a direct modulation

of the light source.

5.5 Summary

In summary, in this chapter, the concept of conventional phase AO has been extended to

the intensity domain by jointly correcting intensity and phase aberration. I-AO can either be

implemented using dual-loop feedback in a sensor-based approach using a camera, or through

implementations of sensorless I-AO based on the focus spot measurement only, which harnesses

novel intensity modes as well as advanced sensorless processes.

These two approaches provide a versatile toolkit for the compensation of intensity aber-

rations in a wide range of optical systems, which can be chosen to fit real-world applications.

The sensor-based I-AO provides a full understanding of the intensity profile, hence enabling the

I-AO corrector to do the pre-compensation directly. It should be noted that for I-AO, it should

focus on intensity correction specifically. Considering that certain AO devices themselves (e.g.,

SLMs) would introduce extra unexpected phase aberration, and the possibility that the system
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can exhibit residual phase aberration, a phase AO device (e.g., DM) was also included in the

I-AO system as a key part to conduct phase compensation during the correction process.

The sensorless I-AO is a first attempt for using non-orthogonal modes to give a proof-of-

concept demonstration for the use of aberration correction, which unlocks new areas to be

explored. Along these lines, the modes used in this chapter are Zernike shape, which may

or may not be the best mode to be applied for non-orthogonal modes, other modes such as

Zonal284 or newly designed modes may be more optimal. Also, considering the intensity modes

for the sensorless optimisation process, new image metrics as well as different sensorless I-AO

processes are areas that warrant further investigation. Moreover, I-AO can be used further in

conjunction with vectorial adaptive optics to form a full-field advanced AO approach.

Overall, this chapter proposes novel I-AO techniques for the correction of intensity and

phase aberrations. With these intensity dual-loop feedback control methods, this novel AO tech-

nique would benefit various research areas, ranging from astronomical telescopes to microscopes,

with potential application in galaxy characterisation to clinical diagnosis.
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If, in a century or a millennium, our descendants walk among

the stars, the masses will sing her praises.

— An epithet to Kristen Wright
CHAPTER 6

Optical Quasiparticle Generation using Liquid Crystals

6.1 Topology of Quasiparticles

6.1.1 Introductions

Optical quasiparticles, which leverage complex optical properties to create structured light fields

with unique and robust topological features, have gained increasing attention due to their poten-

tial in advanced applications such as structured light generation and control285–289. Structured

light, which involves manipulating light fields to have specific spatial distributions, polarisations,

or phase patterns, plays a crucial role in the formation and control of these quasiparticles13,290–292.

This chapter demonstrates optical skyrmionic and meronic beams which are complex photonic

quasiparticles generated and manipulated with structured light. Methods to generate these beams

using liquid crystal (LC)-based spatial light modulators (SLMs) are proposed. The proposed

optical skyrmions and optical merons introduce new dimensions for processing, transferring,

and storing information in a condensed light field, with the potential to extend communica-

tion channel bandwidth and pave the way for next-generation high-volume on-chip optical

computing.

The topology of electromagnetic waves with complex and structured spin textures, initially

discovered in particle physics and condensed matter physics, has become a focal point in re-
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search for next-generation information technology293,294. Optical quasiparticles that emulate

spin topology by utilising the physical properties of the optical field are attracting growing

attention, promising a new era in structured light control and generation285,287. Among these,

skyrmions, originating from structured electric fields in evanescent waves and magnetic mate-

rials, have become prominent research topologies295. Skyrmions were first proposed by British

physicist Tony Skyrme in 1961 to describe the general structure of nucleons and have since

been widely considered in various research contexts, including magnetic materials, LC, and

Bose-Einstein condensates296–300. Skyrmions offer topological robustness against external per-

turbations and their versatile textures provide new degrees of freedom for information encoding,

leading to innovative outcomes ranging from chiral magnets to surface plasmons301,302.

Following initial discoveries in magnetic systems, topology-protected quasiparticles have

been successfully realised across a range of classical platforms. In magnetic systems, these

quasiparticles store data through their unique spin configurations, ensuring data integrity even

under fluctuating conditions303. Unlike traditional magnetic storage methods, skyrmions can

be densely packed without interference, offering significantly higher data densities304. This

advantage makes skyrmion-based memory devices highly attractive for computing technologies

focused on efficiency and reliability305,306.

Building on these advancements in magnetic systems, new applications for quasiparticles

are now being explored in optical systems285,287,289. Due to their topological protection, optical

skyrmions exhibit remarkable stability and resistance to external disturbances, positioning them

as a breakthrough in data storage and information processing286,307. This robustness reduces

the risk of data corruption and loss, highlighting skyrmion-based storage as a promising future

technology for computing308.

By leveraging the topological properties of optical skyrmions, researchers are developing
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advanced photonic devices that can manipulate light with unprecedented precision289,293,309.

These devices can control the angular momentum and polarisation of light, which are critical

for high-resolution imaging and optical communication systems22,291,310. Optical skyrmions can

be utilised to achieve precise and stable manipulation of light fields, providing significant advan-

tages in applications such as information processing and photonic circuitry23,311. Furthermore,

the study of optical skyrmions is driving innovation in the design of new materials and pho-

tonic structures312. Towards this end, researchers are developing novel metamaterials that exhibit

unique optical properties not found in natural materials313. These innovations are paving the

way for breakthroughs in various fields such as optical computing, optical sensing, and laser

technologies.

In photonic systems, the optical quasiparticles can be described by 3D Stokes vectors, rep-

resenting vectors on the surface of the Poincaré sphere314,315. This topological structure can

be excited from optical devices with spatially varying optical properties. Among various quasi-

particles, merons, which share similarities with skyrmions, have gained special attention in

recent research316. Meron topology originates from Yang-Mills theory and, due to its similar-

ity to skyrmions, is also known as a half skyrmion or baby skyrmion317. The existence of

meron topology has been reported in photonic crystals, liquid crystal-filled microcavities, and

surface-plasmon polarisation318,319. Unlike skyrmions with complete circular symmetry, meron

structures possess half of the skyrmion topology, leading to non-integer skyrmion numbers.

Meron topology can also possess higher orders by increasing its vorticity while maintaining

topological protection.

In this chapter, a novel technique to generate optical skyrmionic and meronic beams of

multiple orders in optics is proposed through the modulation of the polarisation field of the

incident beam. This approach is evaluated both theoretically and experimentally, demonstrating
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the versatility and effectiveness of the method. The creation of these quasiparticle structures

is achieved using a cascaded array of SLMs. Using these cascaded universal optical modulators,

it is shown that the structured light can be modulated with a spatially varying vectorial field,

allowing for the generation of optical skyrmionic and meronic beams in any higher order

with significant flexibility. This controllable optical quasiparticle generator has the potential

to support the next-generation information technology. The experimental verification of the

topological protection for both skyrmionic and meronic beams are presented, highlighting

their robustness and stability. The ability to engineer and control these complex topological

structures in light could lead to significant advancements in a range of fields including advanced

microscopy and enhanced communication systems.

6.1.2 State of Polarisation

The polarisation of light is a fundamental element to construct optical beams and generate

complex vector fields. In the study of light polarisation, Jones calculus and Stokes parameters

are two fundamental frameworks for describing the state of polarisation (SoP).

Considering transverse light propagating in the z direction, the plane-wave component of

the optical field in terms of complex quantities can be expressed as:

Ex(z, t) = E0x e
i(ωt−kz+δx) (6.1)

Ey(z, t) = E0y e
i(ωt−kz+δy) (6.2)

where z is the distance along the propagation direction, t is the time, ω is the angular frequency,

k is the wave factor and δi is the initial phase for each axis. For polarisation transformation in an

optical system, only the phase difference between the two components is of interest. Therefore,

by suppressing the propagator τ = ωt − kz and extracting the common phase δx and scalar
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intensity
√

E2
0x + E2

0y, Equation 6.1 and Equation 6.2 can be simplify into a 2× 1 vector E as

E =
√

E2
0x + E2

0y e
iδx

[
cosα

sinα eiδ

]
(6.3)

where cosα = E0x/
√

E2
0x + E2

0y, sinα = E0y/
√

E2
0x + E2

0y and δ = δy − δx. Since phase has

the period of 2π, the phase difference δ has the range from −π to π. Therefore, the normalised

Jones vector j can be represented as

j =

[
cosα

sinα eiδ

]
. (6.4)

By restoring the propagator τ = ωt − kz and taking the real parts, Equation 6.1 and Equa-

tion 6.2 can be rewritten as

Ex

E0x

= cos(τ + δx) = cos τ cos δx − sin τ sin δx (6.5)

Ey

E0y

= cos(τ + δy) = cos τ cos δy − sin τ sin δy. (6.6)

Eliminating τ in Equation 6.5 and Equation 6.6 gives

E2
x

E2
0x

+
E2
y

E2
0y

− 2
Ex

E0x

Ey

E0y

cos δ = sin2 δ (6.7)

where δ = δy − δx.

Equation 6.7 is recognised as the equation of a rotated ellipse, indicating that the trace of

the vector of the electromagnetic field of light follows an ellipse, known as optical polarisation.

Figure 6.1 shows the defined polarisation ellipse. The ellipse is inscribed within a rectangle

whose edges are parallel to the coordinate axes x and y. The length of the rectangle edges can

be determined by calculating the tangent points of the ellipse on the rectangle. Thus, the outer
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boundary of the ellipse extends to Ex = ±E0x and Ey = ±E0y.
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Figure 6.1: Illustration of the polarisation ellipse. The diagram depicts the geometric representation
of the polarisation state of light, showing the orientation and ellipticity of the polarisation ellipse. The
original axes are marked as x and y, while the rotated axes x′ and y′ align with the major and minor
axes of the ellipse, whose lengths are a and b respectively. The ellipse is bounded in the rectangular
box corresponding to electric field amplitudes 2E0x and 2E0y in the original axes. The rotation angle
Ψ and the ellipticity χ are labelled as well. The rotation angle Ψ represents the angle between two
sets of the axes and the ellipticity χ is formed by the major and minor axes of the ellipse.

Since it is a rotated ellipse, it is important to know its angle of rotation Ψ and the ellipticity

angle χ, in connection with E0x, E0y and δ, which are the crucial parameters to describe the

ellipse. For the rotated ellipse illustrated in Figure 6.1, the rotation angle Ψ is defined as the

rotation from the original axis x towards the new axis x′, ranging from 0 to π, and it can be

represented as278

tan 2Ψ =
2E0xE0y cos δ
E2

0x − E2
0y

= tan 2α cos δ. (6.8)

From the geometry of the rotated ellipse, the angle of ellipticity χ is defined by

sin 2χ =
2E0xE0y sin δ
E2

0x + E2
0y

= sin 2α sin δ (6.9)
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where the range of angle χ falls in [−π/4, π/4]. Therefore, for an arbitrary polarisation state

represented by normalised Jones vector j characterised by auxiliary angle α and phase difference

δ, it has corresponding ellipses characterised with rotation angle Ψ and ellipticity χ, as expressed

in Equation 6.8 and Equation 6.9.

The above analysis of the polarisation ellipse provides a useful representation of polarised

light. By using the Jones vector, it provides a concise mathematical description of polarised light

with time factors. In practical applications, it is often required to represent the polarisation state

in a more concise way without time factors. This is achieved through the Stokes parameters,

which offer a description of the SoP of polarised light by averaging the value of optical field

over time. Unless specified otherwise, the light discussed in this chapter is fully polarised

light. By expressing the optical amplitudes in terms of complex quantities as given in equations

Equation 6.1 and Equation 6.2, the time-averaging process can be achieved by representing the

real optical amplitudes in terms of the complex amplitudes. Thus the Stokes parameters for a

plane wave are now obtained from the formula

S0 = ExE
∗
x + EyE

∗
y (6.10)

S1 = ExE
∗
x − EyE

∗
y (6.11)

S2 = ExE
∗
y + EyE

∗
x (6.12)

S3 = i(ExE
∗
y − EyE

∗
x). (6.13)

Substituting Equation 6.1 and Equation 6.2 into the above equations gives

S0 = E2
0x + E2

0y (6.14)

S1 = E2
0x − E2

0y (6.15)

149



S2 = 2E0xE0y cos δ (6.16)

S3 = 2E0xE0y sin δ. (6.17)

Recalling Equation 6.8 and Equation 6.9, the rotation angle Ψ and the ellipticity χ of the

polarisation ellipse can be represented with Stokes parameters as

tan 2Ψ =
2E0xE0y cos δ
E2

0x − E2
0y

=
S2

S1

(6.18)

sin 2χ =
2E0xE0y sin δ
E2

0x + E2
0y

=
S3

S0

. (6.19)

By putting the four Stokes parameters into a column form, the Stokes vector can be formed

as

S =


S0

S1

S2

S3

 =


E2

0x + E2
0y

E2
0x − E2

0y

2E0xE0y cos δ
2E0xE0y sin δ

 . (6.20)

For fully polarised light, the total intensity I0 can be represented as

I0 = E0 · E†
0 = E2

0x + E2
0y = S0. (6.21)

Recalling that cosα = E0x/
√

E2
0x + E2

0y and sinα = E0y/
√

E2
0x + E2

0y, therefore, the nor-

malised Stokes vector can be reformed as

S =


S0

S1

S2

S3

 =


1

cos 2α
sin 2α cos δ
sin 2α sin δ

 . (6.22)

Apart from using the auxiliary angle α and phase difference δ, the normalised Stokes vector

can also be expressed in terms of the rotation angle Ψ and the ellipticity χ of the polarisation

150



ellipse using the following relationships rewritten from Equation 6.18 and Equation 6.19

S2 = S1 tan 2Ψ (6.23)

S3 = S0 sin 2χ (6.24)

S2
0 = S2

1 + S2
2 + S2

3 . (6.25)

Thus the normalised Stokes vector can also be represented as

S =


S0

S1

S2

S3

 =


1

cos 2χ cos 2Ψ
cos 2χ sin 2Ψ

sin 2χ

 . (6.26)

The Stokes parameters in Equation 6.26 are analogous to geographic coordinates, enabling

a comprehensive description of the polarisation state of an optical beam. By expressing polarisa-

tion in terms of the angles χ and Ψ, we can effectively represent its ellipticity and orientation on

a unit sphere. This spherical representation, introduced by Henri Poincaré in 1892, is termed

the Poincaré sphere. Poincaré’s method involved initially representing the polarisation equations

within a complex plane and subsequently projecting this plane onto a sphere via stereographic

projection. This approach provides a powerful visual tool for analysing polarisation states,

facilitating the understanding of phenomena such as phase shifts and elliptical polarisation. Ad-

ditionally, the Poincaré sphere aids in visualising the transformation of polarisation states under

various optical operations. Figure 6.2 illustrates the Poincaré sphere, depicting an arbitrary

polarisation state P on its surface, thus demonstrating the utility of this model in visualising

and interpreting the intricate characteristics of polarised light.
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Figure 6.2: Illustration of the Poincaré sphere. The diagram represents the SoP of light, with
points on the sphere surface corresponding to different polarisation states of fully polarised light. The
axes S1, S2 and S3 denote the Stokes parameters, which describe the polarisation state. The angle 2χ
represents the ellipticity angle, while 2Ψ indicates the rotation angle of the polarisation ellipse. The
radius S0 represents the total intensity of the light. For fully polarised light, the Stokes parameters
satisfy S2

0 = S2
1 + S2

2 + S2
3 .

In favour of the following illustration of the SoP in the upcoming figure, the universal 2D

colour bar for the figures is demonstrated. The coordinate chosen to represent the points in

the RGB colour model is HSL, where each colour has three values (H,S, L) standing for hue,

lightness and saturation. Saturation is fixed at its maximum value S = 1 for this colour bar,

lightness L is related to the ellipticity χ in the the polarisation ellipse and hue H is to represent

the rotation angle Ψ. The colour bar is presented in Figure 6.3 with 2 labels on each axes,

representing the hue H and lightness L in HSL colour coordinate as well as the polarisation

ellipse parameters rotation angle Ψ and ellipticity χ they represent.
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Figure 6.3: Illustration of the colour map for the SoP. This figure presents a universal 2D colour bar
using the HSL (Hue, Saturation, Lightness) model to represent the states of polarisation. Saturation
(S) is fixed at its maximum value (S = 1), while lightness (L) correlates with the ellipticity (χ) of
the polarisation ellipse, and hue (H) represents the rotation angle (Ψ). The top axis indicates the
hue H in degrees, corresponding to the rotation angle Ψ, and the right axis indicates the lightness L,
corresponding to the ellipticity χ. This colour bar serves as a visual tool for interpreting and analysing
the polarisation states depicted in subsequent figures.

Lightness (L) in the HSL model corresponds directly to the ellipticity (χ) of the polarisa-

tion ellipse, providing a visual indication of how stretched the ellipse is. Higher lightness values

indicate greater ellipticity, making it closer to pure white and easy to discern different polarisa-

tion states at a glance. Hue (H), on the other hand, is used to represent the rotation angle (Ψ)

of the polarisation ellipse, allowing for a straightforward depiction of the ellipse orientation for

the colour.

The colour bar, shown in Figure 6.3, includes labels on each axis that not only indicate the

HSL values (hue H and lightness L) but also correspond to the polarisation ellipse parameters

they represent (rotation angle Ψ and ellipticity χ). This dual labelling provides a comprehensive

tool for visualising and interpreting the characteristics of polarised light in a clear and intuitive

manner.
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Figure 6.4: Visualisation of common polarisation states on the Poincaré sphere. This figure
illustrates various common states of polarisation represented on a Poincaré sphere. Each point on the
sphere corresponds to a distinct polarisation state, depicted through different colours and orientations.
The axes S1, S2 and S3 represent the Stokes parameters, which describe the polarisation state in 3D
space. The insets show the corresponding polarisation ellipses for each state, demonstrating their
respective orientations and ellipticities, with colourful polarisation ellipses. This visualisation aids in
understanding how different polarisation states can be mapped onto the Poincaré sphere and analysed
effectively.

Additionally, examples of common states of polarisation are provided in Figure 6.4 for

quick reference. These examples illustrate how different polarisation states appear within the

HSL colour model, demonstrating the practical application of this visualisation technique in

representing various polarisation states. The figures effectively demonstrate how different states

of polarisation can be visually represented and analysed using the HSL colour model.

6.1.3 Optical Skyrmions and Optical Merons

Topological characteristics inherent in an optical vector field configuration in a 2D system can

be formulated as follows305

S =
1

4π

∫∫
σ

n ·
(
∂n
∂x

× ∂n
∂y

)
dxdy (6.27)
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where S represents the skyrmion number (or the topology charge in general); n(x, y) denotes

the vector field responsible for constructing the optical skyrmions and optical merons and σ

serves as the spatial boundary confining the field. The confinement can extend to infinity, mark-

ing the disposition of an isolated optical skyrmion or meron, or it can encapsulate a cell within

a periodic distribution. The skyrmion number, which is an integer in the skyrmionic beams

or a fractional value in the meronic beams, quantifies the rotational occurrences of the vector

n(x, y) = n(r cosφ, r sinφ) on the unit sphere. Thus, when mapping back onto the unit sphere,

the vector n(x, y) can be expressed as n = n(cosα(φ) sin β(r), sinα(φ) sin β(r), cos β(r)),

where α(φ) and sin β(r) are the mapping function for the 2D system.

In paraxial beams, the spatially varying normalised Stokes vector S(x, y) of the transverse

electric field, as a map onto the Poincaré sphere, can form these topologically protected 2D

optical quasiparticles226,320. By using different SoP S(x, y), which has the necessary form re-

quired for n, various fields can be generated. Certain technical considerations arise regarding

the continuity of optical field structures, but these can be sidestepped by focusing on optical

skyrmions, whose field distributions exhibit well-defined topological properties and approach

stable configurations at their boundaries321. The topological protection of the field arises from

two key principles: the fact that the degree of a continuous function is always an integer and

that it remains unchanged under continuous deformations. The main idea here is then to har-

ness the axis shapes and orientations of a cascade of arbitrary retarder arrays (e.g. LC devices)

to form complex optical skyrmions, which will be expanded in the next section.
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Additionally, the skyrmion number can be dissected into two topology parameters:

S =
1

4π

∫ rσ

0

sin β(r)
dβ(r)

dr
dr

∫ 2π

0

dα(φ)

dφ
dφ

=
1

2

∫ β(rσ)

β(0)

sin β dβ · 1

2π

∫ α(2π)

α(0)

dα

=
1

2
[cos β]β(rσ)β(0) · 1

2π
[α]

α(2π)
α(0)

= p · v

. (6.28)

The polarity p, which is denoted as 1
2
[cos β]β(rσ)β(0) , represents how the vector varies along the

radial direction of the 2D system. The vorticity v, which is denoted as 1
2π
[α]

α(2π)
α(0) , plays a

pivotal role in governing the distribution of transverse field components289.

For the simplest skyrmion configuration, the topology spans the entire unit sphere. As

a result, the unit polarity and vorticity are each equal to p = ±1 and v = ±1, respectively.

When dealing with vector field that encompass multiple skyrmion topologies, the polarity

and vorticity values are scaled accordingly. This leads to higher-order meron configurations,

each with distinct skyrmion numbers. Figure 6.5 illustrates typical examples of both simple

low-order and complex high-order skyrmion configurations. Figure 6.5(a) links planar vector

fields to fields on sphere surfaces, showing how states of polarisation are utilised to construct

skyrmions. It features arrows that represent the normalised Stokes vector and ellipses that

denote the polarisation ellipse at each position. Figure 6.5(b) presents the fundamental unit

sphere of skyrmions where the skyrmion number S is 1. The vector field, Stokes vector field,

and skyrmionic field are displayed correspondingly. Figure 6.5(c) and Figure 6.5(d) depict high-

order skyrmions with elevated levels of polarity (p) and vorticity (v), respectively, accompanied

by their associated Stokes vector fields and skyrmionic fields.
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Figure 6.5: Topological configurations of skyrmions. The figure illustrates various skyrmions,
emphasizing the diverse configurations of the vector field in different skyrmion structures. (a) shows the
link between the planar vector fields and the field on sphere surface and how the states of polarisation
are used to construct skyrmionic fields. The arrows represent the normalised Stokes vector and the
ellipses are the polarisation ellipse for each position. (b) It shows the fundamental unit sphere of the
skyrmionic field with the skyrmion number S being S = 1. The vector field is demonstrated with
corresponding Stokes vector field and skyrmionic field. (c) A high-order skyrmion with high polarity
p is illustrated with corresponding Stokes vector field and skyrmionic field. (d) A high-order skyrmion
with high vorticity v is illustrated with corresponding Stokes vector field and skyrmionic field. The
colour bar in this figure follows the definition in Figure 6.3.
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Figure 6.6: Topological configurations of merons. The figure illustrates various merons, empha-
sizing the diverse configurations of the vector field in different meron structures. (a) shows the link
between the planar vector fields and field on sphere surface and how the states of polarisation are used
to construct meronic fields. The arrows represent the normalised Stokes vector and the ellipses are the
polarisation ellipse for each position. (b) shows the fundamental unit sphere of the skyrmionic field
with the skyrmion number S being S = 0.5. The vector field is demonstrated with corresponding
Stokes vector field and skyrmionic field. (c) A high-order meron with high polarity p is illustrated with
corresponding Stokes vector field and skyrmionic field. (d) A high-order meron with high vorticity v
is illustrated with corresponding Stokes vector field and skyrmionic field. The colour bar in this figure
follows the definition in Figure 6.3.

In contrast, the simplest meron configuration only covers half of the unit sphere. Therefore,

the unit polarity is p = ±1/2 and the unit vorticity remains v = ±1. For vector field exhibiting

multiple meron topologies, their polarity and vorticity values will be multiples of these unit val-

ues, resulting in higher-order meron configurations with various skyrmion numbers. Figure 6.6

showcase representative configurations of both simple low-order and complex high-order meron
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configurations. In Figure 6.6(a), the vector field represents a simple meron mapping covering

half the sphere, while Figure 6.6(b) shows the corresponding Stokes field and skyrmionic field

for a unit sphere. Figure 6.6(c) and Figure 6.6(d) depict high-order meron with elevated levels

of polarity (p) and vorticity (v), respectively, accompanied by their associated Stokes vector fields

and meronic fields.

These visualisations highlight the distinct topological features of skyrmions and merons,

demonstrating how the complexity of their configurations can be represented in an optical

system by constructing the vector field with the SoP. These techniques allow researchers to

observe the detailed structure and behaviour of these vector fields, providing insights into the

stability and dynamics of optical skyrmions and optical merons.

6.2 Cascaded Liquid Crystal Devices for Beam Generation

6.2.1 Concept of Cascaded SLMs Configuration

Quasiparticles, emergent phenomena in condensed matter physics, can be constructed by struc-

tured light321. Structured light refers to light with tailored phase and polarisation properties,

which can be precisely engineered using LC SLMs. These modulators offer the ability to finely

control the polarisation states of light, providing a versatile tool for manipulating optical beams

in novel ways.

In the context of complex light field generation with designed features, precise control over

polarisation states is paramount. This control is achieved through a cascaded configuration

where multiple reflective SLMs are placed sequentially along the light propagation path, posi-

tioned at normal incidence with minimal distance between them to avoid diffraction effects.

Each SLM functions like an array of waveplates with adjustable retardance, enabling precise

manipulation of the vectorial state of the beam profile. The modulation axis and retardance of
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each SLM can be independently fine-tuned, allowing for the generation of complex structured

light patterns. These patterns can facilitate advanced photonic applications, such as enhancing

the capabilities of optical tweezers322, improving imaging systems, and enabling sophisticated

control in optical computing systems323. The concept illustration of cascaded SLMs structure

is demonstrated in Figure 6.7.
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Figure 6.7: Conceptual illustration of the cascaded SLMs for structured light generation. The
incoming beam with uniform horizontal polarisation passes through two cascaded SLMs. The first
SLM is oriented at 45° to the input polarisation, followed by a second SLM which is also oriented
at 45° to the first SLM. Each SLM acts as an adjustable waveplate, independently modulating the
SoP of light. This configuration allows for precise control over the vectorial state of the beam profile,
facilitating the creation of structured light patterns, such as skyrmionic beam demonstrated here as
the output beam.

The core idea of using cascaded SLMs structure is to provide pixel-controlled, low func-

tionality tunable devices to fully control the SoP of a light beam to generate arbitrary output

polarisation field. SLMs offer both high spatial resolution and dynamic modulation capabilities,

enabling the creation of intricate topological features and provide more precise manipulation of

the retardance value and axis of the output Stokes field139,324. Leveraging the stacked configura-

tion of SLMs, we attain novel topological control of light, enabling the generation of meronic

beams in the polarisation field and theoretically realise any order of the optical skyrmionic and

meronic beams. This active generation method employs cascaded SLMs as an array of arbi-

trary SoP modulators to transform a uniform polarisation field into a desired spatially varied
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elliptical axes field distribution274. The simplicity of the method makes it ideal for exploring

skyrmionic and meronic beams with higher orders and complexities, expanding its applicability

across various fields.

For the generation of arbitrary polarisation states, a minimum of two SLM modulations is

required, as the transition in polarisation state requires two free variables. The modulation axis

of each SLM can be set at specific angles to achieve the desired polarisation state transitions,

introducing phase shifts along the ordinary and extraordinary axes of the SLMs. Furthermore,

in practical implementations, a waveplates assembly can be used between the SLMs to transform

polarisation states without requiring mechanical rotation of the SLMs. Each SLM operates as

a linear retarder with a fixed axis but variable retardance within a range of ±π radians. The

change in polarisation state induced by each SLM pixel can be modelled as a transition on

the Poincaré sphere, where cascaded SLMs produce sequences of rotations about different axes,

enabling full control over the polarisation and phase of the light beam. This capability is critical

for applications requiring high precision and adaptability, such as adaptive optics and complex

beam shaping in advanced optical systems.

The process of the arbitrary polarisation state generation is illustrated in detail in Figure 6.8.

The change in polarisation state induced by each SLM can be modelled as a transition on

the Poincaré sphere, representing the SoP. The system performs a series of rotations on the

Poincaré sphere, with each SLM contributing to the overall rotation path. The first SLM is

oriented at 45° to the input light’s polarisation, which moves the polarisation state along a

circle on the Poincaré sphere. This initial rotation changes the linear polarisation state A to an

intermediate state B. The second SLM, oriented at 45° relative to the first SLM, further rotates

the polarisation state along another circle on the Poincaré sphere in a plane perpendicular to the

first. This configuration allows the polarisation state to reach any point on the Poincaré sphere
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by combining the effects of these two orthogonal rotations. The precision of the SLMs’ control

over retardance using the applied phase patterns enables fine adjustments to the polarisation

state, ensuring that the desired state is accurately achieved.
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SLM A SoP transition

SLM A modulation range
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SLM B alternative range

SLM B SoP transition

Figure 6.8: Transitions of the SoP on the Poincaré sphere for the two-SLM system. The axes S1,
S2, and S3 represent the Stokes vector components. Point A indicates a horizontally polarised input
state; point B marks the SoP after modulation by the first SLM; point C shows the output state after
modulation by the second SLM. Adjusting the retardance provided by the phase patterns on the two
SLMs allows the translation of point C to any position on the surface of the Poincaré sphere from
point A.

6.2.2 Mathematical Derivation

Starting with the Jones matrix, an arbitrary retarder can be characterised by its eigenvectors and

eigenvalues, which represent two unique orthogonal axes and the corresponding phase shift

between them. In general, by using the Jones vector of a beam from Equation 6.4 to represent

the eigenvectors, the Jones matrix of an arbitrary retarder can be represented as:

JAR =

[
cosα − sinαe−iδ

sinαeiδ cosα

][
eiψ+iϕ/2 0

0 eiψ−iϕ/2

][
cosα sinαe−iδ

− sinαeiδ cosα

]

= eiψ

[
eiϕ/2 cos2 α + e−iϕ/2 sin2 α (eiϕ/2 − e−iϕ/2) sinα cosαe−iδ

(eiϕ/2 − e−iϕ/2) sinα cosαeiδ eiϕ/2 sin2 α + e−iϕ/2 cos2 α

] (6.29)
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where eiψ in JAR represents the absolute phase introduced by the medium, α represents auxiliary

angle and δ represents phase difference mentioned in Section 6.1.2. And recall that, from that

section, the incident beam in Equation 6.4 can be represented as Equation 6.22 in Mueller-

Stokes formalism. Since our focus is on SoP rather than phase profile, this uniform phase

shift factor will be omitted in the following discussion. Note that from the expression of the

skyrmion number, it is clear that the absolute phase does not change the topology of the optical

field.

By replacing the eigenvector terms in JAR with Stokes vector notations, we can get the

Jones matrix of an arbitrary retarder expressed in terms of the Stokes parameters:

JAR =

[
cos (ϕ/2) + i sin (ϕ/2)S1 sin(ϕ/2)(iS2 + S3)

sin (ϕ/2)(iS2 − S3) cos (ϕ/2)− i sin(ϕ/2)S1

]
. (6.30)

Furthermore, we can obtain the Mueller matrix of an arbitrary retarder from the Jones matrix325

MAR = A(JAR ⊗ J∗
AR)A

−1

=


1 0 0 0

0 S2
1(1− cosϕ) + cosϕ S1S2(1− cosϕ) + S3 sinϕ S1S3(1− cosϕ)− S2 sinϕ

0 S1S2(1− cosϕ)− S3 sinϕ S2
2(1− cosϕ) + cosϕ S2S3(1− cosϕ) + S1 sinϕ

0 S1S3(1− cosϕ) + S2 sinϕ S2S3(1− cosϕ)− S1 sinϕ S2
3(1− cosϕ) + cosϕ


=

[
1 0
0T mR

]
(6.31)

where ⊗ represents the Kronecker product, J∗
AR represents the complex conjugate of the above

Jones matrix and A is in the form of:

A =


1 0 0 1

1 0 0 −1

0 1 1 0

0 i −i 0

 . (6.32)
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Note that the sub-matrix mR of MAR is actually a special orthogonal matrix, which can also

be derived from Rodrigues rotation formula326. The physical meaning of the sub-matrix mR

suggests that for any given Stokes vector represented on the Poincaré sphere, the sub-matrix mR

corresponds to a rotation along the axis given by S = [S1, S2, S3]
T with angle ϕ on the sphere.

Therefore, for pixels of the two SLMs, SLM A and SLM B, in Figure 6.8, their rotation axes

are SA = [0, 1, 0]T and SB = [1, 0, 0]T , and the corresponding Mueller matrices are

MA =


1 0 0 0

0 cosφA 0 − sinφA
0 0 1 0

0 sinφA 0 cosφA

 (6.33)

MB =


1 0 0 0

0 1 0 0

0 0 cosφB sinφB
0 0 − sinφB cosφB

 (6.34)

where φA and φB are the retardance to be applied on pixels of SLM A and SLM B, respectively.

Considering horizontal polarised incident light Sin = [1, 1, 0, 0], the SoP of the output

beam Sout can be represented as

Sout = MB ·MA · Sin

=


1 0 0 0

0 1 0 0

0 0 cosφB sinφB
0 0 − sinφB cosφB



1 0 0 0

0 cosφA 0 − sinφA
0 0 1 0

0 sinφA 0 cosφA



1

1

0

0



=


1

cosφA
sinφB sinφA
cosφB sinφA



. (6.35)

Therefore, for arbitrary target output SoP, Sout = [1, S1, S2, S3], the required retardance for

164



the SLMs can be derived as

φA = arccosS1 (6.36)

φB = arctan
S2

S3

. (6.37)

6.3 Optical Skyrmionic and Meronic Beam Generation

6.3.1 Experiment Setup
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Figure 6.9: The experimental setup for Skyrmion and Meronic beam generation. A He-Ne
laser with a wavelength of 633 nm is expanded, collimated, and polarised (P1) before passing through
a pair of SLMs (Hamamatsu LCOS-SLM X15213-01) with a waveplate assembly (WPA) to shape
the polarisation field into skyrmion and meronic beams. The generated beam is analysed with a
polarimeter comprising a quarter-wave plate (WP1), a polariser (P2), and a CCD camera. The optical
path also allows for the insertion of corrupting elements to test the topological protection properties
of these generated beams.

The experiment in Figure 6.9 employs a sophisticated optical configuration designed to generate

and analyse the formation of skyrmion and meron optical beams. A Helium-Neon (He-Ne)

laser operating at a wavelength of 633 nm serves as a stable and coherent light source. To
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ensure the uniformity of the beam polarisation state, the beam is first controlled by a polariser

(P1). Then, the He-Ne laser beam with a uniform horizontal polarisation field is expanded

and collimated. The polarised beam then passes through a pair of SLMs (Hamamatsu LCOS-

SLM X15213-01), with a waveplate assembly (WPA) to control the rotation of the light. The

cascaded structure of the two SLMs shapes the polarisation field of the laser beam, allowing for

the creation of complex light field patterns as discussed. By modulating the polarisation field

of the incoming light, as described in Section 6.2, the SLMs can generate arbitrary polarisation

fields with skyrmion and meronic beams. These beams are characterised by their unique and

stable configurations, which are of significant interest in the study of topological properties

of light. The precision in the modulation provided by the SLMs is critical for achieving the

desired field configurations conducive to the generation of these beams.

Following their generation, the skyrmionic and meronic beams are analysed using a po-

larimeter. The polarimeter comprises a quarter-wave plate (WP2), a second polariser (P2), and

a CCD camera. This assembly allows for a detailed examination of the polarisation states and

the topological structures of the beam, facilitating a comprehensive analysis of the generated

beams. Furthermore, to validate the topological protection of these skyrmion and meronic

beams against external perturbations, a part of the optical path was reserved for the insertion

of various corrupting elements to test their effects on the topological fields. By introducing

controlled perturbations and observing the resulting changes in the topological structures, the

experiment aims to demonstrate the robustness and stability of these optical beams. Addition-

ally, to ensure that the beam propagation direction does not introduce significant errors in

the cascaded configuration, the reflection angle of the beam is maintained within ±3◦, thereby

preventing any appreciable impact on the resulting beam generation.
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6.3.2 Generation of Skyrmionic Beam
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Figure 6.10: Results demonstrating the generation of low-order skyrmionic beams. The compar-
ison between the simulated (Simu) and experimental (Exp) SoP fields for low-order skyrmionic beams
demonstrates the consistency between the simulations (Simu) and experiment (Exp) data. The Mueller
matrices corresponding to different phase configurations, where phase patterns A and B are indepen-
dently loaded onto the two SLMs for beam modulation, are presented to validate the consistency of
the modulation achieved by the cascaded SLMs. The skyrmionic beams generated in each subfigure
exhibit the following configurations: (a) Skyrmionic beam with skyrmion number S = 1, polarity
p = 1, and vorticity v = 1; (b) Skyrmionic beam with skyrmion number S = 2, polarity p = 1,
and vorticity v = 2. The phase range of the pattern loaded onto the SLMs is represented by a scale
bar from 0 to π , while the scale from −1 to 1 indicates the corresponding results for the Mueller
matrices.

Utilising the proposed novel approach employing cascaded SLMs to generate optical skyrmions,

we can achieve the generation of target complex topologies with high precision. The generated

skyrmionic beam are demonstrated in Figure 6.10. Initially, a beam with a uniform horizontal

linear polarisation field is introduced into the system. This initial condition sets the stage for

controlled manipulation of the polarisation field throughout the process. Subsequently, we

select an expected topological outcome of the polarisation field, which varies across the entire

space. For simplicity, we continue the explanation using the topology depicted in Figure 6.10(a),
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which represents the topology of a unit skyrmion sphere. In this figure, the expected outcome

is a unit skyrmionic beam characterised by a polarity p = +1 and a vorticity v = +1. The

choice of this specific polarity and vorticity allows for a clear demonstration of the capability

of the system to generate and manipulate complex structures.

Based on the target outcome SoP field and the properties of the incident light, the cor-

responding retardance distributions are derived and corresponding phase patterns on each of

the cascaded SLMs are calculated using Equation 6.36 and Equation 6.37. These calculations

are critical, as they determine the exact phase modulations required to shape the incident light

into the desired topological configuration. Once the retarder distributions are determined, they

are encoded onto the SLMs to achieve the desired modulation. Each SLM in the cascade se-

quence transforms the polarisation field according to the calculation from Equation 6.36 and

Equation 6.37, ensuring that the cumulative effect results in the target polarisation state. This

encoding process involves precise alignment and calibration of the SLMs to ensure that the

target distributions are accurately represented in the physical cascaded optical assembly.

Finally, further analysis of the outcome beam polarisation profiles and the optical properties

of the cascaded SLMs are conducted based on data obtained using the polarimeter integrated

into the system. The polarimeter measures the resulting polarisation states, allowing for detailed

characterisation of the generated topological structures. The Stokes vector field of the output

beam was measured and compared with target skyrmionic beam to verify the consistency with

simulations. In addition, the Mueller matrices of the cascaded SLMs are also compared with

the results from simulations to ensure that the designed patterns were properly loaded onto the

SLMs. These simulations, derived from computational models taking into account the entire

light-matter interaction process within the SLM system using Equation 6.33 and Equation 6.34,

predict the final polarisation distribution and topological features based on Equation 6.35 with
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a given Sin. In order to show that the proposed structure provides a high-quality generated field

despite the complexity of the field, a skyrmionic beam with a higher vorticity order (polarity

p = +1 and vorticity v = +2) was also generated and is presented in Figure 6.10(b), which

agrees well with simulations.
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Figure 6.11: Results demonstrating the generation of high-order skyrmionic beams. The com-
parison between the simulated (Simu) and experimental (Exp) SoP fields for high-order skyrmionic
beams demonstrates the consistency between the simulations (Simu) and experiment (Exp) data. The
Mueller matrices corresponding to different phase configurations, where phase patterns A and B are
independently loaded onto the two SLMs for beam modulation, are presented to validate the consis-
tency of the modulation achieved by the cascaded SLMs. The skyrmionic beams generated in each
subfigure exhibit the following configurations: (a) Skyrmionic beam with skyrmion number S = 3,
polarity p = 1, and vorticity v = 3; (b) Skyrmionic beam with skyrmion number S = 0, polarity
p = 2, and vorticity v = 3. The phase range of the pattern loaded onto the SLMs is represented
by a scale bar from 0 to π , while the scale from −1 to 1 indicates the corresponding results for the
Mueller matrices.

To demonstrate the versatility of the cascaded SLMs in generating the complex topolog-

ical structures, skyrmionic beams with the same vorticity order v = +3 but with different

polarity orders (polarity p = +1 and polarity p = +2) are illustrated in Figure 6.11(a) and

Figure 6.11(b). Note that the higher orders of polarity here indicates the number of times the
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topology field wraps around the sphere. Therefore, a polarity of p = +2 results in the skyrmion

number S being zero as it wraps back and forth around the Poincaré sphere. The consistency

between the simulation and experiment proves that complex skyrmionic beams can be realised

using the cascaded SLM configuration using the same procedure as described above.

The proposed approach effectively utilises cascaded SLMs to modulate the polarisation field

of the incident beam, achieving complex structures such as optical skyrmions. The process in-

volves precise calculation and encoding of retarder distributions, followed by the analysis of the

resulting polarisation profiles. The alignment between theoretical simulations and experimental

observations confirms the validity and efficiency of this method. The ability to generate and

control optical skyrmions with different vorticity orders, as shown in the figures, underscores

the versatility and potential applications of this technique in advanced optical and material

science research.

6.3.3 Generation of Meronic Beam

Utilising the same novel approach, a generated meronic beam is demonstrated in Figure 6.12.

The same procedure was undertaken as described for the skyrmionic beam generation. The

difference is that the target outcome field was different for the meronic beam (e.g., as the half

unit sphere demonstrated in Figure 6.6(a)). Therefore, different retardance distributions on

each of the cascaded SLMs had to be calculated and corresponding phase patterns are applied.

In Figure 6.12(a), the expected outcome is a unit meronic beam characterised by a polarity

p = +0.5 and a vorticity v = +1. In order to show the feasibility of the proposed structure,

a meronic beam with a higher vorticity order (polarity p = +0.5 and vorticity v = +2) was

also generated and is presented in Figure 6.12(b), which shows good agreement with the target

outcome and the results from simulations.
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Figure 6.12: Results demonstrating the generation of low-order meronic beams. A comparison of
the simulated and experimental SoP fields of low-order meronic beams demonstrates the consistency
between the simulations (Simu) and experiment (Exp) data. Mueller Matrices for different configura-
tions, where phase pattern A and B are loaded separately onto the two SLMs to modulate the beam,
are presented to demonstrate the consistency and effectiveness of the modulation that the cascaded
SLMs provide. The meronic beam generated in each subfigure has the configurations: (a) Meronic
beam with skyrmion number S = +1/2, polarity p = +1/2 and vorticity v = +1. (b) Meronic beam
with skyrmion number S = +1, polarity p = +1/2 and vorticity v = +2. The scale bar from 0 to π
indicates the phase range of the pattern loaded onto the SLMs and the one from −1 to 1 relates to
the results for the Mueller matrices.

Finally, further analysis of the outcome beam polarisation profiles and the optical properties

of the cascaded SLMs are conducted based on data obtained using the polarimeter integrated

into the system. The measured Stokes vector field of the output beam as well as the Mueller

matrix of the cascaded SLMs are consistent with expectations. Furthermore, to demonstrate

the versatility of the cascaded SLMs in generating complex optical vector field, optical meronic

beams with the same high vorticity order v = +3 but with different polarity orders (polarity

p = +0.5 and polarity p = +1) were generated and the results presented in Figure 6.13(a)

and Figure 6.13(b). The consistency between the simulation and experiment results proves that

complex meronic beams can be realised using the arrangement involving two cascaded SLMs.
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Figure 6.13: Results demonstrating the generation of high-order meronic beams. A comparison
of the simulated and experimental SoP fields of high-order meronic beams demonstrates the consistency
between the simulations (Simu) and experiment (Exp) data. Mueller Matrices for different configura-
tions, where phase pattern A and B are loaded separately onto the two SLMs to modulate the beam,
are presented to demonstrate the consistency and effectiveness of the modulation that the cascaded
SLMs provided. The meronic beam generated in each subfigure has the configurations: (a) Meronic
beam with skyrmion number S = +1.5, polarity p = +1/2 and vorticity v = +3. (b) Meronic beam
with skyrmion number S = 0, polarity p = 1 and vorticity v = +3. The scale bar from 0 to π
indicates the phase range of the pattern loaded on the SLMs and the one from −1 to 1 relates to the
results for the Mueller matrices.

The proposed methodology leverages cascaded SLMs to modulate the polarisation field

of an incident beam, facilitating the generation of complex topological structures, including

skyrmion and meronic beams. This process entails the precise calculation and encoding of

retarder distributions, followed by a comprehensive analysis of the resultant polarisation profiles.

The congruence between theoretical simulations and experimental observations substantiates the

validity and efficacy of this approach. Furthermore, the demonstrated capability to generate

and manipulate skyrmion and meronic beams with varying vorticity orders, as illustrated in

the figures, underscores the versatility and potential applications of this technique in advanced

optical and material science research.
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6.4 Evaluation of Topological Protection

6.4.1 Theoretical Background

In this section, we give a mathematical derivation of the topological protection properties

of skyrmionic and meronic beams when passing through complex media. Heuristically, this

protection comes from the homotopy invariance of the degree of a continuous function but

can also be explicitly computed in certain cases. We show the result in the general anisotropic

case. The isotropic case, as a special subset of anisotropic media, then follows immediately. To

show the topological protection property of these beams, we derive below that the skyrmion

number does not change after passing through multiple corruption elements.

In this framework, we consider the optical system exhibiting aberration with varying in-

tensity, retardance, and depolarisation and one or multiple of them exist as corruptions to the

topology of optical vector fields during propagation. For this experiment, a neutral density

(ND) filter (acting as an attenuator), an SLM (behaving as our arbitrary retarder) and a liquid

crystal (LC) glass cell (acting as an arbitrary depolariser) were utilised to simulate the occurrence

of these corruptions in a real-world scenario.

The Mueller matrices for the ND filter, arbitrary retarder and arbitrary depolariser can be

represented, respectively, as278

MND =


1 0 0 0

0 1 0 0

0 0 1 0

0 0 0 1

 =

[
1 0

0 I

]
(6.38)

MAR =

[
1 0

0 mR

]
(6.39)
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M∆d =


d0 0 0 0

0 d1 0 0

0 0 d2 0

0 0 0 d3

 =

[
1 0

0 m∆d

]
(6.40)

where I is the identity matrix as the ND filter does not change the polarisation state of the

beam; mR is the rotation sub-matrix from Equation 6.31 in the arbitrary retarder; m∆d is the

sub-matrix of the arbitrary depolariser where d1, d2 and d3 satisfy 0 ⩽ d1, d2, d3 ⩽ d0.

For this topological protection study, we refer to the skyrmion number S ′ of an optical

skyrmionic or skyrmionic field, which is restated here for convenience as

S ′ =
1

4π

∫∫
σ

n′ ·
(
∂n′

∂x
× ∂n′

∂y

)
dxdy (6.41)

where n′ = [S ′
1, S

′
2, S

′
3] denotes the Stokes vector corresponding to n = [S1, S2, S3] after passing

through the corruption medium

For the ND filter, since it does not change the polarisation state of the beam, n′ = n =

[S1, S2, S3]. Therefore, the optical vector field does not change, and neither does the skyrmion

number. For the remaining two forms of corruption, the disturbed vector field n′ can be

represented as n′ = mn and the skyrmion number S ′ is then calculated as

S ′ =
1

4π

∫∫
σ

mn ·
(
∂mn
∂x

× ∂mn
∂y

)
dxdy (6.42)

where m is the sub-matrix for either the arbitrary retarder (mR) or the arbitrary depolariser

(m∆d). Then, considering that m is independent of x and y, we have:

∂mn
∂x

= m
∂n
∂x

(6.43)
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∂mn
∂y

= m
∂n
∂y

(6.44)

As a result, the skyrmion density s can be represented as

s = mn ·
(
∂mn
∂x

× ∂mn
∂y

)
= mn ·

(
m
∂n
∂x

×m
∂n
∂y

). (6.45)

For the arbitrary retarder, since mR is a rotation matrix with det(mR) = 1, the skyrmion

density can be simplified to:

s = (mRn) ·mR

(
∂n
∂x

× ∂n
∂y

)
=
(
nTmT

RmR

)(∂n
∂x

× ∂n
∂y

)
= nT

(
∂n
∂x

× ∂n
∂y

)
= n ·

(
∂n
∂x

× ∂n
∂y

)
. (6.46)

By substituting Equation 6.46 back into Equation 6.41, we obtain

S ′ =
1

4π

∫∫
σ

n′ ·
(
∂n′

∂x
× ∂n′

∂y

)
dxdy

=
1

4π

∫∫
σ

mRn ·
(
∂mRn
∂x

× ∂mRn
∂y

)
dxdy

=
1

4π

∫∫
σ

n ·
(
∂n
∂x

× ∂n
∂y

)
dxdy

= S

. (6.47)

Meanwhile, for the arbitrary depolariser, sincem∆d is an arbitrary matrix whose det(m∆d) ̸=
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1, the skyrmion density can be simplified to

s = (m∆dn) · cofm∆d

(
∂n
∂x

× ∂n
∂y

)
(6.48)

where cofm∆d is the cofactor matrix of m∆d which is calculated as

m∆d =

d2d3 0 0

0 d1d3 0

0 0 d1d2

 . (6.49)

Therefore, the skyrmion density can be further simplified to

s =
(
nTmT

∆dcofm∆d

)(∂n
∂x

× ∂n
∂y

)

=

nT
d1 0 0

0 d2 0

0 0 d3


d2d3 0 0

0 d1d3 0

0 0 d1d2


(∂n

∂x
× ∂n

∂y

)

= d1d2d3 · n ·
(
∂n
∂x

× ∂n
∂y

)
. (6.50)

It can be noticed that d1d2d3 functions as the constant coefficients and does not effect the

polarisation state of each point. Therefore, the vector field can be normalised throughout the

whole beam and the skyrmion number is then derived as

S ′ =
1

4π

∫∫
σ

n′ ·
(
∂n′

∂x
× ∂n′

∂y

)
dxdy

=
1

4π

∫∫
σ

(m∆dn) · cofm∆d

(
∂n
∂x

× ∂n
∂y

)
=

1

4π

∫∫
σ

n ·
(
∂n
∂x

× ∂n
∂y

)
dxdy

= S

. (6.51)

The aforementioned derivation rigorously demonstrates that the skyrmion number remains

invariant despite the beam’s traversal through multiple corruption elements. This invariance
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highlights the robustness and stability of the skyrmionic beam under perturbative influences,

thereby confirming the theoretical predictions and reinforcing the potential for practical appli-

cations in topological optical systems and materials science.

6.4.2 Topological Protection of Optical Skyrmions
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Figure 6.14: Inclusion of corrupting elements to test the robustness of Skyrmionic beams. To
prove that skyrmionic beams are stable against external disturbances such as arbitrary retarders and
arbitrary depolarisers, extra optical components are inserted into the system in Figure 6.9. Variable
quarter waveplates (WPs) cascaded with an SLM that displays an arbitrary phase pattern was utilised
to act as spatially varying retarders and a thin layer of nematic liquid crystal (LC), E7, filled between
glass substrates served as both a retarder and weak light scatterer.
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Figure 6.15: Combinations of corrupting elements for skyrmionic beams. Setup A is the reference
configuration with no extra elements inserted into the system to disturb the skyrmionic beam. Setup
B has the arbitrary retarder inserted with the displayed phase pattern demonstrated on the side. Setup
C has the weak depolariser inserted. Finally, setup D is the combinations of corrupting elements to
test the stability of the skyrmionic beams.

The experimental system configuration for testing the skyrmionic beam comprises various cor-

rupting elements, including variable quarter waveplates (WPs) cascaded with an SLM that dis-
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played an arbitrary phase pattern to act as a spatially varying retarder and a thin layer of nematic

liquid crystal (LC) E7 filled between glass substrates that served as both a retarder and a weak

light scatterer. These elements replicate common aberrations and corruptions found in optical

systems. Figure 6.14 illustrates the corrupting elements and Figure 6.15 demonstrates different

combinations along with their relative placements when inserted into the optical path in the

experiment.
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Figure 6.16: Experiment results of the skyrmionic beams through different corrupting elements.
Skyrmionic beams with orders from 1 to 9 (in increments of 2) through configurations A to D (as
demonstrated in Figure 6.15) are demonstrated. The effects of different corrupting elements on each
skyrmionic beam are clearly illustrated. For the distribution with no disturbances in setup A, the
output beam is compared with the ideal SoP fields, which are shown in the inset images. The colour
bar for these images follows the definition in Figure 6.3. Note that the results presented in this figure
were obtained in collaboration with our colleague Mr. An Aloysius Wang and are presented in our
work327.

The corresponding observed Stokes fields measured in the experiments are shown in Fig-

ure 6.16. During the experiment, specific techniques were employed to accurately determine

the skyrmion numbers for the generated meronic beam. Firstly, only a small portion of the

SLM area was utilised to create the spatially varying pattern for the target meronic beam, with

the majority of the SLM pixels being filled based on the boundary conditions of the design.
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Despite the imperfections observed in the SLM phase patterns, as shown in Figure 6.16 for

setup configuration A, the resulting skyrmionic field closely aligns with the target skyrmionic

field.
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Figure 6.17: Analysis of skyrmion numbers and corresponding errors through different ex-
perimental configurations. (a) The calculated skyrmion numbers for various skyrmionic beams
(S = 1, 3, 5, 7, 9) are shown for each setup (A to D, Figure 6.15) to demonstrate consistency across
different experimental conditions. Each coloured dot represents the skyrmion number for a specific
configuration. (b) The corresponding errors in the skyrmion number measurements for each setup
index are displayed, with different colours indicating the different skyrmion numbers. The error val-
ues reflect the variation in skyrmion number measurements, highlighting the precision and reliability
of the experimental configurations. Note that the results presented in this figure were obtained in
collaboration with our colleague Mr. An Aloysius Wang and are presented in our work327.

Secondly, a Gaussian filter was applied to all measurement results before numerically eval-

uating the skyrmion number for each configuration. This filtering mitigates the effects of

measurement noise on the computation of partial derivatives for the skyrmion density and

smooths the boundaries to reduce calculation perturbations. The calculated skyrmion numbers

are shown in Figure 6.17(a), demonstrating good consistency between measurement and design

for configurations A to D in Figure 6.15. Lastly, the error in the skyrmion number was defined

as the difference between the computed and designed skyrmion numbers across all configura-

tions, with the results depicted in Figure 6.17(b). The computed errors for configurations A to

D exhibit relatively minor divergence, with a general trend of increasing as the target skyrmion

number increases. Note that the results presented in this section (Section 6.4.2) were obtained
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in collaboration with our colleague Mr. An Aloysius Wang and are presented in our work327.

6.4.3 Topological Protection of Optical Merons

A similar experimental system configuration for testing the meronic beam comprises various

corrupting elements, including a ND filter with ND = 0.2 serving as the attenuator, variable

quarter WPs cascaded with an SLM that displays an arbitrary phase pattern to act as spatially

varying retarders and a thin layer of nematic LC (E7) filled between glass substrates serving

as both a retarder and weak light scatterer. Figure 6.18 shows each corrupting element and

Figure 6.19 demonstrates different combinations along with the relative placement of the

corrupting elements that were inserted into the optical path in the experiment.
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Figure 6.18: Corrupting elements to test the robustness of meronic beams. To prove that optical
meronic beams are stable against external disturbances such as the propagation through arbitrary re-
tarders and arbitrary depolarisers, extra optical components were inserted into the system in Figure 6.9.
Neutral density (ND) filters with ND = 0.2 serve as the attenuator. Variable quarter waveplates (WPs)
combined with an SLM that displayed an arbitrary phase pattern was used to act as spatially varying
retarders and a thin layer of nematic liquid crystal (LC) E7 filled between glass substrates served as
both a retarder and weak light scatterer.

The corresponding observed Stokes fields measured in the experiments are shown in Fig-

ure 6.20. The same method with a special design of the pattern at the edge and the Gaussian

filter was applied to derive the desired Stokes fields measurement. Despite imperfections in the

SLM phase patterns, as seen in Figure 6.20, the resulting skyrmion numbers closely match the

target skyrmion numbers in configurations A to F.
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Figure 6.19: Combinations of corrupting elements for meronic beams. Setup A is the reference
configuration with no extra elements inserted into the system to disturb the meronic beam. Setup B
has the intensity attenuator inserted. Setup C has the arbitrary retarder inserted with the displayed
phase pattern demonstrated on the side. Setup D has the weak depolariser inserted. Finally, setup D
to E are the combinations of corrupting elements to test the stability of the meronic beams.
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Figure 6.20: Experiment results of meronic beams propagating through different corrupting
optical elements. Meronic beams with orders from 1 to 9 (in increments of 2) propagating through
each one of setups A to F are demonstrated. The effects of different corrupting elements on each
meronic beam are clearly illustrated. For the distribution with no disturbances in setup A, the output
beam was compared with the ideal SoP fields, which are shown in the inset images. The colour bar
for these images follows the definition in Figure 6.3.
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Figure 6.21: Analysis of skyrmion numbers and corresponding errors through different
experimental configurations. (a) The calculated skyrmion numbers for various optical merons
(S = 0.5, 1.5, 2.5, 3.5, 4.5) are shown for each configuration (A to F) to demonstrate consistency
across different experimental conditions. Each coloured dot represents the skyrmion number for a
specific setup. (b) The corresponding errors in skyrmion number measurements for each setup index
are displayed, with different colours indicating different skyrmion numbers. The error values reflect
the variation in skyrmion number measurements, highlighting the precision and reliability of the ex-
perimental setups.

The calculated skyrmion numbers are shown in Figure 6.21(a), demonstrating good con-

sistency between measurement and design for configurations A to F. Lastly, the error of the

skyrmion number was defined as the difference between the computed and designed skyrmion

numbers across all configurations, with the results depicted in Figure 6.21(b). The computed

errors for configurations A to F exhibit relatively minor divergence, with a general trend of

increasing as the target skyrmion number increases.

6.4.4 Discussion of Results

One of the key properties of optical skyrmions and optical merons is their topological protection

under external disturbances, making them ideal for next-generation information and communi-

cation technologies. The topological stability of these optical skyrmionic and meronic beams

during transmission under commonly encountered perturbations are assessed. Signal intensity

distortion caused by energy loss at the transition surface between different media was simulated

using an ND filter. Signal phase distortion, caused by non-uniform refractive index profiles
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in the transmission medium, was simulated using a variable quarter-wave plate cascaded with

a SLM, which applied an arbitrary phase pattern constrained only by boundary conditions of

optical skyrmions and optical merons. Signal polarisation distortion due to reflection and inter-

ference of optical components was simulated by introducing a nematic LC glass cell. Following

experimental procedures, we illuminated these perturbations sequentially with skyrmionic and

meronic beams configured with different skyrmion numbers. The resulting beam profiles were

recorded using a Stokes polarimeter, and the beam profiles at the focus were captured by a

CCD camera.

The experimental results demonstrate the robustness of the topology of these complex opti-

cal beams. By evaluating the skyrmion number of the topological fields, we observed consistent

skyrmion numbers before and after introducing external perturbations. The consistent perfor-

mance of these complex topologies, generated with cascaded SLMs, indicates their potential for

robust optical communication approaches. To note here that the topological protection of the

optical meronic beams is ensured due to its boundary conditions being maintained under the

disturbances. Therefore, we predict that this protection may not hold under the influence of a

uniform diattenuator (e.g., polarisers) which could potentially break the boundary conditions,

leading to a loss of stability. This discrepancy presents an interesting challenge and opens up

a pathway for further investigation in future research to explore how different diattenuation

profiles might impact the stability and behaviour of optical merons.

This study provides compelling evidence of the robust topological protection offered by

complex skyrmionic and meronic beams. Through evaluation of the skyrmion numbers, we

confirmed their consistency before and after perturbations, highlighting the resilience of these

structures under different conditions. Our findings validate the effectiveness of skyrmion and

meron topologies generated with two cascaded SLMs, underscoring their potential in future
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optical communication paradigms. In these studies, topological protection emerges through

the interplay between global symmetries and long-range entanglement. These topologically

protected states are immune to local defects and disorders, making them crucial for applications

in optical computing and condensed matter physics. By demonstrating consistent performance

despite perturbations, these study lay the foundation for developing robust and reliable optical

communication systems to meet the demands of next-generation technologies.

6.5 Summary

In this work, the definition of complex optical skyrmions and merons is proposed in the realm

of optics by modulating the polarisation field of structured light. The corresponding generation

mechanisms utilised to realise these skyrmions and merons in optical systems are explained in

detail. A critical advantage of these optical skyrmions and merons is their topological protection,

inherited from their origins in physics, which we evaluate for performance in hypothetical real-

world environments.

To define optical skyrmions and merons, a unified definition based on the physical origins

of the skyrmion and meron was proposed, adapting them into optic field using structured light

as the configuration medium. Extending the concept of skyrmion and meron from physics to

optics and emerging field of vectorial optics opens a new chapter in nanophotonics, providing

a novel perspective for controlling structured light. Additionally, an innovative approach to

construct these optical skyrmions and merons actively using cascaded spatial light modulators

(SLMs) is introduced. Utilising these cascaded universal optical modulators, structured light is

pixelated and modulated in the active region to realise a spatially varying vectorial field, offer-

ing the flexibility to generate skyrmion and meron patterns of any order. Both low-order and

high-order skyrmion and meron patterns are generated with high qualities and their field topo-
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logical configurations verified. This controllable structured light generator unlocks potential

for next-generation information technology. Experimental verification of topological protection

in optical skyrmionic and meronic beams demonstrates consistent skyrmion number results,

proving that optical skyrmions and optical merons are robust against common information

perturbations in communication.

In summary, the proposed generation and analysis of optical skyrmionic and meronic

beams unlocks new dimensions in processing, transferring, and storing information within

a condensed light field, significantly extending the bandwidth of communication channels.

This light-matter interaction in synthesising optical vector fields paves the way for applications

spanning microscopy, high-volume on-chip optical computing, and beyond.
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And one more thing ...

— Steve Jobs
CHAPTER 7

Conclusions and Future Work

This thesis focuses on the development and application of liquid crystal (LC) devices for optical

beam control across four key systems: liquid crystal Dammann gratings, liquid crystal computer-

generated holograms (LC CGHs), intensity adaptive optics (I-AO), and optical skyrmion and

optical meron generation. Each research area harnesses the unique electro-optical properties of

LCs to achieve advanced beam shaping and control.

The research on Dammann gratings highlights high-precision, laser-fabricated LC struc-

tures, achieving excellent structural accuracy and high diffraction efficiency. Both the switch-

able single-layer and interchangeable dual-layer gratings produced equal-intensity beam arrays

with high-quality performance, making them ideal for advanced beam shaping applications.

Using the same fabrication technology, switchable and interchangeable holographic structures

were also created in LC devices. These holograms delivered high-quality results in displaying

complex patterns, offering flexible and efficient control over complex designed light fields. LCs

were also employed in spatial light modulators (SLMs) for real-time intensity aberration correc-

tion, utilising a novel dual feedback loop corrector. The sensor-based and sensorless correction

methods, along with the designed correction patterns, highlighted the advantage of the pro-

posed system in improving optical system performance. Furthermore, the generation of robust

optical skyrmions and optical merons was achieved using cascaded LC devices as core optical
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components. These beams, encoded with light polarisation, exhibited topological stability and

accuracy.

Together, these systems are interconnected by the shared objective of enhancing precision,

efficiency, and adaptability in optical beam shaping and control. This research not only high-

lights the current capabilities of LC devices in beam modulation but also lays the groundwork

for future innovations, demonstrating how these diverse applications collectively drive the con-

tinuous evolution of LC technologies.

7.1 Diffractive Optical Elements

7.1.1 Conclusion

The first part of the thesis has focused on the development of new laser written LC diffractive

optical elements, specifically switchable Dammann gratings and computer-generated holograms

(CGHs). Chapter 3 presents results that demonstrate the successful design and fabrication of

both single and bilayer LC Dammann gratings, showcasing their ability to switch between dif-

ferent gratings and produce distinct patterns in the replay field upon the application of a voltage.

The validation of these designs through both simulations and experimental results confirms the

high quality and good performance of the fabricated gratings. Furthermore, in Chapter 4, the

development of advanced laser-written LC CGHs has exhibited high efficiency and adaptability

in creating dynamic holographic images, with excellent performance in applications such as

optical tweezers and dynamic displays.

In Chapter 3, the focus is on the design, fabrication, and performance evaluation of LC

Dammann gratings, produced using the two-photon polymerisation direct laser writing (TPP-

DLW) process. The fabrication achieved high structural precision, with up to 98% accuracy.

Quantitative analysis showed diffraction efficiencies of up to 60% for the single-layer switchable
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grating and 40% for the dual-layer interchangeable gratings, demonstrating strong performance

in generating equal-intensity beam arrays. The gratings exhibited excellent intensity uniformity

across the array, with minimal variation, making them well-suited for beam shaping and distri-

bution applications. Response times were measured in the millisecond range, supporting their

potential for dynamic beam modulation.

High fabrication accuracy with minimal defects was confirmed through simulations and

SLM-based experiments, ensuring precise far-field diffraction predictions and optimised fabrica-

tion parameters. The gratings maintained stable diffraction efficiency from 25◦C to 60◦C and

consistent multiwavelength performance by adjusting the voltage to maintain a π phase differ-

ence. Both single-layer switchable and bilayer interchangeable gratings demonstrated versatility

for optical communications, computing, and laser beam shaping.

In Chapter 4, the focus is on the design and performance of laser-written LC computer-

generated holograms (CGHs), a more advanced class of diffractive optical elements compared to

Dammann gratings. CGH designs were first validated using a SLM, and both single-layer and

bilayer switchable CGHs were fabricated using a polymerisable nematic LC mixture. Single-layer

CGHs demonstrated the ability to switch on and off by adjusting the voltage, with response

times varying based on LC thickness. For a 5 μm device, the rise time was 20 ms, and the fall

time was 120 ms, while the thicker 20 μm device showed a rise time of 70 ms and a fall time

of 430 ms.

Bilayer CGHs, designed to switch between two distinct images, such as the University of

Oxford and Somerville College crests, exhibited faster transitions than single-layer devices, with

a 50 ms rise time and 220 ms fall time. The improved performance of bilayer CGHs, with

high contrast and fast switching, makes them ideal for dynamic optical systems. These CGHs

showed excellent diffraction efficiency and fabrication feasibility, demonstrating their potential
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for applications in adaptive optics, holographic displays, and reconfigurable optical systems.

7.1.2 Future Work

While Chapter 3 and Chapter 4 of this thesis have made significant strides in developing and

characterising diffractive optical elements fabricated in LC devices for optical beam control,

several avenues for future research remain. These include enhancing device fabrication tech-

niques, exploring new algorithms to improve CGH performance and efficiency, and integrating

LC-based devices into broader optical systems. Each of these directions offers the potential to

advance LC technology and expand its applicability in cutting-edge optical applications.

(i) Improvements in Device Fabrication

Future research could improve the accuracy and efficiency of LC device fabrication by adopting

a photo-initiator-free approach in the two-photon polymerisation direct laser writing (TPP-

DLW) process. This method eliminates the need for traditional photo-initiators, resulting in

higher structural purity and enhanced optical properties. Without photo-initiators, LC devices

can operate across a broader wavelength spectrum, making them particularly well-suited for

applications in the visible range, such as adaptive optics and dynamic holography. Early studies

have demonstrated the potential of this approach for generating high-performance polymer

networks, paving the way for more precise LC devices328.

Another promising area is the exploration of alternative LC mixtures with higher birefrin-

gence or lower viscosity to increase modulation depths and switching speeds. Investigating

polymerisable LC mixtures that offer better temperature stability and multi-wavelength com-

patibility could further expand the versatility of these devices. Additionally, advancements in

multi-layer fabrication techniques may enable the development of complex bilayer or multilayer

structures, allowing simultaneous control of multiple holographic images or beam patterns
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within a single device. These improvements would enhance the utility of LC devices in applica-

tions such as augmented reality (AR) and virtual reality (VR), where rapid switching and high

image fidelity are critical329.

(ii) Algorithm Development for LC CGHs

Expanding the algorithms used to generate holographic patterns is another critical area for

future research. Iterative algorithms, such as variants of the Gerchberg-Saxton (GS) algorithm —

like the Yang-Gu Algorithm330 or weighted GS algorithms331 — and others like the holographic

stereogram algorithm332 or wavefront recording plane method333, could improve the quality and

efficiency of holographic reconstructions in LC CGHs. These algorithms could be optimised

to handle complex 3D holographic patterns, enabling real-time hologram generation for more

interactive displays.

Furthermore, adaptive algorithms could dynamically adjust CGH patterns based on real-

time optical feedback, compensating for aberrations and misalignments to enhance hologram

quality. This is particularly beneficial in biological imaging and free-space optical communica-

tion, where changing conditions impact system performance334. Machine learning algorithms

could further refine CGH optimisation, improving precision, speed, and interactivity in holo-

graphic displays335.

(iii) Integration into Optical Systems

The integration of LC devices into complete optical systems is a logical next step. For instance,

switchable LC Dammann gratings and CGHs could be incorporated into optical communica-

tion systems, where they adjust beam shapes and transmission patterns based on transmission

conditions189. The ability to switch between different holographic patterns on demand could

also enable data multiplexing, improving bandwidth and overall efficiency in communications.
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Additionally, future research could explore the integration of LC CGHs into 3D holo-

graphic displays336. The capacity to generate high-quality 3D images with switchable holograms

positions LC CGHs as ideal candidates for AR and VR applications. Further exploration of

this area could lead to the development of compact, low-cost 3D displays capable of switching

between multiple images or viewpoints in real-time, offering a more immersive experience.

7.2 Intensity Adaptive Optics

7.2.1 Conclusion

In Chapter 5, the focus is on developing and applying LC devices for intensity aberration correc-

tion in optical systems. The chapter first explains optical aberrations, with particular emphasis

on intensity aberrations, which significantly impair image resolution and contrast. These aberra-

tions are especially problematic in astronomy, where precise imaging of faint celestial objects is

essential, and in biomedical imaging, where high contrast is critical for accurate diagnoses. The

chapter introduces novel intensity aberration correction modes, drawing on Zernike polynomi-

als traditionally employed in phase adaptive optics (AO) and leveraging the architecture of the

intensity adaptive optics (I-AO) corrector. Two correction methods are also proposed for the

aberration compensation: the sensor-based and sensorless approaches. The sensor-based method

directly measures intensity variations and applies compensation patterns to the corrector, while

the sensorless approach uses feedback algorithms with intensity Zernike patterns to estimate

and apply the optimal correction, effectively eliminating aberrations.

The development of a dual-loop feedback correction system is another key innovation

discussed in this chapter. This system facilitates real-time correction of intensity aberrations

by employing two feedback loops: one aimed at restoring intensity uniformity at the pupil

plane and another for compensating energy loss and recovering total beam intensity. In the first
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loop in the sensor-based method, the intensity profile is measured directly at the pupil plane

and corrected by comparing the actual captured intensity at each pixel with the desired target

intensity. Corrections are applied to adjust the intensity to match the target profile, using SLMs

to generate the necessary patterns. The second loop in the sensor-based method then adjusts

the overall system energy by regulating the illumination source to maintain the original beam

intensity. The same dual-loop feedback correction procedures is performed for the sensorless

method except for that the intensity aberration is estimated using designed patterns rather than

the direct measurement. This dual-loop system, therefore, ensures both uniformity and total

intensity restoration, significantly improving image quality in applications that require high

precision, such as optical microscopy and astronomical imaging.

Experimental results demonstrate that traditional phase aberration corrections, which rely

on adjusting the phase of the wavefront, are insufficient to correct intensity aberrations. These

intensity aberrations lead to uneven energy distribution, which cannot be addressed by phase

correction alone. Through the dual-loop system, both phase and intensity aberrations are cor-

rected, leading to an almost ideal focal spot and a diffraction-limited performance. The experi-

ments compared sensor-based and sensorless methods, highlighting that while the sensor-based

approach offers direct measurements of intensity aberrations, the sensorless method, which

infers aberrations through analysis of focal spot images, provides a more compact and hardware-

efficient alternative. Each method has its strengths, with sensor-based systems offering more

precise intensity measurements and sensorless systems excelling in scenarios where additional

hardware cannot be integrated.

7.2.2 Future Work

Future work should prioritise the optimisation of intensity-adaptive optics (I-AO) techniques,

with a focus on enhancing both correction accuracy and response times to meet the stringent
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demands of high-resolution dynamic real-world applications, such as advanced microscopy and

astronomical imaging. These improvements will be critical in addressing the growing need

for more accurate, real-time adaptive corrections in systems where even minor aberrations

can significantly affect image quality and overall system performance. By refining existing

methodologies and exploring innovative approaches, the following future research topics will

unlock the potential of I-AO in delivering sharper, more reliable imaging across a broader range

of optical applications.

(i) Optimising Control Algorithm of I-AO Corrector

Optimising the I-AO control algorithm involves refining the dual-loop feedback mechanism

with more advanced algorithms that dynamically adjust correction patterns in real time, using

continuously updated intensity data. Machine learning models trained on extensive aberration

datasets can also potentially been utilised to predict and implement more accurate correction

patterns, accounting for complex, non-linear aberrations. This reduces computational load by

bypassing traditional iterative methods, thus enhancing both the speed and responsiveness of the

system337. Such advancements hold significant promise for improving the efficiency, accuracy,

and robustness of real-time aberration correction in high-resolution imaging applications.

(ii) New Correction Modes and Image Metrics

Another avenue for improvement lies in investigating new intensity correction modes that ex-

pand beyond conventional Zernike polynomials. Exploring more complex basis functions or

data-driven modes, tailored to specific aberration profiles in different imaging contexts, could

improve the sensorless I-AO approach338. New image metrics, such as intensity variance minimi-

sation or contrast enhancement, could be incorporated into the feedback algorithms to better

estimate and correct intensity aberrations without relying on direct measurement339,340.
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(iii) Integration with Other Adaptive Optics Techniques

Integrating I-AO systems with vectorial adaptive optics (V-AO) could lead to comprehensive

correction systems that simultaneously address both phase, polarisation, and intensity aberra-

tions. V-AO corrector, capable of compensating for phase and polarisation related aberrations,

could work in tandem with I-AO modules to manage phase, intensity, and polarisation effects

within a single system. This would be particularly useful for high-contrast applications where

all three factors influence image quality. For instance, combining I-AO and V-AO would enable

systems to achieve higher Strehl ratios and more uniform intensity distributions, allowing for

sharper and more accurate imaging of faint or complex objects.

(iv) Advancing Hardware Integration

To further advance the scope and impact of adaptive optics technologies, future efforts could

also focus on improving hardware integration. Reducing the size and complexity of I-AO and

V-AO systems through miniaturisation designs and integration with current imaging platforms

would increase their practical applications, especially in areas such as endoscopy or space-based

telescopes, where space and weight are limited341. Additionally, the development of faster and

more energy-efficient SLMs or DMs could significantly improve system performance, enabling

real-time correction even in dynamic or low-light environments.

7.3 Structured Light

7.3.1 Conclusion

In Chapter 6, the generation of optical skyrmions and optical merons through cascaded LC

devices is thoroughly investigated, focusing on the creation and manipulation of skyrmions

and merons. The chapter details the mechanisms of beam generation, their topological char-

acteristics, and their robustness against external disturbances, while exploring their potential
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applications in advanced optical systems such as optical computing and data transmission.

Using a setup of cascaded nematic LC SLMs, skyrmionic and meronic beams of varying

orders were successfully generated. The experiments demonstrated topological protection of

these structures, as they maintained their topological charge under manipulation. Specifically,

skyrmion numbers were varied across a range, from low-order S = 1 to high-order S = 9

configurations for skyrmions and low-order S = 0.5 configurations to high-order S = 4.5

for merons, with precise control over the polarisation field achieved through cascaded SLM

manipulation. Quantitatively, the control over the topological charge was fine-tuned with an

accuracy of more than 95% for skyrmionic beams and 80% for meronic beams when adjusting

the skyrmion number.

The robustness of these topological structures was confirmed through a series of tests

involving external corruptions, including phase distortions, optical noise, and misalignment of

optical elements. The experiments showed that the skyrmionic beams exhibited a deviation

of less than 10% in skyrmion number when propagated through various corrupting optical

elements. And both skyrmionic and meronic beams can recover their original skyrmion number

after rounded the calculation results to their closest skyrmion numbers. This confirms the

theoretical predictions of their topological protection. This level of resilience is crucial for their

potential application in systems requiring high fidelity and stable data transfer.

This chapter concludes by highlighting the future potential of skyrmionic and meronic

beams from cascaded LC-SLMs. Their stability against phase aberrations, with minimal beam

profile changes, underscores their suitability for robust topological applications.
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7.3.2 Future Work

The results presented in Chapter 6 lay the foundation for several promising avenues of future

research in the field of optical skyrmions and optical merons. The ability to control skyrmion

and meron structures with high precision opens up new possibilities in the field of topological

photonics. To further advance the understanding and practical applications of optical skyrmions

and optical merons, future work should focus on several key areas, including the generation

of higher-order patterns, the development of new LC devices for structured illumination, and

the integration of these technologies into the fundamental research in light and matter and

emerging fields in future communications.

(i) High-Order Skyrmions and Merons

One direction for future research is to explore higher-order optical skyrmions and merons in

more complex environments. This thesis successfully generated and tested optical skyrmions

with topological charges up to S = 9 and optical merons up to S = 4.5 for robustness.

However, investigating even higher-order configurations could provide deeper insights into

beam interactions and stability under more extreme conditions, such as increased wavefront

distortion or physical obstacles along the propagation path. Advancing the generation of optical

skyrmions and merons will help identify the limitations of topological protection and expand

the range of available generated beams. This helps the development of fundamental research

in light-matter interaction and benefits future applications related to the duality symmetry,

offering new opportunities to probe and manipulate complex topological states.

(ii) Advanced Structured Light Generators

A major technical advancement would involve the development of structured light generators

beyond the use of cascaded SLMs. The current reliance on SLMs provides a high degree of con-
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trol over polarisation fields, enabling the generation of skyrmions and merons. However, future

research could explore using laser writing techniques to fabricate new types of liquid crystal de-

vices specifically designed for structured illumination. These devices could offer similar control

over the polarisation fields but with a simplified architecture that does not rely on the dynamic

modulation of SLM technology. This shift would enable the generation of more complex fields

with minimised device sizes, including higher-order skyrmions and merons, while potentially

reducing the system complexity, cost, and power consumption. Laser-written LC devices and

methods explored in Chapter 3 and Chapter 4 could be further optimised here for applications

including high-volume data transmission systems or compact optical communication setups,

where physical space and power efficiency are paramount. And also, the development of SLMs

capable of continuous linear or elliptical polarisation tuning would significantly enhance our re-

search capabilities, enabling more precise control over beam characteristics for a better structure

light generation.

(iii) Towards Future Applications

A promising area for future research is optical computing, where skyrmions and merons, with

their robust topological features, could be leveraged for encoding and transmitting high-density

optical information. The stability and resilience of skyrmions and merons also make them

excellent candidates for data encoding in next-generation optical communications. Encoding

information within their topological properties - beyond just intensity or phase — would

increase bandwidth and system robustness, making them less susceptible to signal degradation

from field distortions or noise. Future work could explore their integration into fibre-optic

communications, where they could serve as robust data carriers over long distances, even in

challenging environments.

Additionally, combining insights from structured light generation with advanced liquid
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crystal devices could enable highly efficient and compact communication systems. Custom

LC-based structured light generators tailored for optical communications could significantly

enhance data transmission fidelity and resilience compared to conventional methods.

7.4 Final Remarks

This thesis has showcased the transformative potential of LC devices in advanced optical systems,

with applications spanning diffractive optical elements, adaptive optics, and structured light

generation. The research combines experimental innovation with theoretical analysis, offering

new insights into the future of optical technologies.

Chapter 3 introduced LC-based Dammann gratings, achieving efficient multi-wavelength

beam generation with high diffraction efficiency and temperature stability. These capabilities

were further expanded in Chapter 4, which explored laser-written LC CGHs, demonstrating

adaptability, fast response times, and the potential to replace SLMs in compact optical systems.

Chapter 5 investigated LC devices for real-time intensity aberration correction in adaptive

optics, resulting in significant improvements in image quality, particularly for high-resolution

microscopy. In Chapter 6, we generated and controlled optical fields — skyrmionic and meronic

beams — investigating their robustness and potential use in next-generation high-density data

transmission.

In conclusion, this work establishes LC devices as versatile tools for enhancing optical

system performance, from structured light generation to the development of robust topological

features for data encoding. These findings provide a strong foundation for future advancements

in topological photonics, optical communication, optical computing and beyond.
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