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Abstract

Liquid crystal (LC) spatial light modulators (SLMs) have become essential components in
various optical applications, enabling real-time and high-precision control over light properties such
as phase, amplitude, and polarization. This thesis focuses on the optimization of LC-based optical
phase modulators, aiming to enhance their response time, phase modulation depth, and polarization

independence while maintaining low-voltage operation.

The study investigates two distinct nematic LC devices: a pi-cell-based phase modulator and a
super-twisted nematic (STN) LC-based polarization-independent phase modulator. By applying
optimized voltage waveforms, both devices achieve full 2 rad phase modulation within 1 ms, with
the pi-cell operating in a reflective configuration and the STN device employing a four-pass
configuration. To characterize and analyse the dynamic phase modulation behaviour, phase-shifting
interferometry techniques are employed. Two phase-shifting interferometers are designed and

constructed to provide high-resolution, accurate time-resolved phase measurements.

The theoretical framework is built upon Frank continuum theory and Ericksen-Leslie theory,
which describe the elastic and hydrodynamic properties of nematic LCs. The free-energy density of
the LC device is formulated and solved through Euler-Lagrange equations to determine the director
profile, which is then used for phase modulation calculation. For twisted LC devices, Jones matrix

formalism is utilized to compute phase modulation characteristics.

Furthermore, this work develops a computational optimization algorithm that integrates Jones
matrix formalism and particle swarm optimization (PSO) to determine the optimal configuration of
LC devices combined with additional waveplates. This approach results in an improved performance
of phase modulation range and polarization independence beyond what is achievable with a single
LC device. The optimization results validate that strategic combinations of LC devices and passive
optical elements can significantly improve modulation performance within a voltage range or time

scale.

The findings of this thesis contribute to the advancement of LC-based phase modulators by
addressing the fundamental trade-offs between response time, phase modulation range, and applied
voltage. The developed methodologies provide a robust foundation for designing next-generation LC
optical modulators, with potential applications in adaptive optics, beam steering, holography, and

AR/VR systems.
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1. Introduction

1.1 Overview and Objectives

My D.Phil thesis focuses on the development of optical phase modulation technologies using
liquid crystals (LC), the primary use of which is in Spatial light Modulators (SLMs). SLMs are
compact devices that can be used to modulate the amplitude, phase and polarization (or a
combination of these parameters) of an incident light beam along the two spatial dimensions

of the modulator.

SLMs can be fabricated from micro-electromechanical systems (MEMS) or liquid crystal
on silicon (LCOS). MEMS-based optical phase modulators consist of self-aligned mirrors and
actuators. The advantages of these systems include mechanical stability, low cost and easy
integration with fibre-based lasers and sensors or photonic microsystems [1]. However, optical
MEMS switches require high driving voltage and have a high-power consumption. On the other
hand, LCOS-based SLMs have the merits of real-time manipulation of incident light with
unprecedented flexibility and precision, shaping optical wavefronts[2]. The architecture
includes a glass layer with a transparent indium tin oxide (ITO) conductive layer, an LC layer
aligned along the rubbing direction, and a reflective silicon backplane on one side. SLMs can
be either transmissive or reflective devices, and LCOS is typically designed as a reflective
SLM, and its silicon backplane prevents light transmission and provides reflection. The

structure of a reflective device is shown in Figure 1.1.

LCOS SLMs can also be classified as electrically addressed or optically addressed [3],

and in this work, we only consider electrically addressed SLMs. These devices are controlled



by an external electric field, which is applied through a silicon backplane. When a voltage is
applied, the director in the LC layer reorients in response to the electric field. This reorientation
alters the optical properties of the LC layer, thereby modulating the optical phase and amplitude
of the output light, illustrated in Figure. 1.2. The ability to modulate the phase of light allows
LCOS SLMs to perform various optical functions [2]. By creating controlled phase shifts in
the output light, these devices can generate images through interference effects or correct
optical aberrations in adaptive optics systems. This phase modulation capability is central to
their widespread use in applications such as imaging and display systems, holography, beam
shaping, and wavefront correction. Beyond these specific functionalities, LCOS SLM
technology has been employed in a broad range of fields which require fast, high resolution

and high-throughput optical modulators.

Indium tin oxide (ITO) Layer
: (Common Electrode)
Alignment Layer
=
Edge seal - /

Pixel Electrode |

Silicon Backplane |

Figure 1.1. Schematic of a Liquid Crystal on Silicon (LCOS) cell where the vertical dimension has been
exaggerated to show the different layers that make up the device. For such devices, the LC layer is usually only a

few microns thick.

The first LC SLM was developed in the late sixties [4], and since then, these devices
have become indispensable in applications such as optical signal processing [3][5], light
detection and ranging (LiDAR) [6], beam steering [7], wavelength selective switch [8],
hologram reconstruction [9]-[11], augmented reality and virtual reality displays [12][13],
optical microscopes [14], real-time holography [15][16] and laser speckle reduction [17][18].

Because LCs do not generate light but instead modify incident light, LCOS SLMs consume



only a small amount of electrical energy. In addition, they have the merits of relatively low
operation voltage, and low cost; and therefore, most commercially available SLMs are based

upon LC technology.
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Figure 1.2. Schematic representation of the working principle of an LCOS SLM. Linear polarized light
passes through the liquid crystal (LC) layer, which is modulated by the pixel electrode configuration.
Regions with and without an applied electric field (E > 0 and E = 0) control the orientation of the LC
director, resulting in amplitude and phase modulation of the outgoing light [23].

For many applications, the general requirements for an LCOS SLM are fast response
time (ideally 7 < 1 ms), full analogue optical phase modulation (6 > 2n rad) and low operating
voltage (< 15 V). Each of these requirements is closely tied to the functionality and
performance of LCOS SLMSs in practical applications. A fast response time ensures high
framing rates, which are crucial for applications such as augmented reality (AR), virtual reality
(VR), and holographic displays. In these cases, low latency is essential to provide a seamless,
realistic image and enhance user experience. Faster response times also enable higher refresh
rates for dynamic wavefront shaping in optical communication systems and adaptive optics,

where rapid adjustments are necessary for real-time beam control.



A phase range greater than 2n rad allows the SLM to handle complex wavefront
modulations, which is critical for producing high-quality images and efficient beam steering.
In holographic displays and laser beam shaping, controlling the phase over a full 2x rad or
more ensures accurate reconstruction of the desired optical field and minimizes artifacts. This
capability is also important for advanced optical applications, such as generating arbitrary light
fields and improving diffraction efficiency in diffractive optical elements. A low operating
voltage is a limitation of the silicon technology, where the maximum voltage supply for LC
drives typically ranges between 15 and 20V. Additionally, low voltage operation is vital for
energy efficiency and compatibility with portable devices, such as head-mounted AR/VR
displays or battery-powered optical systems. Reduced power consumption not only extends
device longevity but also minimizes thermal effects, which can degrade performance.
Furthermore, it simplifies electronic driver circuits, making the device more compact and cost-

effective for integration into consumer electronics.

The challenges in achieving those requirements simultaneously are that those
requirements can involve in the trade-offs between each other. The first trade-off is between
response time and phase modulation. For nematic LC devices, the response time is inherently
limited by the viscoelastic properties of the material. The response time (7) of a homogeneous
(planar — the LC director lies in the plane of the device)) aligned cell can be expressed as:

Y1 d?
T:m (1—1)

where y; is the rotational viscosity, d is the thickness of the LC layer, and Ky, is the splay

elastic constant.

The maximum optical phase modulation (§) is determined by:



5= 2mdAn
)

1-2)

where An is the birefringence of the LC, and A is the wavelength of light.

Optimizing the LC layer thickness (d) for a shorter response time () requires reducing
d, which in turn decreases the phase modulation range (§). As a result, the device must balance
between fast response and sufficient phase modulation to meet application-specific
requirements, unless specialized designs are implemented to overcome these conventional

limitations.

The second trade-off is between phase modulation and applied voltage. Accessing the
full birefringence of the LC material requires, in principle, an infinite voltage. In practice, the
effective birefringence (An,sf) experienced by the incident light depends on the applied
voltage. Increasing the voltage amplitude improves the effective birefringence, thereby
enhancing the phase modulation range. However, the silicon backplane of the LCOS device
may not be capable of delivering the high voltages needed to fully exploit the material's
birefringence, due to limitations in the maximum voltage supply and power handling

capabilities [25][38].

In more complex scenarios, polarization independence is also required, meaning the
polarization state of the incident light remains unchanged after passing through the LC device,
and all polarizations experience the same phase shift. This capability is crucial and urgent in
several advanced optical applications [19]-[21]. For example, in optical telecommunications
systems, the polarization state of light is often unknown or fluctuating, which poses a
significant challenge for polarization-sensitive components. As a result, achieving polarization-

independent performance is critical to ensure system reliability and efficiency [22].



Additionally, in holographic systems, polarization independence is essential for maintaining
the image quality [19]. Polarization inconsistencies can distort the wavefronts used to
reconstruct the hologram, leading to reduced resolution, unwanted interference patterns, and
degraded image fidelity. Through ensuring polarization-independent modulation, these systems
can achieve uniform brightness, accurate colour reproduction, and enhanced visual
performance [20]. In beam shaping systems, polarization independence is crucial for ensuring
the modulated beam maintains a uniform intensity and phase profile. Polarization-dependent
modulation can introduce unwanted asymmetries and irregularities in the shaped beam,
compromising precision and reducing the effectiveness of the system. Ensuring polarization
independence allows the system to function consistently, regardless of the input polarization
state. Achieving polarization independence in LC-based devices is technically challenging
because LCs are inherently birefringent, with phase modulation depending on the polarization

state of the incident light [19].

In summary, designing an LCOS SLM that satisfies these conflicting requirements of fast
response time, high phase modulation, and low voltage operation is inherently challenging due
to the intrinsic trade-offs between these parameters. The need for polarization independence
adds additional complexity, as it requires specialized designs or materials to ensure consistent
performance regardless of the input polarization state. This further complicates the already
delicate balance required to optimize these devices. Nevertheless, if these requirements can be
met or even surpassed, such technology would represent a major breakthrough, driving
advancements in both scientific research and industrial applications where SLMs play a critical

role.

In the thesis, I aim to enhance the performance of LC-based optical phase modulators



and utilize phase-shift interferometry techniques to study the time-resolved phase modulation.
Two distinct optical phase modulators based on nematic LC phases are investigated by applying
optimised voltage waveforms. Furthermore, an optimization algorithm integrated with the
optical simulation method is developed to identify the most effective device configurations.
The primary objective is to significantly improve switching speed while maintaining analogue
phase control (ranging from 0 to 2x rad) at room temperature under low voltage operation.
Additionally, this work seeks to achieve polarization independence, a critical requirement for
many advanced optical applications. The design process employs a comprehensive approach,
including conceptualizing the modulator, conducting LC device simulations, characterizing
device performance, developing phase measurement systems, and analysing experimental
results. By integrating these techniques, this research aims to make a contribution to the
development of high-performance LC-based optical phase modulators suitable for a wide range

of scientific and industrial applications.

1.2 Layout of Thesis

Eight chapters constitute this thesis. These are summarised as follows.

Chapter 1 introduces the overview and objectives of the research work. The layout of

the thesis is also contained herein.

Chapter 2 provides an overview of the relevant theory and background related to various
LC materials, their properties, and the available LC based device configurations. It also
discusses optical simulation methods and explores prospective optical phase modulators,
including those based on chiral LCs and ferroelectric LCs. This foundational knowledge lays

the groundwork for the exploration and analysis presented in the subsequent chapters.



Chapter 3 describes three optical phase measurement systems developed and used in my
work: one indirect method based on transmission measurement and two direct, time-resolving
measurement systems. The innovative working principles and the phase extraction methods of
these systems are also discussed. Together, these measurement systems provide the

experimental data analysed in the subsequent chapters.

Chapter 4 proposes an optical phase modulator based on nematic LCs filled in a pi-cell
with anti-parallel pretilt angles. The chapter begins by discussing the challenges and the state-
of-art technologies reported in the literature. The modulator concept and its characteristics are
then explored, followed by a description of the simulation method based on continuum theory.

The optical phase modulator designed in this Chapter can achieve a full 2mt rad phase

modulation within 1 ms in reflection. This work, in combination with the second measurement
technique described in Chapter 3, has been written up and published in the journal article: Xue,
L., Jin, Y., Elston, S. J., & Morris, S. M. (2023). Fast analogue 2n phase modulation using a

liquid crystal Pi-Cell. Optics & Laser Technology, 167, 109773.

Chapter 5 proposes a polarization-independent phase modulator based on super-twisted
nematic (STN) LCs. It first highlights the challenges associated with polarization independence
and reviews cutting-edge technologies reported in the literature. The proposed phase modulator
concept is then introduced, with a detailed explanation of the approach to achieve polarization
independence, and a comparison with conventional twisted nematic (TN) LCs. The chapter
proceeds to outline the simulation methodologies and provides an analysis of the simulation
and experimental results. This work successfully demonstrates a polarization-independent
optical phase modulator achieving full 2n rad phase modulation within 1 ms using a four-pass

configuration. The work in this chapter, in combination with the third measurement technique



described in Chapter 3, has been written up and published in the journal article: Xue, L., Elston,
S.J., & Morris, S. M. (2025). Polarization-independent nematic liquid crystal phase modulators.

ACS Photonics.

Chapter 6 presents an optical optimization algorithm to explore the optimal combination
of waveplates, such as quarter-waveplates and half-waveplates, with nematic LC devices. The
primary goal is to identify a best configuration that meets specific performance criteria that are
difficult to achieve with a single device, such as maximizing polarization independence phase
modulation or attaining an improved phase modulation depth. This Chapter details the optical
optimization methodology, providing illustrative examples and an in-depth discussion of the

exploration results for several commonly used LC devices.

Finally, Chapter 7 serves as a conclusion and discussion for all of the work presented in

the previous chapters. In addition, it will plot a route forward for future work.



2. Background

This chapter provides the foundation and background on liquid crystals (LC) and optical phase
modulator technologies necessary to understand the work presented in this thesis. It begins by
outlining the key characteristics of nematic LCs, including their phase transitions and
molecular ordering. The discussion then delves into their elastic properties and continuum
theory, followed by an overview of their dielectric and optical properties. Furthermore, the
chapter covers approaches for modelling LCs, the architecture of LC devices, and polymer

stabilization processes using reactive mesogens.

2.1 Liquid Crystal Characteristics

2.1.1 Phase transitions
Liquid crystals (LCs) are phases of matter that exhibit properties intermediate between
isotropic liquid phase and solid phase [24][25]. LC molecules can have different shapes, such
as rod-like or disc-like forms, and present dielectric and optical anisotropies. There are two
main types of LCs: thermotropic LCs, which form within a specific temperature range between
a crystalline solid phase and an isotropic liquid phase, and lyotropic LC, whose formation
depends on the concentration of the molecules in a solvent. Thermotropic LC are widely used

in technological applications and so only this type is considered in this thesis.

Figure 2.1 illustrates the typical phase transitions of thermotropic LC as the temperature
increases [24][25]. These transitions include the progression from a crystalline state to the
Smectic C (SmC) phase, followed by the Smectic A (SmA) phase, the Nematic (N) phase, and
finally the Isotropic (I) state at higher temperatures. Among these, the Nematic phase is

arguably the most extensively studied LC phase, particularly for applications requiring
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responsive and controllable optical properties. In this thesis, the nematic phase is primarily
adopted for the design and analysis of LC devices. Specifically, the focus is on calamitic
nematic LCs, which are characterized by their rod-like molecular shape. The term “nematic”
originates from the ancient Greek word vijua, meaning “thread,” likely referring to the thread-

like texture observed under a polarizing optical microscope.

Increasing Temperature
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Figure 2.1. An example of the phase transitions of a thermotropic nematic LC as the temperature
increases. This also illustrates the effect of adding a chiral dopant [24][25].

Most nematic LCs are uniaxial, meaning they possess one distinct preferred axis (the
longitudinal axis), while the other two axes are equivalent. This uniaxial nature allows nematic
LCs to be represented as rods or elongated ellipses. Their directional alignment and ease of
reorientation under external fields (e.g., electric or magnetic), make nematic LCs the most
commonly studied and widely applied type of LC. They are utilized in diverse technological
applications, including displays, sensors, and optical devices. This thesis uses these properties

to explore the design and functionality of nematic LC-based systems.
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The smectic (Sm) phase can be sub-divided into several types, such as SmA, SmC, and
others (e.g., SmB, SmF, SmK), based on the tilt angle of the LC director and the packing
arrangement of the molecules [26]. Among these, the SmA and SmC phases are the most
studied types and are illustrated in the Fig. 2.1. The smectic phase is distinguished by a layered
structure, characterized by both orientational and positional order of the molecules. In the SmA
phase, the LC molecules tend to be perpendicular to the layer planes, while in the SmC phase,
the molecules are tilted at a fixed angle relative to the layer planes. This difference in molecular
orientation within the layers leads to distinct physical properties and behaviours in the smectic
phases [27]. Besides, compared to the nematic phase, the smectic phase is less fluid due to the

presence of layers, which restricts the movement of molecules more than in the nematic phase.

In addition, Fig. 2.1 highlights the effects of introducing chiral dopants to LC phases. A
chiral dopant is a chemical additive that induces a helical twist in the molecular alignment of
the LC material. This twist occurs because chiral dopant molecules have an asymmetrical
structure, lacking mirror symmetry, which produces chirality (handedness) to the LC phase.
For example, when a small concentration of chiral dopant is added to a nematic LC, the nematic
phase can transition into a chiral nematic (or cholesteric) phase [29], as illustrated in Fig. 2.1.
In this phase, the LC molecules rotate continuously, forming a helical structure. The pitch of
the helix - the distance over which the molecules complete a full 360° twist - depends on both

the type and concentration of the chiral dopant.

Similarly, adding chiral dopants to the SmA phase produces chiral Smectic A* (SmA*)
phase. In this phase, the molecules remain perpendicular to the layers, but the chirality causes
the orientation of the molecules to rotate helically from layer to layer. At higher concentrations

of chiral dopant, the SmA phase can transition into the TGBA* phase (Twisted Grain Boundary
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Smectic A*). This phase features a broken-layer structure with embedded screw dislocations,
resulting in a helical arrangement. Furthermore, when chiral dopants are added to the SmC
phase, the phase transitions into the chiral Smectic C* (SmC*) phase. This phase is
characterized by tilted molecules whose orientation also exhibits a helical arrangement due to
chirality. Each of these transitions illustrates how chiral dopants expand the diversity of LC

phases, enabling unique structural and optical properties for advanced applications.

2.1.2 The director and the order parameter
To specify the geometry and dynamics of the nematic LC phase, two macroscopic variables are
used: the director and the order parameter. The average orientation of the LC molecules is
known as the nematic director, 7, which is a unit vector aligned with the time-averaged axis of
a single molecule (the direction will vary due to thermal fluctuations) or the average of an
ensemble of molecules at a point in time, as indicated in Fig. 2.1. In nematic LCs, there exists
an equivalence of 7 = —7 because of the symmetry of the phase. This means that the
molecular alignment is invariant under a 180° rotation, reflecting the lack of a preferred
directional polarity in the nematic phase. In contrast, in SmC LCs, this equivalence does not
hold (7 # —n) due to the asymmetry of the phase. The tilted molecular arrangement in the

SmC phase creates a distinct directional polarity.

Due to the shape anisotropy of nematic LC, they exhibit a phenomenon known as nematic
ordering, which is characterized by long-range orientational order but no positional order. It is
possible to quantify how ordered the LC is by measuring how much the deviation of the
molecules’ orientation differs from that of the director (7). The degree of orientational
alignment is quantified by the order parameter, S, which is a scalar quantity introduced by

Tsvetkov [30], and defined as:
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where 6 is the angle between the orientation of a molecule and the local director 7.

When all the molecules are well aligned with the director (8 = 0), S = 1. In contrast, in

the isotropic phase, S = 0 because in this case, 8 refers to all directions, and the random
orientation of molecules results in (cos? 6 ) = iherefore, the order parameter S typically

ranges between 0 (random orientation) and 1 (perfectly ordered structure), depending on the
LC. The order parameter S varies with temperature, generally increasing as the temperature
decreases (since the structure becomes more ordered). In practical nematic phases, S often

varies between approximately 0.4 and 0.7.
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Figure 2.2. The temperature dependence of the scalar order parameter of nematic LCs [31].

Figure 2.2 illustrates the temperature dependence of the scalar order parameter S in
nematic LC. As the temperature (7) increases, thermal energy disrupts the molecular alignment,
causing a gradual decrease in S. Near the critical temperature (7¢), the nematic phase transitions
to the isotropic phase, where the molecules become completely disordered, causing S to drop
rapidly to zero. This sharp change at 7¢ signifies a first-order phase transition, characterized

by a discontinuous change in the order parameter and the release or absorption of latent heat.

14



This transition often nucleates from impurities or defects in the liquid crystalline structure,

which act as initiation points for the phase change.

In the nematic phase, the lack of positional order arises because thermal energy prevents
the formation of a regular lattice structure, allowing the molecules to flow freely, similar to a
liquid. However, unlike isotropic liquids, nematic LCs retain long-range orientational

alignment of their molecules, making them distinct from liquid phase.

2.2 Elastic Properties and Continuum Theory

To better analyse an LC device, continuum theory [32][33] can serve as a foundation. This
theory deals with the deformation and transmission of forces through LCs by modelling them
as a continuous medium (a continuum) rather than discrete particles. By disregarding
molecular-level details, this approach facilitates a macroscopic analysis of the LC behaviour.
The concept of a continuous medium enables an intuitive understanding and the application of
differential equations to describe bulk properties and interactions. The elastic free energy
density model for LCs, which focuses on the various ways nematic LCs can deform, was
initially developed by Carl Wilhelm Oseen [34] and later refined by Frederick Charles Frank
[35]. This framework, commonly referred to as the Oseen-Frank theory, describes the elastic
energy associated with different deformation modes in nematic LCs and remains fundamental

in LC research [36].

As discussed previously, nematic LC molecules exhibit long-range orientational order
but lack positional order. At thermodynamic equilibrium, these molecules tend to have random
spatial distributions while maintaining a uniform orientation defined by the director, 7i. Frank

identified three fundamental modes of deformation from this lowest-energy state: splay, twist
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and bend, as visualised in Figure 2.3. He demonstrated that all possible deformations in
nematic LCs can be reduced to these three modes. According to the Oseen-Frank theory,
deviations from equilibrium are analogous to stretching or compressing a spring, where the
restoring forces are proportional to the distortion. The elastic free energy density associated

with these deformations is given by:

fa=5Kulv: 7]? + 5 Kool - (VX m)]* + o K3l x (V' x > (2-2)

where n = (nx, ny, nz) 1s the director field, and K1, K22, and K33 are the Frank elastic constants
for splay, twist and bend distortions, respectively. These constants, with units of [N], are
analogous to spring constant in classical mechanics. Typically, the Frank elastic constants are
on the order of 10 pN with the general relationship K33 > K11 > K2. This hierarchy indicates

that bend distortions are typically more energetically costly than splay and twist distortions.
Splay Twist Bend

S\11177772m VIR LR T .
\iy IR :“m
Wi/ TCCITCCETT At
W TIRLLLLRT]) \\\\\N

[V - 1] n- (Vxn) nx (Vxn)

Figure 2.3. The three fundamental types of bulk elastic distortion in LCs: splay, twist, and bend.

The three distortion modes in Eq. (2-2) can be understood by examining the nature of the
director field for each mode. As illustrated in Fig. 2.3, splay distortions occur when the director
points outwards radially from a point, resulting in a non-zero divergence (V- 71 # 0). For twist
distortions, the curl (1) of the director is parallel to the director (71 - (V x 1) # 0), while in
bend distortions, the curl (77) of the director is perpendicular to the director (7 X (V X 1) # 0).

In continuum theory, this distortion free energy density expression describes the elastic energy
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cost associated with deformations away from the equilibrium state, where all the molecules are
aligned parallel to each other. This free energy provides a basis for calculating the director field
by minimising the expression and solving the resulting differential equations. However, in
practice, Eq. (2-2) is often too complex to solve analytically. To simplify the analysis, a
common assumption is that Ki; = K»>= K33 = K. Under this one-constant approximation, the

elastic free energy density in Eq. (2-2) is simplified to:

1 —
fa=ZKIV -7+ |7 x il?] 2-3)
pretilt angle — . preﬂ angle
—_ == IC - = LC rotation
- t / rotation —_— ? _ flow
— \ £ § g
— ——
—_— flow - '
— - 4 <=
= \ = )
= 2
; $ — —
(@ (b)

Figure 2.4 The influence of the flow on the LC device: (a) Fréedericksz LC device and (b) pi-cell device.
The black arrows represent the pretilt angle of the device and the red dashed arrows represent the
rotation direction of the LC director under voltage switch on. The flow effects of the LC are represented
by the blue thick arrows in the switch on process.

To accurately simulate the LC devices in this thesis (e.g., in Section 4.3), it can also be
important to consider the flow properties of LCs. LC devices are particularly sensitive to flow
effects due to the anisotropic nature of LCs, and the flow is typically described by
hydrodynamic equations that couple the fluid motion with the orientation of the LC molecules
(director field). These flow effects influence the dynamic response, electro-optic properties,
and stability of LC devices, particularly under external forces such as applied electric fields.
The impact of flow effects varies depending on the device type and its operational state. For

example, as shown in Figure 2.4(a), flow-induced effects in a Fréedericksz device can
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compromise stability. Reorientation of the LC director in the switching process generates flow
forces in opposite directions, causing fluctuations in the central region. By contrast, flow
effects are much less significant in a pi-cell device [86], as illustrated in Fig. 2.4 (b), especially
when the LCs are in the vertically aligned state or the symmetric H state. In these states, the
symmetric director distribution results in opposing flow directions that effectively cancel each
other, thereby minimizing the flow-induced instability. This reduction in backflow effects

enhances the overall stability and performance of pi-cell device.
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Figure 2.5. Illustration of the flow gradients and director orientations associated with the Miesowicz
viscosities [41]. n: represents the viscosity when the director (71) is perpendicular to both the flow
direction and the velocity gradient. n, refers to the viscosity when the director (#7) is parallel to the flow
direction. n; is the viscosity when the director (7) is perpendicular to the flow direction but lies in the
plane of the velocity gradient. ns is the viscosity in shear flow when the director (1) lies in the flow
plane and is at an oblique angle to the flow direction. The direction of flow in the LC is represented by
the blue thick arrows.

Leslie proposed that LCs exhibit six independent viscosities [37] (a4, a3, @3, @4, a5 and
Q), but Parodi later demonstrated that one of these can be expressed as a linear combination
of two of the others [38] (¢ — a5 = a, + a3). This simplification, widely accepted in LC
theory, reduces the number of independent viscosities to five. In this study, we follow Parodi’s
theory and consider five independent viscosities in the simulation of LCs [39]. Additionally,
there are two commonly used systems of notation for these viscosities: Leslie coefficients [37],

which arise from theoretical discussions, and Miesowicz coefficients [40], which are defined
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based on experimental measurements of shear flow under controlled conditions. The
Miesowicz coefficients are more intuitive for experimental interpretation and can be expressed

as combinations of the Leslie coefficients under specific conditions.

Figure 2.5 illustrates the flow gradients associated with the Miesowicz viscosities [41].
The notation for these viscosities includes one rotational viscosity (y;) and four shear
viscosities (14, 112, N3, and 1,). Among these, the rotational viscosity dominates the switching
behaviour in LC devices, since the rotation of the director is the primary mechanism
responsible for the optical switching effect. Rotational viscosity characterizes friction between
LC directors during molecular rotations, and its magnitude depends on temperature,
intermolecular interactions, and the molecular structure [42]. The shear viscosities play

secondary roles, contributing to flow-induced effects that influence stability and response time.

2.3 Electric properties

2.3.1 Dielectric energy

Liquid crystals are dielectric materials, meaning they do not conduct electricity like metals but
can become polarized under an external electric field (E). Polarization (f’)) is the electric dipole
moment per unit volume of the material. When subjected to an external electric field (E), the
LC director aligns in response, inducing dipole moments. The relationship between
polarization (1_3)) and the electric field (E) is given by:

P = gxE (2-4)
where g, is permittivity of free space (8.85x107!2 C2/N-m?), y is the electric susceptibility, a

dimensionless parameter.

As mentioned, LCs exhibit an anisotropic molecular structure, meaning their dielectric
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properties vary depending on the direction of the applied electric field relative to their director
(1). In isotropic materials (like regular dielectrics), y is scalar due to the uniformity of the
material’s structure, which ensures that its electric properties are the same in all directions.
However, in LCs, y is a tensor because the molecular alignment leads to direction dependent
polarizability:
xt 0 0
X:(O XL 0) (2-5)
0 0 x
where y, is the susceptibility when the electric field is perpendicular to the director, and y is

the susceptibility when the electric field is parallel to the director.

The electric susceptibility () is directly related to the material's relative permittivity (&,.):

e =1+y (2-06)

For LCs, this anisotropic susceptibility results in an anisotropic permittivity tensor, which can
be expressed as:
e 0 0
& = (0 €1 0) 2-7)
0 0 g
where €, represents the relative permittivity when the electric field is applied perpendicular to
the LC director (71), and it is given by &€, = 1+ x, . Similarly, g represents the relative
permittivity when the electric field is applied parallel to the LC director and is expressed as:

g =1+y.

The difference between &, and g defines the dielectric anisotropy (4¢), as expressed:

Ae =g — €, (2-18)
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The dielectric free energy density, which describes how the polarization responds to an

external field to minimize the system’s energy, can be expressed as:

1 o =2
fdielectric = _EASEO(n ’ E) (2 - 9)

where Ae¢ is the dielectric anisotropy, &, is the vacuum permittivity, and E is the applied

electric field.

The sign of Ae determines the alignment of the director (1) relative to the electric field.
For positive dielectric anisotropy (4e > 0), the director aligns parallel to the electric field. This
occurs because the LC director reorients to minimize energy by aligning the long molecular
axes along the field direction. For negative dielectric anisotropy (4de < 0), the director aligns
perpendicular to the electric field. Here, the molecules avoid alignment with the field direction,

preferring a configuration perpendicular to it.

To fully describe the LC behaviour, this dielectric term must be incorporated into the
elastic energy density described in Eq. (2-2) (or one-constant approximation described in Eq.

(2-3)). The overall free energy density is then given by:
F=fa+tfe (2-10)

Substituting the elastic and dielectric terms, the total free energy density becomes:

1 1 1
F == EKll[V.ﬁ]z +§K22[7_i - (V Xﬁ)]z + §K33[T_i X (V X 7_)1)]2

1 .
— 5 deeg(ii - )’ 2-11)

For the one-constant approximation of the distortion free energy density, the overall free energy

density simplifies to:

1 1 .2
F=§K[V-ﬁz+ |V x 71|2] —EAeeo(ﬁ’-E) (2-12)
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In summary, the orientation of the LC director (7) under an electric field is determined
by the balance among three key factors: dielectric coupling with the external field, elastic
restoring forces arising from distortions (as described in Section 2.2), and minor anchoring
forces. Surface anchoring refers to the interaction between the LC molecules and the device
surface, which establishes a preferred molecular orientation at the boundary. The strength of
this anchoring depends on surface treatment and material properties, and it can range from
strong to weak. This interplay of forces governs the dynamic and equilibrium configurations

of LC devices, ultimately shaping their electro-optic behaviour.

2.3.2 Fréedericksz threshold

In planar aligned LC devices, the director reorients in response to an applied electric field. The
critical point at which this reorientation begins is known as the Fréedericksz threshold. The
phase transition was first observed by Fréedericksz and Repiewa in 1927 [43]. This threshold
occurs when the dielectric coupling energy becomes strong enough to overcome the elastic
restoring forces of the LC. The corresponding critical field strength (E,) represents the point
where the LC director starts to reorient under the applied field. At this threshold, the dielectric
coupling dominates, reorienting the director either to align with the electric field direction (for
positive dielectric anisotropy, Ae > 0) or perpendicular to it (for negative dielectric anisotropy,
Ag <0). Below this threshold, the elastic forces dominate, and the director orientation remains

unchanged. The critical field strength E, is given by:

K
A g,

E. = (2-13)

&l s

where d is thickness of the LC layer, K is the relevant elastic constant, Ae is the dielectric
anisotropy, and &, is the permittivity of free space. The specific elastic constant K depends on
the type of deformation induced by the field. K11 is typically used for splay deformation, which

occurs when the electric field is applied perpendicular to the initial planar alignment of the LC
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devices. K22 is the relevant elastic constant for twist deformation, which occurs when an electric
or magnetic field induces a twist in LC devices. Finally, K33 is used in the bend deformation,
which occurs when the field is applied perpendicular to the initial homeotropic (vertical)

alignment of the LC device.

We can express this threshold in terms of the critical voltage, V., which is independent

of the LC layer thickness (d):

(2 —14)

AN
Il
S

Acg g,

The Fréedericksz threshold defines the field strength or voltage required to initiate reorientation
of LC director, fundamentally shaping the behaviour of LC-based devices. This threshold
depends only on material properties, such as the elastic constant (K) and dielectric anisotropy

(4de), providing a predictable and controllable framework for LC switching.

2.4 Director model and finite difference method

In the simulation, nematic LC molecules are modelled as ellipsoids, and a model of the LC
device is developed to describe their orientation. The director (71), as discussed, is defined in
the modified spherical polar coordinates. In this framework, the orientation of the LC director
(molecules) is represented by the tilt angle (6), which represents the deviation from the surface
plane, and the twist angle (¢), which indicates the rotation around the z-axis, as illustrated in
Figure 2.6(a). During the switching process, the director's orientation changes along the z-axis,
forming a twist structure, where both the tilt angle () and the twist angle (¢) vary as functions
of position. For an LC device dynamically oriented in one plane (e.g., constrained to the xz-

plane), the twist angle (¢) is set to zero, as shown in Fig. 2.6(b). This simplifies the problem to
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a model in which switching occurs solely along the z-axis, and only the tilt angle (0) varies.
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Figure 2.6. Schematic representation of a nematic LC molecule in modified spherical polar coordinates:
(a) switching in the three dimensions, with the director defined by the tilt angle 8 and twist angle ¢ and
(b) switching constrained to the xz-plane, with the twist angle ¢ set to zero.

In this definition, the director 71 is expressed as follows: For the planar director model

shown in Fig. 2.6(a), which includes both tilt and twist:

cos 0 cosp
n= (cos 0 sin<p> (2-15)
sinf

For the model with all three director components shown in Fig. 2.6(b), where the twist angle

(p) is zero:

cosf
ﬁz(()) (2-16)

sin@

The equilibrium configuration of the director field (1) is determined by minimizing the

free energy density of the LC. This is achieved using the Euler-Lagrange equation, a standard

tool in the Calculus of Variations. If the free energy density is given by F (y,%,xi), the

minimization condition is:
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where y is the dependent variable (e.g., 6, ¢ in spherical polar coordinates, or n,, n,, n:in
Cartesian coordinate), x; are the independent spatial coordinates (e.g., x, y, z), and F is the free

energy density.

For LCs, the Euler-Lagrange equations [44] for 8 and ¢ are:

o _Oof O ) 9 _OF ) 9f OF (2 - 18)
@) @)

0o F _O(_0F \_ O OF ) _ 9( OF (2-19)
vl o)

To model the dynamic behaviour of LC devices, the elastic free energy density (Eq. 2.11
or Eq. 2.12 for the one-constant approximation) is substituted into Eq. (2-18) and Eq. (2-19).
We also incorporate the viscous dissipation term. This results in time-dependent partial
differential equations (PDEs). To solve these equations, finite difference methods (FDM) along
with an iterative relaxation approach are employed. FDM is a class of numerical analysis
techniques that transform PDEs into a system of linear equations by discretizing the solution

domain into a grid of discrete points. For derivatives with respect to z, the finite-difference

o ... 86 .
approximations are: first derivative 5, 18 expressed:
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second derivative o2 18 expressed:
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where i refers to the index of the grid point, and 4 is the grid spacing.

The iterative relaxation method is then used to solve the resulting system of equations.
This involves iteratively updating the director configuration at each grid point based on a
relaxation factor, proportional to the calculated torque acting on the director. Adjustments are
made to the tilt angle (¢) and twist (¢p) until convergence is achieved. Convergence is defined
as a state where no significant change occurs in the director field, indicating the equilibrium
configuration has been reached. By optimizing the director configuration for given conditions,
this approach provides accurate modelling of LC behaviour under external forces and

constraints, which facilitates detailed analysis of LC device performance.

2.5 Optical properties

2.5.1 Birefringence
Liquid crystals exhibit unique optical properties due to their anisotropic structure and
birefringence, which arise from the alignment of their rod-like molecules along a preferred
direction called the director (7). The structural anisotropy leads to optical anisotropy, where
the refractive index varies depending on the polarization and propagation direction of light.
LCs are characterized by two distinct refractive indices: the extraordinary refractive index (),
and the ordinary refractive index (o). The extraordinary refractive index governs light
polarized parallel to the director and is determined by the optical dielectric permittivity in the
parallel direction (g). The ordinary refractive index governs light polarized perpendicular to
the director and is determined by the optical dielectric permittivity in the perpendicular

direction (&,).
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The refractive indices are mathematically related to the dielectric permittivity by:
n= ¢ (2-22)

Ne = /€ Ne = \/a (2 - 23)

Birefringence (An) is a key property of LCs. It is defined as the difference between the
extraordinary and ordinary refractive indices, expressed as:
An = n, —n, (2—24)
When unpolarized light passes through a birefringent LC, its polarization components
experience different refractive indices, and travel at different speeds. This results in a phase
difference, Ad, between the x- and y-polarized components of the light, given by:
AS = Ankyz (2 —25)
where k, is the wavenumber and z represents propagation distance through the LC layer. This
phase difference, A§, alters the polarization state of the light, enabling LCs to act as

polarization controllers.

By applying an external electric field, the orientation of the LC director can be
dynamically adjusted, which in turn modifies the effective values of n. and n, of the device.
For example, in a nematic Fréedericksz LC device, an applied external voltage modifies the tilt
angle (0) of the LC director while the twist angle (¢) remains unchanged, which leads to a
change in the effective refractive indices. The effective extraordinary refractive index (ns fne)

for light polarized along the direction of the surface alignment is calculated as:

fteTto (2 —26)
n = -
¢ Ine JnZsin? @ + n2 cos? 0

The effective ordinary refractive index ( Neff,, ) for light polarized perpendicular to the

direction of the surface alignment direction is calculated as:
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neffno =n, (2 - 27)
Therefore, the effective birefringence An, s can be expressed as:

Angpp = Nepr, — Nerr, (2-28)

This ability to dynamically control the effective birefringence enables precise

manipulation of the polarization state of transmitted light. For instance, by controlling An, .

and the thickness (z) of the LC layer, linearly polarized light can be converted into elliptically
or circularly polarized light, making LCs versatile for optical applications. Moreover, LCs are
particularly suited for use as optical phase modulators due to their dynamic nature. In a nematic
Fréedericksz LC device, the phase shift §;, induced by the LC layer under varying voltages is

determined by:
d
6V == ko fo neffnedz (2 - 29)

where k, is the wavenumber and z represents propagation distance through the LC layer.

In summary, the effective birefringence of an LC layer can be modulated by applying a
controlled voltage, which alters the relative phase difference between polarization components.
This allows precise control over the polarization state of incident light. Additionally, the phase
shift induced by the LC layer along a specific direction enables dynamic modulation of the
optical phase of the incident light. This work focuses on investigating the dynamic optical

phase modulation achieved using LC devices.

2.5.2 Jones matrix
In simulations, calculating the optical phase of light passing through an LC layer depends on
the director configuration. When the LC director is oriented in a single plane without any twist

— such as in a nematic Fréedericksz device — Eq. 2-29 is used. However, when the LC director
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rotates in three dimensions, exhibiting a helical structure as in a super-twisted nematic (STN)
device, Jones calculus, developed by R. C. Jones in 1941, is employed to determine the optical

phase modulation [45], which will be detailed discussed in Section 5.3.

In Jones calculus, polarized light is represented by a Jones vector, while linear optical
elements are described by Jones matrices. The polarization of light after passing through an
optical element is obtained by multiplying the Jones matrix of the element with the Jones vector
of the incident light. This method allows for precise analysis of polarization and phase changes
in complex optical systems. As an example, the linearly polarised states of incident light are

represented by:

=) e 0 o=

Optical components, such as polarisers and waveplates, are represented as 2 X 2 matrices.

For example, the matrices for horizontal (My) and vertical polarizers (My,) are:

- 9 T -
An LC device can be modelled as an optical retarder with a thickness of d using Jones calculus.
The LC layer is subdivided into N ideally thin sub-layers, where it is assumed that the
molecules in each sub-layer align along the extraordinary axis. The phase modulation
introduced by each thin layer can be approximated as:

Znneffne d
n = TT (2 - 32)

where 1, is the effective extraordinary refractive index, A is the wavelength of the incident

light, and d is the LC layer thickness, and N is the number of sub-layers.

The Jones matrix for a linear birefringent optical retarder with phase shift of §,, with its
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fast and slow axes aligned at an angle 6 to the reference axis, can be written as:

i85,
1=R(—9)(9 -0 )R(e) (2 - 33)
0 e "/

where R(0) is the rotation matrix and can be expressed as:

_ (cosf —sinb _
R(6) = (sinH —cose) (2-34)

By multiplying the Jones matrix of all the layers in the LC device, the optical effects of
polarized light passing through the birefringent LC layers can be modelled. By combining Eqgs.
(2-32) - (2-34), the phase modulation of both twisted and untwisted LC layers can be accurately

calculated.

2.6 Liquid Crystal Devices

As shown in Fig. 1.1, the schematic of a Liquid Crystal on Silicon (LCOS) cell illustrates
reflective LC devices. The properties and performance of the LC device are determined by the
type of LC used and the surface alignment technique employed [46]. Nematic LC can be made
to align along a preferred direction using a surface alignment layer. Two main types of
alignment techniques are commonly used, as depicted in Figure 2.7. The first is the planar
alignment, which is obtained by mechanically rubbing a polymer-coated substrate (e.g.,
polyimide or polyvinyl alcohol) with a textile cloth. This process aligns the LC molecules
parallel to the substrate surface. In traditional nematic LC device with planar alignment, a small
pretilt angle (typically 3° to 5°) is introduced to prevent reverse tilt switching while maintaining
the maximum depth of phase modulation [46]. For pi-cells, their anti-parallel pretilt angles on
the two substrates cannot prevent reverse tilt switching, but they can counteract the effects of
flow, as illustrated in Fig. 2.4. The second alignment technique is homeotropic alignment,

where the LC molecules align perpendicular to the substrate. This is typically achieved by
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coating the substrate with a surfactant containing an aliphatic tail (e.g. natural egg lecithin).

With those two types of surface alignment, four main configurations are widely used in
optical phase modulator technologies:

1) Fréedericksz cell: pretilt angles on the surface are parallel, achieved through anti-
parallel surface rubbing.

2) pi-cell: anti-parallel pretilt angles on the surface, achieved through parallel surface
rubbing.

3) hybrid aligned nematic (HAN) cell: combines planar alignment on one substrate
with a homeotropic alignment on the other.

4) 90° twisted nematic (TN) cell: achieves a 90° twist in the LC director by aligning

the two substrates perpendicularly.

= NANL

=, Al
() (b)
Figure 2.7. Schematic of two types of surface alignment for LC molecule orientation: (a) planar

alignment where the director is parallel to the substrate and (b) homeotropic alignment where the
director is perpendicular to the substrate.

These four configurations can be filled with various types of nematic LC mixtures,
enabling diverse optical phenomena under suitable conditions. When applied to SLM
technologies, they facilitate phase-only, amplitude-only, or combined phase-amplitude
modulation when the polarization of the incident light and the polarization axis of the polarizers
are well adjusted [11][48]. For devices filled with widely used nematic LCs, the corresponding

director configurations are illustrated in Figure 2.8. These devices could exhibit different
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electro-optic (EO) effects because the reorientation of the LC director varies depending on the

initial alignment configuration when an external electric field is applied.
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Figure 2.8. Schematics of four nematic LC devices, shown with and without an applied external voltage:
(a) Fréedericksz cell with anti-parallel rubbing under no voltage and (b) Fréedericksz cell under applied
voltage. (c¢) pi-cell with parallel rubbing under no voltage and (d) pi-cell under applied voltage. (¢) HAN
cell with homeotropic and planar alignment under no voltage and (f) HAN cell under applied voltage.
(g) 90° twist nematic LC device under no voltage and (h) 90° twist nematic LC device under applied

voltage.

32



As shown in Fig. 2.8(a)-(f), in devices such as the Fréedericksz cell, pi-cell, and HAN
cell, there is no twist, and the light polarization lies in the plane of the director, which results
in no optical polarization mixing. This makes them suitable for phase-only optical modulators
for single polarized light. In particular, the majority of commercial spatial light modulators

(SLMs) employ Fréedericksz cells as their phase modulation mechanism.

In a Fréedericksz device, when no voltage is applied, the LC molecules remain aligned
parallel to each other due to the parallel pretilt angle, as illustrated in Fig. 2.8(a). As the applied
voltage increases, the director gradually reorients along the direction of the electric field, shown
in Fig. 2.8(b). This reorientation alters the birefringence, which results in an optical phase shift
and forms the basis for applications in phase modulators. However, the Fréedericksz EO effect
can suffer from backflow, where the coupling of torque and flow delays the relaxation response,

as depicted in Fig. 2.4(a).

The pi-cell device forms a weakly splayed state due to its anti-parallel pretilt angle, as
shown in Fig. 2.8(c). When applying a voltage across the device, the director transitions
through states such as the asymmetric H (Ha) state, symmetric H (Hs) state, vertical (V) state
and twist state (T state). The Hs state and V state are able to mitigate the backflow effects, as
shown in Fig. 2.4(b), due to their symmetric structure. The Hs state, characterized by a sub-
millisecond relaxation time, is ideal for fast-switching applications [46][47]. This state will be

further discussed in Chapter 4.

In a HAN cell, the LC director near the homeotropic surface aligns perpendicular to the

substrate, while the director near the planar surface aligns parallel, as shown in Fig. 2.8(e).

Under an applied voltage, the LC molecules near the planar side reorient to align with the
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electric field direction, as shown in Fig. 2.8(f).

In addition, twisted nematic (TN) devices, as shown in Fig. 2.8(g)-(h), introduce a twist
in the director configuration. In a 90° TN-LC, the director twists smoothly through 90° between
the two substrates, as shown in Fig. 2.8(g). When an external voltage is applied, the director
tends to align along the field direction while retaining some degree of twist, as shown in Fig.
2.8 (h). The electro-optic effect of the TN LC device was first introduced by Schadt and
Helfrich [51] and later applied in the display area by Fergason [52]. Over the years, the
characteristics of TN-LC devices have been extensively studied. Initially designed for
amplitude modulation, TN-LC devices can be adapted for phase-only modulation and
polarization insensitive operation [53]. In applications requiring phase-only modulation,
researchers have developed methods to minimize amplitude modulation. For instance, placing
the device between two quarter wave plates and optimizing their configurations has shown
promising results [54]-[56]. For example, Martinez et al. proposed a configuration with a
reduced mean intensity transmission variation which can produce a 2x rad phase depth with 5%
mean intensity transmission variation [54]. What’s more, under high driving conditions, these
devices can exhibit polarization-independent properties, making them suitable for a broader

range of practical applications, as further discussed in Section 5.

Super-twisted nematic (STN) configurations extend the twist angle beyond 90°, such as
180° or 270° with larger twist forming the Grandjean state. This thesis focuses on the 180°
STN LC device, typically fabricated by doping a chiral additive to a nematic LC and filled into
a pi-cell or Fréedericksz cell. 20 years ago, Shu-Hsia and Chiu-Lien investigated a 180° twist
STN-LC pi-cell with fast optical response time of 2.2 ms [57]. They observed the back-flow-

induced optical overshoot phenomena during both the switch on and switch off processes.
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However, the potential continuous phase modulation in such LC configurations was not
mentioned. To better stabilize these devices in the bend state without requiring a bias voltage,
Tien-Jung et al. proposed using polymerization processes to produce a pretilt angle estimated
to be 20° [58], facilitating a rapid transition to the bend state under low driving voltages.
However, higher pretilt angles reduce the range over which LCs can reorient, limiting the
achievable phase modulation. To solve this, the authors varied the LC pretilt angle by
controlling the ultraviolet (UV) exposure time, achieving a stabilized n-twist state with
sufficient phase retardation. The resulting device demonstrated a phase retardation over 200°
at a driving voltage of 1.3 V and a total response of 4.9 ms when being switched on and off
between 1 V and 6 V. However, the phase modulation of this device was not continuous, but

instead varied between three different states.

2.7 Polymerization

To stabilize the LC molecules within a device, UV cross-linkable monomers, known as reactive
mesogens, are often dissolved into an LC host. The device is then illuminated with UV light
under specific voltages, which could initiate the formation of a polymer network through
polymerization. The density of this polymer network is determined by the concentration of
reactive mesogens and the intensity and duration of the UV light exposure. The polymer
network provides bulk anchoring, which stabilizes the LC director in a specific state. For
example, with a high-concentration polymer network, if the device is fully cured in the absence
of an applied voltage, as shown in Figure 2.9(a), the polymer network stabilizes the LC director
in its “relaxed state”, maintaining this configuration even when an external electric field is
applied, as shown in Fig. 2.9(b). On the other hand, if the device is fully cured under a high
voltage, as shown in Fig. 2.9(c), the polymer network preserves the director in the bend state,

retaining this alignment even after the external voltage is removed, as shown in Fig. 2.9(d).
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The influence of polymer networks on LC properties is complex and depends on the
morphology of the polymer network. Polymer stabilization alters key LC parameters, such as
dielectric anisotropy, rotational viscosity and elastic coefficients. These changes, in turn, affect
the device’s electro-optical performance, including response time and threshold voltage.
Several studies suggest that polymer networks can effectively reduce the response time and
enhance the switching speed of LC devices [59]-[61]. This improvement can be attributed to
several factors. First, the polymer network reduces the LC domain size (d) to the nanoscale or
microscale, resulting in faster switching dynamics [62]. Second, it increases the effective
elastic constants due to the strong anchoring effects at the polymer—LC interface. In particular,
an increase in splay elastic constant K;; has been shown to significantly decrease the response
time [62]. Third, the polymer network can reduce the rotational viscosity (y;) through weak
anchoring interactions between LC molecules and the polymer network [59]. According to Eq.
(1-1), the LC response time is directly proportional to the square of the layer thickness (d?)
and rotational viscosity (y;), while being inversely proportional to the splay elastic constant

K. Therefore, reducing d and y,, while increasing K; 1, leads to faster switching speeds.

However, this faster switching comes at a cost. Trade-offs include limited phase
modulation range, higher operation voltage, hysteresis effects, and increased light scattering
loss [63]. Interestingly, contrary findings have suggested that polymer networks can impede
LC reorientation [65] and bring an increase in the viscosities and slower flow velocity [66][67],
which results in longer relaxation time to some extent. For example, a comparison between a
conventional pi-cell and a polymer-stabilized pi-cell with the same switchable transmission
range [67] indicated that the relaxation time increased by 1.7 times in the polymer-stabilized

device.
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Another challenge lies in the high voltages often required for polymer-stabilized LC
devices, which can limit their practical applications. For example, polymer network LCs
(PNLCs) used in phase modulator designs achieve a fast decay time of 49 ps and a rise time of
21 ps but required an operating voltage of 185 vims for 2@ rad phase modulation [60]. Similarly,
another LC mixture with a polymer network achieved 2xn rad phase modulation in 3.6 ms, but

with an applied voltage exceeding 105 V [64].
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Figure 2.9. The effects of polymer network on the Fréedericksz LC device: (a) curing process under no
voltage and (b) LC performance under voltage — it shows the area with dense polymer doesn’t show
much response to the electric field and remain in its relaxed state and (c) curing process under high
voltage and (d) LC performance when the voltage is removed — it shows the area with dense polymer
remains in the bend state even without external electrical field.

Polymer stabilization plays an important role in stabilizing specific LC states or
configurations. For example, polymerizing without voltage application can enhance the
lifetime of the Hs state [68]. In ferroelectric LCs (FLCs), polymer networks help reduce

unfavourable geometric defects appearing in pure FLCs, improving vital parameters including
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contrast ratio, viewing angle, rotational viscosity, and spontaneous polarization [69].
Additionally, polymer networks have been used in uniform lying helix (ULH) structures to
avoid unwinding caused by dielectric coupling, surface interactions, or phase transitions [70].
Polymer stabilization techniques hold significant potential for advanced applications; however,
it is essential to thoroughly investigate the effects of polymer networks on LC parameters and
their influence on the electro-optical properties of different modulator configurations,

considering the diverse impacts they may have.

2.8 Chiral Nematic Liquid Crystal Phase Modulators

Flexoelectro-optic (FEO) chiral nematic LCs have the merits of fast-switching speed and
continuous phase modulation owing to analogue control of the tilt angle of the effective optic
axis. Flexoelectricity in LCs was first proposed by Meyer in 1969 [71], which describes the
relationship between curvature strains and electric polarization in LCs. This concept was
further developed by Patel and Meyer with the realization of a linear flexoelectro-optic effect
in short pitch chiral nematic LCs. In 1994, Rudquist and colleagues extended this work by
incorporating dielectric coupling into the analysis [72]. The FEO effect occurs when an electric
field is applied perpendicular to the helical axis of the LC. Under this condition, the optic axis
is deflected away from the unperturbed helical axis within a plane, making it suitable for use
as an optical phase modulator [29]. The response time of the FEO effect can reach the order of

hundreds of microseconds for short-pitch chiral nematic LCs (<500 nm) [73].

The FEO effect is typically observed in a geometry known as the Uniform Lying Helix
(ULH), where the helical axis is parallel to the plane of the substrate, as shown in Figure 2.10
(a). In conventional ULH devices, electrodes are transverse, which generates an electric field

perpendicular to the substrates. The effective optic axis in a ULH is parallel to the substrate,
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and the applied voltage deforms the helical structure, producing a macroscopic rotation of the
optic axis orientation within the plane of the LC cell, as shown in Fig. 2.10 (b) and (c). This
optic axis rotation has been extensively studied under an external electric field [74]. The optical
axis tilts inward when the electric field is applied in one direction and tilts outward when the

field is reversed. The corresponding directors change are plotted in Fig. 2.10 (d) - (f).

l . E® EQ
T Rl ATRRRANRLY ///-/////-////{//l//
“...mmm..m A\CANENNNTNN SVl orl)
g_' T TR L\CS NN ///-/////'(////-///
=ca s [TRTTTHLTTTRIT A \NE AR\ /Wy
' ) o
(a) (b) (©)

d £
ML e A
(d) (e) ®

Figure 2.10. The illustration of FEO effect in ULH device. View from the top: (a) no voltage applied
and the helical axis is along x-direction and (b) voltage applied out of the page (+z direction) and causes
the directors to rotate by an angle of ¢ and (c) voltage applied into the page (-z direction) and causes
the directors to rotate by an angle of -¢. The director structure along the dotted line in (a) - (c) are
plotted in (d) - (f): (d) all directors behave same and (e) and (f) show the splay-bend pattern but with
opposite direction, which results in a flexoelectric polarization [74].

The tilt angle @ of the optic axis can be calculated as:

Tan(®) = L ZPo (2 —35)

K 21

K11+K33
b

where E is the applied electric field, K is the effective elastic constant defined as K =

with K;; and K33 representing the splay and bend elastic constants of the LC director,

respectively. ef is an effective flexoelectric constant and ey = Bt

, where e; and e; are the

splay and bend flexoelectric coefficients introduced by Meyer, and p, is the equilibrium helical

pitch of the LC.
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The flexoelectric effect is inherently tied to the free energy density of the system, as it
describes how the electric polarization (13}) arises from curvature strains in the LC director.

The free energy density related to flexoelectric polarization can be written as:

fflexoelectric(ﬁ) = _Pf E (2 - 36)
where 13} is defined in terms of the LC director field and the associated gradients:

Pr = e i(V - 7) + e3(V x i) X A (2 -137)

Optical phase modulation based on the FEO effect can be achieved by placing a ULH
device between two quarter waveplates in a transmissive configuration or using a reflective
configuration with a mirror. In the reflection configuration, when the optic axis tilts by an angle
of @ under an applied voltage, the resulting optical phase modulation is four times the tilt angle,
@ . This relationship has been verified both theoretically using Jones matrices and
experimentally through direct measurement of tilt angles and phase modulation [75][76]. To
achieve a full 2x rad optical phase modulation, the LC tilt angle needs to be more than + 45°,

ideally at low applied voltages and room temperature.

Studies have demonstrated that the flexoelectric properties of the LC compound
CBC7CB can achieve a tilt angle of + 45° in polymer stabilized ULH chiral nematic LCs, with
an electric field of 4.5V/um and sub-millisecond electro-optic switching times [77]. Similarly,
another study proposed a design by filling the LC mixture of CBC7CB and chiral dopant R5011
in a 5 pm-thick ULH mode cell. This device dynamically achieved a tilt angle of + 54° at
voltages up to £ 25V at 106°C [75], and tilt angles of +45° at +85 V at 108°C driven by a 1
kHz waveform [76]. While both devices demonstrated full 2x rad phase modulation and fast
electro-optic response, their high operating voltages and temperatures pose significant

challenges. Moreover, maintaining stable alignment in these devices is difficult, and strategies
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such as polymer stabilization have been proposed to address this issue.

In summary, the FEO effect offers promising opportunities for high-speed, continuous
optical phase modulation, and is typically implemented by positioning the device between
quarter-waveplates to function as an optical phase modulator. Its practical application requires
addressing challenges such as high operating voltages, elevated temperatures, and alignment

stability.

2.9 Smectic Ferroelectric Liquid Crystals

Smectic ferroelectric liquid crystals (FLCs) are another class of LC that hold significant
potential for optical phase modulation, particularly due to their super-fast response time of the
order of ps. FLCs exhibit a so-called bookshelf structure, as shown in Fig. 2.1, where the
molecules are organized into smectic layers, and within each layer, the molecules generally
align in the same direction unless influenced by external forces. In recent years (around 2017—
2020), scientists discovered ferroelectric behavior in nematic LCs, and molecules in
ferroelectric nematic LCs (NF) are aligned in the same general direction (called the director)
but do not form layers. This Nr phase does not have any spontaneous polarization, but presents

macroscopic polarization. In this section, we will focus exclusively on the former smectic FLCs.

In 1974, Meyer demonstrated that chiral smectic C and smectic H liquid crystals possess
ferroelectric properties, including spontaneous polarization [26]. Later, Clark and Lagerwall
presented the surface-stabilized smectic C (SSSC) geometry, which exhibits two distinct
polarization states corresponding to opposite ferroelectric polarizations. These states are
associated with different LC director orientations and can be switched rapidly under an external

electric field. The dynamic switching process between these two states demonstrates sub-
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microsecond electro-optic responses, making FLCs highly suitable for fast applications [78].
This rapid switching is driven by the strong coupling between the applied electric field and the
spontaneous polarization. However, this switching mechanism is inherently binary, allowing
only two distinct phase states, which significantly limits its applicability for analogue phase
modulation in advanced optical systems. To overcome this limitation, two established
theoretical approaches have been proposed for achieving continuous phase modulation with
FLCs: the ferroelectric twisted smectic (FETS) structure and the distorted helix ferroelectric

(DHF) effect.

The FETS structure was proposed by Pertuis and Patel in 1993 [79]. In this design, FLCs
are incorporated into a twisted configuration, where the rubbing directions on the two
alignment surfaces are perpendicular to each other. This results in a gradual twist of the
molecular orientation from one surface to the other. When an electric field is applied, the
twisted structure reorients toward a switched state. This reorientation enables continuous
changes in light transmission, which suggests that with suitable modifications, the FETS
structure could be used as a phase modulator capable of both fast switching and continuous
phase modulation. However, practical implementation and optimization of the FETS structure

for phase modulation remain areas for further research.

The DHF effect relies on smectic FLCs with very short pitch, where the smectic layers
adopt a “bookshelf” arrangement, and the helical axis aligns parallel to the device surface [80]-
[82]. Because the helix pitch is much smaller than the spacing between the two substrates, the
structure is largely free from surface-induced distortions. When an electric field is applied
across the device, it interacts with the spontaneous dipole moment in each molecular layer. This

interaction deforms the helical structure, which results in a change in the effective orientation
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of the optic axis and, consequently, the birefringence. As a result, the DHF structure can be
positioned between two quarter waveplates, offering the potential for continuous phase

modulation while maintaining a fast-switching speed.

Both the FETS structure and the DHF effect demonstrate the feasibility of achieving
analogue phase modulation with FLCs, which addresses the limitations of binary phase
modulation inherent in conventional FLC configurations. However, further advancements are
needed to optimize these designs for practical applications, including improved alignment
techniques, reduced operating voltages, and enhanced stability under various environmental

conditions.

2.10 Summary

In summary, this chapter serves as a general introduction to the theoretical and practical aspects
of LCs and their applications in optical phase modulation, covering the key physical properties
and numerical modelling techniques. It began by introducing the characteristics of LCs,
emphasizing the significance of the order parameter and its relationship to temperature during
phase transitions. Next, the elastic properties and continuum theory were discussed, which
describes deformations of the LC director field using three deformations: splay, twist, and bend.
These elastic properties were then integrated with the electric properties of LCs, including the
concept of dielectric energy and the critical electric field required for director reorientation,
known as the Fréedericksz threshold. Together, these models establish an understanding of how

external forces influence LC configurations.

Following this, the director model and the finite difference method were introduced as

numerical tools for simulating the equilibrium configurations of LC under various conditions.
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The director distribution can be obtained by solving the equations iteratively. This chapter then
explored the optical properties of LCs, particularly focusing on birefringence, which is a direct
result of the anisotropic optical dielectric permittivity of LCs. This enables the LCs to modulate
the phase and polarization of light. Jones matrix formalism was introduced as a mathematical

tool for describing the interaction of polarized light with anisotropic LCs.

Finally, the chapter provided an overview of LC-based optical phase modulators, with
particular attention to devices based on nematic LCs. In addition, the chapter introduced two
other types of LC-based optical phase modulators—those utilizing chiral nematic LC and

ferroelectric smectic LCs—highlighting their distinct features and potential uses.
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3. Dynamic Phase Measurement Systems

In the chapter, we investigate various optical phase measurement techniques used for
evaluating the optical phase modulators during our experiments. Firstly, we provide a literature
review of widely used phase measurement methods in the introduction, establishing a
theoretical foundation for our work. Following this, this chapter presents two well-designed
measurement systems, including detailed working principles and corresponding optical phase
data extraction methods. This detailed clarification ensures a clear understanding of the
approaches that were used to accurately assess the performance of optical phase modulators in

various experimental conditions.

3.1 Introduction

To evaluate the optical phase modulator devices and technologies outlined in Section 2.1, it is
of great necessity to measure the phase modulation in the time domain, which requires an
accurate investigation of the optical phase modulation and dynamic switching capability of the
designed spatial light modulators (SLMs). Several methodologies have been developed to
achieve high accuracy in phase measurement, with particular attention to reducing
environmental sensitivities like vibration and air turbulence. In this chapter, we mainly discuss
three different methods to determine the phase modulation experimentally: 1) rough assessment
based on the optical transmission behavior between crossed polarizers, which is introduced in
Section 3.2; 2) diffraction-based methods, such as the Ronchi grating [83][84]; 3) interference
methods based on Michelson or Mach-Zehnder interferometers, together with phase-shifting

interferometry [85][86].

The first approach involves deducing an approximate value of the phase modulation by
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measuring the transmission response when the device is placed at a 45° angle between two
orthogonally oriented polarizers. The transmission curves obtained in this configuration are
directly influenced by the optical properties of the liquid crystal (LC) device. A particular
advantage of this setup is that it allows the simultaneous utilization of a microscope, enabling
the real-time observation of the dynamic state transformations occurring within the device. By
analysing these transmission curves, we can make preliminary predictions about the LC
device's potential optical phase modulation performances and ensure that the corresponding
response is indeed produced by the specific states of interest. This method provides a
convenient and efficient means of assessing the device's capabilities before proceeding to more
complex phase measurement procedures. Consequently, it was employed as an initial

evaluation step in our testing of the LC device, as detailed in Section 3.2.

Moreover, several studies have optimized this transmission-based measurement for the
dynamic characterization of LC devices [87][88]. For instance, this approach can be used to
characterize the dynamic phase retardation and optic-axis orientation of birefringent devices,
such as a LC device. For example, Fells et al. (2018) presented a measurement setup [87], as
shown in Figure 3.1. In this arrangement, a laser emits linearly polarized light, which is
converted to circular polarization after passing through a quarter-wave plate (QWP) set at +45°.
The circularly polarized light then passes through the device under test (DUT), whose phase
retardation, &(t), and optic-axis angle, ¢ (t), vary over time due to an applied modulation. An
output polarizer (P2), rotated to different angles, 6, analyses the modified polarization, with
the resulting intensity detected by a photodetector. The detected intensity, expressed by Eq. 3-

1, is related to the phase retardation of the DUT.

S(6,t) = §50[1 +sin(8(t)) sin(26 — 2¢(1))] (3-1)
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By sampling the intensity at multiple angles and times, §(t) and ¢(t) can be extracted,
providing time-resolved data on the DUT’s birefringent behaviour. This system successfully
characterized a chiral nematic LC device in the uniform lying helix (ULH) mode at a fast-
switching frequency of 3 kHz, providing precise time-resolved measurements at high speeds.
Building on this, O’Neill et al. (2019) [88] addressed the issue of alignment quality in
measuring the flexoelectro-optic effects of chiral nematic LC using a similar measurement
setup. Together, these studies underscore the potential of the transmission-based method in
developing dynamic phase measurement systems. It can be accurate and resilient to alignment
imperfections, with broad applications in the field of high-speed optical phase characterization

for birefringent devices.

Figure 3.1. A schematic of the transmission-based measurement in [84]. L: Laser, P1: input polarizer,
QWP: quarter-wave plate (on a motorized rotation mount), DUT: device under test, AFG: arbitrary
function generator, P2 output polarizer (on a motorized rotation mount), PD: photodetector.

Diffraction-based methods are another effective approach for optical phase calibration
and measurement [83][84][89]. In these techniques, patterns such as Ronchi gratings or binary
amplitude masks are projected onto the LC modulator, and the resulting diffraction pattern is
analysed. Phase information is extracted from the intensity variations of the diffraction orders,

which are related to the phase modulation, as illustrated in Eq. 3-2 and 3-3.
Io o cos? (3) (3-2)

I o sin? (3) (3-3)
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For example, Zhang et al. (1994) [84] employs a Ronchi grating pattern projected onto a
liquid crystal television (LCTV) panel to analyse phase modulation through diffraction
intensities. By examining the diffraction orders, the authors were able to quantify phase shifts
introduced by the LCTV, providing a straightforward calibration method that is sensitive to
changes in modulation depth. In addition, Ronchi grating methods are particularly useful in the
optical phase calibration and dynamic calibration for SLMs. For instance, Oton et al. proposed
to employ the use of Ronchi gratings to measure the intensities in the diffraction pattern at the
Fourier plane at a frame rate of 205 Hz [83]. By analysing the intensity of the diffraction orders,
phase shifts can be identified: maximum intensity occurs for phase shifts that are multiples of

n rad, while minimum intensity appears for phase shifts that are multiples of 2z rad.

Both studies highlight the versatility of Ronchi gratings as a practical and robust tool for
measuring phase shifts in LC devices, as well as the phase calibration. However, it can be
influenced by factors such as the specific design parameters of the gratings, variations in the
light source, and the sensitivity of the detection system. These factors may introduce systematic

errors or calibration uncertainties that need careful consideration.

The third method, based on interferometry, is a well-developed approach for measuring
phase variations. The basic schematic of interferometry is shown in Figure 3.2. The light from
the laser is split into two beams by a beam-splitter. The two beams then pass through two arms
of unequal length in the interferometer, where each is reflected by a mirror separately before
being recombined at the beam splitter. The combined beam is then received by the photodiode.
The electric field, E, can be expressed as:

E = A(t) cos(wt + kd,) + B(t) cos(wt + kd,) (3-4)
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The intensity, I, is proportional to the time-averaged square of the electric field E, and

can be expressed as:

2 2
[ = (a®) n (B(®)
2 2

+ A(t)B(t) cos(k(dy — d3)) (3-5)
where w is the angular frequency of the light, & is the wave number, d, and d, represent the

distance of the two paths, respectively, kd; and kd, are the continuous phase produced by the

distance, and A(t) and B(t) are the amplitudes of the two beams.

From Eq. 3-5, received intensity is the sum of the self-intensity contributions of the two
beams and an interference term that depends on the phase difference (k(d,; — d,)). Therefore,
by placing the device in one arm, the signal received by the photodiode, in principle, can be
used to extract the phase information. However, this setup has several disadvantages, including
inherent ambiguities, the need for precise alignment, and sensitivity to environmental

vibrations, all of which may introduce measurement errors.

P1, P2: polarizer Laser
M1, M2: mirror ase
PBS: beam splitter Shutter
P1 M2

L ™0
WC inmi i

Aperture Lens

C==—=1P1

M1

Figure 3.2. A schematic of the Michelson interferometer.

In this work, we focused on a highly precise technique known as phase-shifting

interferometry (PSI), which accurately determines phase information while mitigating
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environmental effects and has a high resolution. PSI has emerged as one of the most widely
used methods for high-resolution phase measurement, which offers accuracy better than 1/100
of the wavelength used [85][90][91]. This technique has been extensively employed in
applications such as surface profiling, wavefront sensing, and optical metrology, where precise

measurements of distance, surface shape, or refractive index variations are critical.

PSI is constructed based on traditional interferometry but introduces a key refinement:
the phase of one of the interfering beams is systematically varied linearly over time, which
allows multiple interference patterns to be recorded [85][91]-[93]. These patterns contain the
necessary information to determine the optical phase modulation. It can be accomplished by
several methods to obtain the phase shift with known increments. One of the most commonly
used involves the translation of a mirror with a piezoelectric transducer (PZT) [85]. The PZT
can move one of the mirrors in the interferometer with a precision speed and position control,
thereby generating a changing interference pattern. For example, Jin et al. proposed introducing
a phase lag by using a PZT-mounted mirror in one path, while placing the LC device under
investigation at switching rates of 1 kHz in the other path as the signal beam [86]. The resulting
interference pattern, which contains both the incremental phase shift and phase modulation
information, is recorded and converted into an intensity signal by a photodiode. The optical
phase modulation can then be computed smoothly and precisely from the recorded data.
However, the periodic nature of the moving mirror’s control system imposes a limitation on

the continuity of the signal.

Several studies have proposed various refinements of PSI for optical phase measurement.

Another alternative method was proposed in [94], wherein the authors constructed a system

based on a Homodyne Michelson interferometer to dynamically measure the phase in the time
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domain. Two acousto-optic frequency shifters (AOFSs) introduce precise phase shifts between
the signal and reference beams, resulting in a carrier frequency signal (200 kHz) through their
interference. These phase shifts are synchronized using RF signal generators and controlled to
modulate the phase incrementally. The recorded intensity variations are processed using a
quadrature demodulation scheme, which extracts phase data encoded in the carrier signal.
Digital signal processing is applied to refine and smooth the extracted phase information,

ensuring high precision in phase measurement.

There are several algorithms used to determine the phase information in PSI, such as the
phase-stepping method (PSM) [92], and Fast Fourier Transform (FFT) method [93][95]. When
two plane waves interfere, the interferometer can be adjusted to produce an interference pattern
in the form of vertical fringes:

I, = I(1 + msin[kx + §(P) + nA]) (3-6)
where I,, is the intensity of the nth picture, [ is the illuminating intensity, m is the modulation
index, k is the spatial frequency, §(P) is the phase change, caused by the change in the

measured quantity P, and A is the angle of each phase step.

To extract the phase information, at least three measurements of the intensity distribution
at different phases are required. With the evolution of the phase-stepping method, several
algorithms for phase calculation have become popular [92]. The most widely used is the four-

step algorithm with a phase step of 90°. The phase modulation, §, can be calculated as:

§ =tan™! (ﬂ) (3-7)

=14
where I, I,, I3 and I, are the intensities at the phase shifts of 0°, 90° 180° and 270°
respectively (with numerator I;and I; correspond to the sine component, and the denominator

I, and 1, correspond to the cosine component). In the numerical implementation, the arctan2

51



function was employed instead of the simple tan™! to ensure correct phase determination

across all four quadrants.

In addition, applying the FFT to the recorded interference signal is also a widely used
technique to obtain phase modulation with a high resolution. It is because the data can be
obtained in one shot, and FFT is able to process a large amount of the captured interference
data. This quick data capture avoids the influences of the background noise and unwanted

errors. The application of this method will be detailed in Section 3.4.

In summary, precisely measuring the continuous phase modulation of LC phase
modulators in the time domain is essential yet challenging for the development of next-
generation SLM technologies. In this chapter, we discuss three methods developed for the work
here. The first, based on a transmission measurement, is simple and convenient, allowing for
simultaneous observation under a microscope. Following this, I propose two more advanced
techniques based on PSI that provide more accurate phase measurements in the time domain.
One method involves placing a rotating half-waveplate between two quarter-wave plates to
produce a phase ramp with a period of 4 seconds, detailed in Section 3.3. This setup employs
the 4-step algorithm to extract the corresponding phase modulation in the time domain. The
second approach uses an acousto-optic frequency shifter (AOFS) to introduce a 40 MHz phase
shift in one path, with phase modulation extracted using a FFT method, as explained in Section
3.4. Both PSI-based methods offer precise ways to measure dynamic phase shifts in the time

domain.

3.2 Transmission Measurement

As an indirect evaluation of optical phase modulation, the transmission-based method includes
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two approaches: the one using a microscope to measure the transmission and another

employing a laser as the light source.

Photodiode

Result Path

Light path

Oscilloscope

Figure 3.3. Experimental setup for real-time observation and optical phase evaluation using a
transmission-based method. The halogen light source comes from the bottom of the microscope and
passes through a polarizer to illuminate the liquid crystal (LC) device. The light then travels through an
analyser, where optical transmission is captured by a photodiode connected to the microscope. This
transmitted signal follows the Result Path (yellow) to an oscilloscope for monitoring. An external
function generator supplies the designed voltage waveforms, controlling the LC device and allowing
direct observation of transmission curves on the oscilloscope via the Voltage Path (blue). The
microscope’s eyepiece enables real-time observation of the LC states, providing simultaneous visual
information that aids in correlating the optical transmission measurements with the physical state
changes in the LC device.

The first setup, as shown in Figure 3.3, consists of a microscope, a function generator as
well as an oscilloscope. Light from the microscope passes through the LC device, which is
placed between the crossed polarizers, with the analyser and polarizer of the microscope set
perpendicular to each other. The LC device is modulated and controlled by the external voltage
waveforms from the function generator. The transmitted light is received by a photodiode
placed at the top of the microscope, and the resulting signal is displayed on the oscilloscope.

This arrangement allows us to observe the LC device’s real-time performance and assess its

53



optical characteristics directly from the oscilloscope readings.

The transmission of light through the LC device placed between two crossed polarizers

is expressed as:
Angsrd
T = sin?(2y) - sin? (”%ff) (3-8)
where y is the rotation angle of the optic axis relative to the polarizer, An, is the effective

birefringence of the LCs, d is the cell gap, and 4 is the wavelength of light.

When the LC device is placed at a 45° angle between two orthogonally positioned
polarizers, y equals to 45°, causing the sin?(2y) term to equal 1. This simplifies the

transmission equation to

a2 TL’ATLeffd
T = sin (—/1 ) (3-9)
In this configuration, the transmission behaviour of the LC device is determined solely by the

second sine function. The phase difference 6 between the ordinary and extraordinary waves is

given by:

. ZﬂdAneff

o A

(3-10)
. . . . 8
Thus, the argument of the sine function in the transmission equation becomes 5 The
transmission can then be expressed as:
. 5 (8

T = sin (5) (3-11)
This means that the transmission behaviour varies periodically with §, repeating every increase
of 2nrad in §, corresponding to a full phase modulation cycle. Therefore, between two adjacent
peak points in the transmission curve, the phase difference 6 changes by 2z rad, indicating a

2n rad phase modulation. This relationship allows phase modulation to be estimated by

analysing the transmission characteristics as a function of time or voltage.
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For example, for the LC modulator discussed later in Chapter 4, our goal is to detect the
optical phase modulation of the symmetric H (Hs) state in the LC device. Since the Hs state is
transient and exists only for a few milliseconds, it is crucial to confirm that the measured phase
corresponds specifically to this state. To ensure this, we measure the transmission while
simultaneously observing the LC device's behaviour under the microscope using the setup in
Fig. 3.3. This dual approach enables us to verify that sufficient phase modulation has been
achieved and that it indeed corresponds to the Hs state before placing it into a more accurate

phase measurement system where the internal state cannot be directly observed.

Figure 3.4 (a) presents the waveform of the voltage applied to the LC device. The driving
voltage is a burst driving voltage designed to induce the Hs state. It begins with a priming stage,
where a 1 kHz square wave at 10 Vrms is applied continuously for 5 ms to initialize the device.
During this stage, the voltage remains unmodulated, facilitating the transition of the device
from the splay state to the Hs state. This is followed by a modulation stage, in which the driving
signal alternates between 1 ms "on" and 1 ms "off" periods. This cyclic on-off driving signal
enables the formation of the transient Hs state. Finally, the relaxation stage ensues, during

which no voltage is applied, allowing the device to return to its ground state (splay state).

Figure 3.4(b) illustrates the corresponding transmission curve during this voltage
sequence. According to theory and Eq. (3-11), the phase difference (8) changes by 2n rad when
the transmission curve completes a full cycle, indicating a full 2z rad phase modulation. During
the initial 5 ms priming stage, the transmission curve exhibits more than one full cycle before
stabilizing. This suggests the device transitions from the splay state to the Hs state, with an
estimated optical phase modulation of approximately 2.4n rad during the priming stage. After

this, the device enters the modulation stage, where the voltage alternates between "on" and
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"off" for 1 ms. Finally, during the relaxation stage, the device gradually reverts to the splay

state.
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Figure 3.4. The voltage waveform and corresponding transmission curve for a Hs device. (a) An
illustration of the burst driving voltage with the amplitude of 10 Vrms and (b) the corresponding
normalized transmission curve and (c) the zoomed-in figure of (b) containing only 2 modulations (note:
the driving frequency during the burst is 1 kHz).

Figure 3.4(c) provides an enlarged section of the transmission curve in Fig. 3.4(b) during
the 1 ms "on" and "off" periods in the modulation stage. The switch-off process (marked in
green) and the switch-on process (marked in blue) each span approximately half the length of
the full cycle observed during the priming stage. This corresponds to a phase shift of
approximately « radians, demonstrating the phase modulation characteristics of the Hs state in
1 ms scale. This behaviour aligns with the expected phase modulation during the voltage-off

period, as detailed in Chapter 4.
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Figure 3.5. Representative polarizing optical microscope (POM) images of switching states in a
nematic pi-cell under the burst driving voltage. (a) the splay state of the device under no applied voltage
(the black dots in the image are the spacer beads distributed throughout the cell to obtain a unform cell
gap). (b, ¢) The switch off state of the device, where the V state relaxes to T state (the pink area) while
Hs state relaxes to the H state (the green area). In (b), the formation of the V state is observed under a
burst voltage of 10 Vrms for 25 ms, and (c) demonstrates the growth of the V state under a repeating
burst voltage of 10 Vrms for 50 ms. The transformation of states mentioned is shown in Fig. 3.6. The
crossed double-headed black arrows represent the orientations of the transmission axes of the polarizer
and the analyzer, and the double-headed red arrow represents the rubbing direction of the alignment
layers.
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Figure 3.6. The switching states of a nematic pi-cell. An illustration showing the transitions of a nematic
pi-cell under different electric field conditions.

Figure 3.5 presents the performance of the LC device observed under the microscope
during this period. Fig. 3.5(a) represents the ground state of the device, while Fig. 3.5(b) and
(c) depict the device in mixed states including the splay states and twist states (T state) during

the voltage off period. This can indicate the presence of the Hs state and V state during the
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voltage-on period. Capturing an image of the transient Hs state is challenging due to its short
duration; however, by analysing the state transformations observed during the switch-off, we
can confirm its presence. Figure 3.6 illustrates the states transition about Hs state happened in
pi-cell under different conditions. After Hs transitions to the V state, the device requires several
seconds to relax back to its ground state. In Fig. 3.5(b) and (c), we could distinguish the

appearance of V state by observing the shrinking area when we switch off the voltage.

This combination of transmission measurements and microscopic observations allows us
to directly correlate the optical behaviour with the physical state changes within the device.
Based on these observations, we conclude that the device could achieve about m rad phase
modulation in 1 ms under 10 Vrms using the Hs state and is ready to be measured in the optical
phase measurement system for precise quantitative analysis. This transmission method is
particularly significant when measuring devices with complex and transient states, where we
may be unsure which states contribute to the observed phase modulation in the setup. By
combing the transmission measurement with the microscopic observations, we obtain solid

verification of the states involved.

The second setup used to measure transmission employs a laser as the light source to
provide a more accurate evaluation of the optical phase modulation, compared to the bright
light used as light source in the previous setup. Using a laser offers several advantages,
including a coherent and monochromatic light source with a well-defined wavelength, which
is critical for precise phase modulation measurements. As shown in Figure 3.7, light from the
laser (IEC 60825-1:2014, wavelength = 635 nm, continuous wave) passes through a polarizer
and then through the LC device, which encodes phase information onto the light. Subsequently,

the light passes through a second polarizer, placed perpendicularly to the first and known as
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the analyser, before being detected by a photodiode.

Practical Experimental Setup

Light path

R~/ 3

Schematic Diagram

M Pl P1 P2: Polarizer
/ d3 M: Mirror
n Laser: IEC 60825-1:2014,
Laser wavelength = 635nm,
continuous wave

N f—f
M LC device 5 Photodiode

Figure 3.7 Experimental setup and schematic diagram for laser-based transmission measurement of the LC device.
The upper panel shows the practical experimental setup, where a laser source emits the light that is directed by
two mirrors and passes through the LC device. It then passes a second polarizer, positioned perpendicularly to the
initial polarizer, before reaching the photodiode for detection. An external function generator provides voltage
control of the LC device. The lower panel presents a simplified schematic of the optical layout, illustrating the
light from the laser, through the mirrors, polarizers, LC device, and finally to the photodiode.

The LC device is controlled by a function generator that can be managed by an external
PC to apply continuously increasing voltage increments, producing the desired waveform. This
setup allows us to obtain the transmission behaviour in both the time domain and the voltage
domain. To be specific, this setup allows us to obtain the transmission in the time domain,
analysing the dynamic phase modulation of the LC device. The transmission-time behaviour
can quickly provide us with an estimate of the phase modulation. Additionally, the arrangement

can also determine the response of an LC device to a slowly increasing voltage. The

transmission-voltage curve can then be measured to confirm the device thickness and other
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relevant parameters. The advantage of this method lies in its simple alignment and more
accurate simulation of the practical optical phase modulation due to the laser light source,

providing a better evaluation of the device as well as phase performance.

For example, when a pi-cell is placed in the setup and the burst driving voltage is applied
to the device, as shown in Fig. 3.4(a), a transmission-time curve can be obtained, similar to that
depicted in Fig. 3.4(b). The received intensity / can be described by Eq. 3.8, and the phase
modulation is related to this intensity, as indicated in Eq. 3.11. According to the evaluation

method described above, the optical phase retardation ¢ of the device changes by a full 21t rad

radians when the transmission goes through the full cycle. Theoretically, this setup allows for
a more accurate evaluation of the phase modulation of the pi-cell compared to the first setup.

However, it does not provide insight into the internal performance of the LC device.

Notably, this setup can be used for voltage-domain measurements, which could provide
crucial information about the device's response to varying voltages. For instance, a continuous
square waveform with a frequency of 1kHz was applied to the device, with the voltage
gradually increasing from 0.1 Vrms to 5 Vrms, as shown in Figure 3.7(a). An enlarged section
of this waveform is presented in Fig. 3.7(b). The external PC controlled the function generator
to increment the voltage in specific steps. We also sent the received signal to the PC, which
allows us to plot the voltage-transmission curve, as shown in Fig. 3.7(c), and compared it with
the simulation results (the simulation methodology will be discussed in Section 4.3). By
adjusting the LC layer thickness parameter in the simulation to match the experimental data,
we are able to determine that the practical thickness of the LC layer in the device is
approximately 3.73 um. As can be seen from Fig. 3.7(c), the simulated results are consistent

with the measured transmission-voltage curve, validating our simulation model and providing
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confidence in the accuracy of the device parameters used. In addition, the phase modulation
can be determined as voltage increases, based on Eq. (3-11). As the voltage approaches infinity,
the phase is set to 0 rad. The voltages corresponding to phase shifts of = and 2x rad can also be
identified at the highest and lowest point of the curve. This indicates that the device has the
potential to achieve a maximum phase modulation of 8 rad. Furthermore, as the voltage
increases from 0 to 1.2 V (the bottom point of the curve), the phase shift is estimated to be

approximately 1.72 rad.
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Figure 3.7. Voltage-transmission results measured by placing the nematic LC pi-cell at 45° relative to
two orthogonally aligned polarizers: (a) the waveform of the applied continuous square wave with a
frequency of 1 kHz and continuously increasing amplitude from 0 to 5 Vrms; and (b) enlarged section
of (a) and (c¢) corresponding transmission result in a normalized form.

In conclusion, both methods provide an estimation of the phase modulation of the LC
device using relatively simple experimental setups. The primary advantage of the microscope-

based setup is that it enables simultaneous microscopic observation of the LC device's
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performance while predicting its phase modulation. The second method is advantageous
because it combines the precision of laser-based measurements with straightforward
experimental setup and alignment. By using a laser light source, we minimize errors due to
chromatic dispersion and incoherence, which are common when using broad-spectrum light
sources. Therefore, the first microscope-based setup is more suitable when microscopic
observation is required; if observation under a microscope is not necessary, the second method
provides more accurate results, which is essential for the estimation of the device thickness in

practical applications.

While this transmission-based phase estimation method is simple and straightforward, it
has certain limitations. It cannot provide a precise quantitative value of the phase modulation
because it relies on indirect estimation via light transmission. Moreover, this method is
generally applicable only to simple devices with planar switching, where the LC director
reorients uniformly in a single plane. In devices with more complex switching mechanisms or
non-uniform director profiles, this approach may not accurately reflect the true optical phase
modulation. Therefore, when precise quantitative data are required, a more accurate phase
modulation measurement system is necessary, and the results from this indirect evaluation
should be interpreted with caution. Therefore, this method is most suitable for preliminary

testing, which requires the simplicity and direct visual confirmation as the purpose.

3.3 Phase-shifting Twyman Green Interferometer

In this section, we introduce a newly designed phase-shifting interferometry technique, which
was designed to enhance measurement accuracy while minimizing the impact of environmental
factors such as vibrations and air turbulence. By systematically varying the phase using a

rotating half-wave plate and capturing multiple interference intensities at different phase shifts,
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we can accurately and efficiently reconstruct the optical phase modulation of the device under
test. This design not only improves the overall precision of phase measurements but also

enables robust and repeatable results even in less-controlled environments.

Figure. 3.8 depicts the design of the phase-shifting Twyman Green interferometer, which
is a modified form of the Michelson interferometer optimized for optical testing. Light from a
helium—neon laser with a wavelength of 632.8 nm (Thorlabs, HNLO50L) passed through a
neutral density filter to reduce its intensity and then entered a non-polarizing beam splitter,
which divided the light into two paths: the signal path and the reference path. The LC device
under test was placed in the signal path and driven by a function generator (Multicomp PRO,
MP750510). By applying a suitable voltage driving waveform, as illustrated in Figure 3.9(a),
the device exhibited a continuous optical phase response. This phase modulation is represented
through intensity modulation, as shown in Fig. 3.9(b), with the relationship between phase
modulation and intensity described by Eq. 3-11. Specifically, the device was driven into the
desired state, with the phase modulated in 1 ms pulses repeated every 1 second. This phase
modulation was then encoded onto the signal beam, which allows us to extract the LC device's

dynamic phase modulation in the time domain.

In the reference path, a half-wave plate was placed between two quarter-wave plates.
This half-wave plate was smoothly rotated using a motorized rotation stage (Thorlabs,
PRM1Z8/M), rotating it by 90° over a period of 4 seconds. This rotation produced a continuous
phase shift in the reference beam, resulting in a 2z rad phase shift period over 4 seconds,
illustrated in Figure 3.9(c). By introducing a known and controllable phase shift in the reference
arm, we effectively implemented phase-shifting interferometry, which is essential for precise

phase measurements. A Jones matrix approach is used below to illustrate the optical phase-
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shifting behaviour of the reference path, which could demonstrate how mechanically rotating
the half-wave plate between two quarter-wave plates produces a continuous phase ramp. This
theoretical framework supports our experimental design and aids in interpreting the

interference patterns obtained.

PBS : Beam splitter P1 P2 : Polarizer
H : Half-waveplate Q1 Q2 : Quarter waveplate

Mirror

H Q2

Mirror

Q1
LC device & P2
P1

PBS

Motor

Lens
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Figure 3.8. A phase-shifting Twyman Green interferometer was used to measure the optical phase
modulation. One path of the interferometer contained the LC device to produce the phase delay to be
measured, while the other path included two quarter-wave plates and a rotating half-wave plate to
produce a continuous phase ramp.

The optical field, E',,;, at the output of a single optical path—comprising a polarizer

(P2), a quarter-wave plate (Q1) oriented at %, a rotating half-wave plate (H) at an angle ¢, and

another quarter-wave plate (Q2) also at % - can be expressed using Jones matrix formalism:

E'que = Q2 () M(9) Qi (5) P Ein (3-12)
where E;, is the Jones vector of the input light, which is linearly polarized along the vertical

direction.

The matrix M(¢) represents the rotating half-wave plate and is given by:
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where:

M(p) = R(-@) H(3) R(p) (3-13)

R(¢) is the rotation matrix accounting for the rotation of the optical axis by an angle

_ __ (cos@p  sing
¢: Rp) = (sin(p —cos<p)

os(2) —sn(2)

H (g) is the Jones matrix of a half-wave plate: H (g) o (E) (E) )
sin cos
2 2
0 -1
(i o)
Ql(%) and Q2(%) are the Jones matrices for the quarter-wave plates oriented at%

relative to the vertical axis: Q, (g) = e_i% (é ?)

P is the linear polarizer: P = (é 8)

E;, represent the vertical polarized incident light: E;,, = ((1))

Multiplying out the terms in Eq. (3-12) and assuming that all components are ideal

(lossless and perfectly aligned), the output field simplifies to:

E'out = Eip €7%¢. (3-14)

This result indicates that the effect of the rotating half-wave plate, sandwiched between the two

quarter-wave plates, is to introduce a phase shift of 2¢ to the optical field.

In the reference path of the interferometer, the light passes through these components, is

reflected by a mirror, and then passes through them a second time, effectively doubling the

optical path and the phase shift. The optical field, E,,;, at the output after this double-pass is

given by:
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Eout = Ein ej4(p , (3'15)
This demonstrates that rotating the half-wave plate by an angle ¢ results in a phase shift of 4¢

in the reference beam.
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Figure 3.9. The interference signal of an LC device. (a) The burst driving voltage applied to the LC
device, consisting of a 40 ms operating period repeated every 1 second. (b) The phase response of the
LC device, represented by its intensity. (c) The phase shift introduced by the rotating half-wave plate,
illustrated through intensity variations in the reference wave. (d) The interference pattern resulting from
the combination of the reference wave and the signal wave, which reflects the phase response of the LC
device.

The continuous rotation of the half-wave plate produces a continuous phase ramp in the
reference wave. In our study, rotating the half-wave plate by 90° per second results in a total
phase shift of 360° (or 2x rad). This generates a full cycle in the interference signal with a

period of 4 seconds, as illustrated in Fig. 3.9(c).

The light from the two paths of the interferometer were then re-combined by the beam

splitter to generate an interference signal that was recorded by a photodiode (Thorlabs,

66



PDA36A-EC, Si Amplified Detector 350 - 1100 nm). The interference signal results are from
the superposition of the two beams: one containing the phase modulation introduced by the LC
device (modulated every 1 second) and the other containing the continuous phase shift from
the rotating half-wave plate (with a period of 4 seconds). Within each “period” of the reference
wave there are four places where the phase shift from the burst driven applied on the device
can be observed. With an analogue-to-digital (A2D) converter, the received light intensity can

be acquired, shown in Fig. 3. 9(d).

The interference light signal received by the photodiode can be expressed as:
E = A(t) cos(wt + kt) + B(t) cos(wt + 6(t) + A), (3-16)

and the resulting intensity can be expressed as:

I

_ @)’ | (B(zt))z + A)B(t) cos(kt + 8(t) + A) (3-17)

2

where w is the angular frequency of the light, £ is the effective wave number of the phase shift
in the reference light wave, it represents the continuous phase shift produced by the rotating
half-wave plate, §(t) is the phase modulation induced by the LC device, A represents the
optical path difference between the two arms and the environmental influences, both of which
are poorly defined and can vary over time (e.g., due to minor air movement etc.), A(¢) is the
amplitude of the reference beam path and is near constant, and B(¢) is the amplitude of signal
light beam, which has a residual amplitude modulation caused by the LC device. In expressing
the resulting intensity, it is assumed that we can ignore components at optical frequencies —

this will then be the signal from the photodiode.

Our goal is to extract the phase modulation §(t), introduced by the LC device. However,
the term, kt + A, needs to be known, which can be challenging as A is non-measurable and will

deteriorate the accuracy of the phase results. To avoid this issue, we utilize the four-step
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phase-shifting algorithm, which is a widely adopted technique in interferometry [82][89]. By
using known phase shifts between successive intensity measurements, it provides a robust
means of calculating the unknown phase difference caused by the sample under test. This
approach is particularly useful in our setup because it mitigates the impact of environmental

disturbances and uncertainties in the optical path length.

By selecting four specific time points where the phase term, kt + A, takes on known

values—specifically, nn and% + nm (with n being an integer) — we eliminate the dependence

on A. These points correspond to phase shifts where the cosine function simplifies, allowing

us to solve for §(t) without knowledge of A. Within each 4-second period of the reference

wave, there are four instances where the phase condition, kt + A, are equal to nm, % +nm,m+

nm, and 37” + nm rad. The intensities at these four points are labelled I, I,,, I, and I,, in Fig.

3.10(d), corresponding to phase shifts of:

kt+A= nm:
L(0) =22+ 29 4 A(t) - B(t) cos(5(1)) (3-18)

kt +A= ~+nm
L) = 2+ 29 4) - B®) sin(8(0)) (3-19)

kt+A= T+ nm
I(t) = A“) B“) — A() - B(t) cos(8(t)) (3-20)

kt +A= 2+ nm:
I,(t) = ﬂ B(” +A(t) - B(t) sin(8(0)) (3-21)
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By combining the four intensity measurements, as shown in Figure 3.10(a), with an
enlarged section shown in Fig. 3.10(b), the optical phase modulation, §(t), can be extracted
using the following equation:

Iw(t)_ly(t)

o) = arctan[ OO

(3-22)
where Iy, 1, I, and I, represent the intensity at the four chosen points. The extracted optical

phase modulation result is shown in Fig. 3.10(c) with an enlarged section shown in Fig. 3.10(d).
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Figure 3.10. Extracting the phase modulation of an LC device. (a) The extracted signal at four specific
positions (I, I, I, and I,,,) along the phase ramp shown in Fig. 3.9(d). (b) The enlarged section of (a)

from 15 ms to 19 ms. (¢) The extracted phase modulation result calculated using Eq. (3-22), and (d) the
enlarged section of (c) from 15 ms to 19 ms.

By utilizing the four-step phase-shifting algorithm, we effectively eliminate the
dependence on the unknown optical path difference A, which also contains the unwanted
environmental influences, leading to an accurate phase modulation. Besides, this method also
eliminates the dependence on any common-mode fluctuations in the amplitudes A(t) and B(t),

which further enhances the accuracy. This method allows us to accurately determine the phase
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modulation §(t) with high precision. The precise timing and synchronization with the phase
shifts introduced by the rotating half-wave plate are crucial for the accuracy of the
measurements. The data acquisition method ensures that the intensity measurements are
captured at the exact moments corresponding to the required phase shifts of nmt and n/2+nm rad.
This synchronization enables the correct application of the phase extraction algorithm and

minimizes errors due to environmental disturbances.

It should also be clarified that any intensity fluctuations introduced by small errors in the
retardation of the half-wave plate are minimal, owing to the careful selection of the waveplate
used. Additionally, the measured amplitude modulation of the LC device is below 4% in our
experiments. Therefore, neither of these factors causes a significant error in the calculation of

the phase modulation.

Apply the voltage on the LC device.

> 4

Obtain the signal from the photodiode.

b

Extract four intensities from the digitalized signal.

> 4

Calculate the phase using the four-step phase-
shifting algorithm.

Figure 3.11. The experimental procedure for using a phase-shifting Twyman Green interferometer to
measure the optical phase modulation.

Figure. 3.11 illustrates the entire experimental process. We begin by applying the
designed voltage waveform (Fig. 3.9(a)) to the LC device using a function generator. This

waveform modulates the phase of the light passing through the LC device (Fig. 3.9(b)), which
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encodes the phase information onto the signal beam. The rotating half-waveplate in the
reference path provides a continuous phase shift with period of 4s, (Fig. 3.9(c)), which was
exemplified above using the Jones matrix approach. The photodiode detects the interference
signal resulting from the superposition of the signal and reference beams in the interferometer
(Fig. 3.9(d)). The digitized data corresponds to the intensity measurements labelled as I, I,
I, and I,. These specific intensity points are chosen according to the four-step phase-shifting
algorithm, occurring at known phase shifts introduced by the rotating half-wave plate. After
acquiring these intensity measurements (Fig. 3.10(a)-(b)), we apply Equation (3-24) to extract

the phase modulation §(t) introduced by the LC device (Fig. 3.10(c)-(d)).

In summary, in this section, we adopted a rotating half-wave plate placed between two
quarter waveplates to introduce a continuous phase shift in the interferometer aiming to
mitigate the impact of minor vibrations and air movement. This approach enhances the stability
and accuracy of the phase measurements by providing a smooth and controlled phase shift that
is less susceptible to environmental disturbances. This phase-shifting interferometer was
utilized for the precise measurement of the switched symmetric H (Hs) state in a nematic pi-

cell. The measured results are discussed in Chapter 4 and reported in my published paper [96].

3.4 Phase-shifting Mach—Zehnder Interferometer

In this section, we begin the development of another phase-shifting interferometer, the phase-
shifting Mach—Zehnder interferometer, a very useful tool for measuring optical phase changes
with high precision. The Mach—Zehnder interferometer is a well-established instrument in
optical physics and engineering, renowned for its simplicity and versatility in analysing

wavefronts and detecting phase variations. By integrating a phase-shifting methodology into
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its design, we enhance its capability to perform accurate dynamic phase measurements, which

are essential in applications such as optical metrology, telecommunications, and adaptive optics.

Figure 3.12 illustrates the full assembly of the phase-shifting Mach—Zehnder
interferometer used in our experiments. Light from a helium-—neon laser (Thorlabs, HNLO50L)
emitting at a wavelength of 633 nm serves as the coherent light source. A non-polarizing beam
splitter divides the laser beam into two paths: the signal path and the reference path. In the
signal path, the beam passes through the LC device under test, which is placed between two
parallel polarizers. The LC device modulates the phase of the transmitted light in response to
an applied voltage, provided by an external function generator (Multicomp PRO, MP750510).
This applies a periodic burst driving voltage to the LC device, as illustrated in Figure 3.13(a).
By applying this waveform, the device is driven into an appropriate state, with phase

modulation occurring in 1 ms pulses repeated every 1 s.

AFOS : Acoustic-Optics Frequency Shifter
BS : Beam Splitter

HP : Half-wave Plate

LC : Liquid Crystal device

P1, P2 : Polarizer

Mirror

- Mirror He-Ne Laser

! HP

‘g

2 p1

LC
’ P2 BS

Photodiode N\ BS

Mirror

Mirror

Figure 3.12. A schematic of the phase-shifting Mach—Zehnder interferometer used to measure the phase
modulation. One path of the interferometer contained the LC device to produce the phase delay to be
measured, and a half-wave plate to rotate the polarization to match that produced by the AFOS placed
in the other path to produce a 40 MHz continuous phase shift.
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In the reference path, an Acousto-Optic Frequency Shifter (AOFS) introduces a
controlled frequency shift of 40 MHz to the reference beam. Operating on the acousto-optic
effect, the AOFS diffracts the incoming light using sound waves propagating through an optical
crystal, resulting in a frequency shift and, consequently, a phase shift in the diffracted light. By
driving the AOFS with a 40 MHz radio frequency (RF) signal, the phase shift is induced in the
reference beam. This 40 MHz driving signal, with its continuous phase shift, serves as a
reference phase modulation for the phase extraction process, as illustrated in Fig. 3.13(d). The
introduced 40 MHz continuous phase shift is essential for the phase-shifting interferometry
technique, since it enables rapid data collection while minimizing environmental noise and

influences, thereby ensuring highly accurate phase measurement.

Notably, the AOFS splits the input beam into two distinct beams: one that retains its
initial frequency and polarization state, and another that is frequency-shifted by 40 MHz. This
frequency-shifted beam also exhibits a 4° tilt in its propagation direction and an orthogonal
polarization relative to the original beam. To ensure that both the signal and reference paths
have consistent polarization, we place a half-wave plate in the signal path, which used to align
its polarization with that of the reference path. Additionally, because the AOFS splits the beam,
the intensity in the reference path decreases. By using the half-wave plate in the signal path,

we achieve polarization consistency without further impacting the reference intensity.

After traversing their respective paths, the signal and reference beams are recombined
using a second non-polarizing beam splitter. Mirrors are strategically placed to direct the beams
and ensure proper alignment. The recombined beam is then directed onto a photodiode detector
(Thorlabs, DET10A/M, Si biased detector), which converts the optical signal into an electrical

signal for analysis. The oscilloscope (Multicomp MP720115) is used to collect both the
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received and reference signals. With its 1 GS/s sampling rate and a storage RAM capacity of
28M, it can capture the 40 MHz signal effectively. As a result, the signal received by the
photodiode, as shown in Fig. 3.13(c), contains both the optical phase modulation induced by

the LC device and an additional 40 MHz phase shift introduced by the AOFS.
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Figure 3.13. The data results during phase extraction process of the phase-shifting Mach—Zehnder
interferometer. (a) The burst driving voltage applied to the LC device which consists of a 30 ms
operating period repeated every 1 second. (b) Extracted experimental phase modulation using Eq. (3-
25) demonstrating that the phase results are stable and show good consistency with the simulated results
(the simulation techniques will be discussion in Chapter 5). (¢) The intensity of the signal obtained from
the photodiode. (d) The intensity of the 40 MHz driving signal as the reference signal. (¢) and (f) are
the spectrum of the signal and the reference data after applying FFT.
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To extract the optical phase modulation information from the received signal, a Fast
Fourier Transform (FFT) method was employed [93][95], which can efficiently determine the
phase information from the signal by converting the time-domain signals into complex spectra
in the frequency-domain. The interference signal I(t) detected by the photodiode can be
expressed as:

1(t) = Is + Ip + 2y/IsIg cos(8.c(t) — Saops(t) + A) (3-23)
where I and I are the intensities of the signal and reference beams, respectively, &, is the
phase modulation introduced by the LC device, 840rs is the continuous phase shift due to the
AOFS with frequency of 40 MHz, and A is any initial phase difference due to path length

differences and environmental influences.

The reference signal I (t) collected by the oscilloscope can be expressed as:

Ix(t) = I C05(5A0Fs(t)) (3-24)

By performing an FFT on the time-domain interference signal I(t) and the reference signal
Iz (t) simultaneously, as shown in Fig. 3.13 (e) and (f), we can transform both into the
frequency domain, obtaining their amplitude and phase information at each frequency
component. The received signal, I(t), contains both the LC device’s phase modulation 8, (t)
and the 40 MHz continuous phase shift §,0p5(t), while the driving signal Iz (t) contains a
stable and continuous reference phase shift, §,0r5(t). Therefore, the phase modulation of the
device is obtained by subtracting the phase of the reference signal from that of the received
signal:

6LC (t) = Qreceived (40 MHZ) - ereference (40 MHZ) (3'25)
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To ensure accuracy, it is crucial to use phase unwrapping when dealing with values
exceeding the [—m, w rad] range. In this work, the unwrapping was performed in MATLAB
using the built-in unwrap function, which corrects for phase discontinuities by detecting jumps
greater than « radians and adding or subtracting appropriate multiples of 2n rad. As a result,
phase information can be efficiently extracted from the detected signals. Additionally, applying
the FFT enhances the resolution of the phase modulation results by using a high sampling rate

on the original data.

Extracting phase information from two waves of the same frequency with different
phase shifts can also be achieved using other methods, such as data-fitting and dot product
(quadrature detection). Data-fitting methods involve modelling the interference signal and
reference signal and fitting them to a standard mathematical function to extract phase
parameters. The interference signals /(?) in our case can be modelled as a sinusoidal function:

I(t) = Acos(wt+ 6)+B (3-26)
where 4 is the amplitude of the signal, o is the angular frequency of the wave (w=2x f, with /'
=40 MHz in our case), § is the phase shift we want to extract, and B is a constant offset due to

background light or detector bias.

By fitting the measured interference signal to this model, we can extract the phase
parameter § along with the amplitude 4 and offset B. Data-fitting methods directly estimate
parameters, which enables precise determination of phase shifts. They are flexible,
accommodating complex signal models, and can be robust against noise and outliers with
proper implementation. However, in our experiment, data-fitting is impractical due to its
computational intensity. High-frequency signals like our 40 MHz interference require high

sampling rates and generate large datasets, which makes iterative nonlinear fitting too time-
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consuming for real-time analysis. Additionally, sensitivity to initial parameter guesses can lead
to slow convergence or incorrect results, complicating the analysis and hindering the tracking

of rapid phase changes introduced by the LC device.

Dot product methods, also known as quadrature detection, involve multiplying the
measured signal with reference sine and cosine waves at the same frequency and integrating

the results over a specific time interval to obtain the in-phase (Dinphase) and quadrature

(unadrature) components:

T
iTLphase = %fttoo-}_ I(t) COS(a)t) dt (3'27)
T .
Dquadrature = %fttooJr 1(t) sin(wt) dt (3-28)

The phase shift § is then calculated as:

(3-29)

6 = arctan2 (unadrature, Dinphase)

where I(t) is the measured signal, o is the angular frequency of 40 MHz, T is the integration

time, ideally an integer multiple of the signal's period (T = N zf, with N being an integer), and

arctan2 (unadrature, D ) is the two-argument arctangent function.

iNphase

The dot product method is straightforward and computationally efficient, which makes
it suitable for real-time processing. It enables immediate phase calculation without requiring a
transformation of the signal into the frequency domain, which is particularly advantageous
when computational resources are limited or for lower-frequency applications. However, at
higher frequencies like 40 MHz, the method faces significant challenges due to its reliance on
precise synchronization and sensitivity to noise. These challenges become more pronounced
when processing large amounts of data over extended time intervals, as completing the

integration and phase extraction demands substantial computational capability.
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Therefore, applying the FFT method to the phase extraction process offers significant
advantages, particularly in computational efficiency and the ability to handle high-frequency
signals. The entire experimental procedure is illustrated in Figure 3.14. We begin by applying
the designed voltage waveform (Fig. 3.13(a)) to the LC device using a function generator. This
waveform modulates the optical properties of the LC device, resulting in a phase modulation
of the light passing through it and encoding the phase information onto the signal beam.
Simultaneously, the AOFS in the reference path generates a continuous phase shift at a
frequency of 40 MHz (Fig. 3.13(d)). This continuous phase shift serves as a reference phase
modulation in the data extraction process. The interference between the signal beam
(modulated by the LC device) and the reference beam (modulated by the AOFS) is detected by
a photodiode (Fig. 3.13(c)). The resulting interference signal contains both the phase

modulation from the LC device and the known phase shift from the AOFS.

Apply the voltage waveform to the LC device.

> 4

Obtain the signal from the photodiode as well as
the reference for comparison.

¥

Apply FFT on both signals and extract the phase
information from the spectrum.

> 4

Calculate the phase by subtracting the reference
phase signal from the interference phase signal.

Figure 3.14. The experimental procedure of using the phase-shifting Mach-Zehnder interferometer to
measure the optical phase modulation.

The interference signal is digitized by sampling it with a high-speed oscilloscope,
ensuring that the sampling rate is sufficient to capture the 40 MHz modulation accurately. We

then apply a FFT algorithm to both the interference signal and the reference signal, obtaining
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their frequency spectra as depicted in Fig. 3.13(e) and (f), respectively. By selecting the
frequency component corresponding to the 40 MHz modulation in each spectrum, we extract
their phase information separately. Then, based on Eq. 3-25, we subtract the phase of the
reference signal from that of the interference signal and eliminate the common phase shift
introduced by the AOFS. As a result, the phase modulation d(2) introduced by the LC device is
extracted, as depicted in Fig. 3.13(b). This process allows us to accurately determine the
dynamic phase changes induced by the LC device under the applied voltage waveform, which

demonstrates the effectiveness of the FFT method in our phase extraction procedure.

In summary, in this section, we have discussed the use of an AOFS to introduce a
continuous 40 MHz phase shift in the reference path of the interferometer for the purposes of
PSIinterferometry. This design enhances the accuracy by capturing the received data in a single
shot, which effectively eliminates the influences of air disturbances or mechanical vibrations.
Additionally, it improves the resolution of phase measurements by employing FFT for detailed
phase extraction. This optical phase measurement setup overcomes limitations imposed by the
length of the applied voltage on the LC device, as encountered in the interferometer setup
designed in Section 3.3. It also eliminates the need for complex mechanical adjustments or
stabilization techniques. With faster data acquisition and advanced phase extraction, this
approach is particularly suited for applications requiring both high precision and real-time

monitoring.

This interferometer was applied to measure the switched twisted symmetric H state in
a STN-LC device, with the results presented and analysed in Chapter 5, which is further
reported in my published paper. Xue, L., Elston, S. J., & Morris, S. M. (2025). Polarization-

independent nematic liquid crystal phase modulators. ACS Photonics.

79



3.5 Summary

In this chapter, three methods have been introduced that were developed to evaluate dynamic
optical phase modulation and perform accurate phase measurements of LC devices, which are

essential for studying LC-based optical phase modulation devices.

In Section 3.2, we introduced a technique based on the optical transmission response of
LC devices. By combining the measurement system with a microscope, we can observe the
performance of an LC device in real time while measuring the optical transmission. This allows
for an initial estimation of phase modulation and ensures that the measured phase corresponds
to the desired states. This approach is particularly useful for capturing transient states, where
LC devices change their status rapidly under applied voltages. Additionally, another
transmission-based setup uses a laser as the light source, combined with external voltage
control that provides precise phase steps. This setup enables accurate measurement of voltage-
transmission curves, which can be used to predict the thickness of the LC layer. This method
is especially valuable for estimating LC device parameters in detail by analysing its electro-

optical response.

To achieve higher precision, we applied phase-shifting interferometry (PSI) to
traditional Twyman Green interferometer to address environmental disturbances that affect
measurement precision and to improve resolution. The PSI-based Twyman Green
interferometer introduces a known phase shift in one beam path by employing a rotating half-
wave plate placed between two quarter-wave plates, which creates a periodic phase shift with
a 4-second period. This continuous phase variation enables the four-step phase-shifting
algorithm to extract phase data accurately from interference patterns. This method significantly

improves measurement accuracy by eliminating the impact of environmental factors and
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residual phase offsets in the system. While this method is relatively simple and provides precise
measurements, it limits the applied voltage waveform to non-continuous forms due to
synchronization constraints with the fixed phase shift period. Specifically, continuous voltage
modulation cannot be used, making this method unsuitable for applications requiring dynamic
or continuous voltage waveforms. This method is applied to measure the optical phase
modulation performance in the symmetric H state of a pi-cell LC device, which will be

discussed in detail in Chapter 4.

To overcome the limitations of the PSI-based Twyman Green interferometer, we
developed a PSI-based Mach—Zehnder interferometer incorporating an Acousto-Optic
Frequency Shifter (AOFS). The AOFS introduces a continuous high-frequency phase shift of
40 MHz in the reference beam path, as described in Section 3.4. This setup utilizes a fast
Fourier transform (FFT) method for phase extraction, enabling efficient and accurate analysis
of interference signals. The rapid data acquisition provided by this method significantly
eliminates the impact of environmental noise and system errors, thereby improving the
accuracy of phase extraction. Additionally, the continuous phase shift generated by the AOFS
enables the measurement of continuous phase modulation, effectively overcoming the voltage
waveform limitations associated with the PSI-based Twyman Green interferometer.
Furthermore, the ability to process large datasets using FFT ensures high-resolution phase
measurements, making this method highly suitable for studying dynamic optical phase
modulation. This PSI-based Mach—Zehnder interferometer was designed to evaluate the
dynamic optical phase modulation performance in the twisted symmetric H state of a super-

twisted nematic (STN) LC device, with detailed results presented in Chapter 5.
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4. Fast Analogue 27t rad Phase Modulator Using

a Pi-Cell

In this chapter, we investigate the optical phase modulation potential of a nematic liquid crystal
(LC) pi-cell operating in the so-called symmetric H (Hs) state. The stability of the Hs state is
limited and is obtained by employing a short burst voltage to drive the LC pi-cell into the Hs
state. This is investigated by adjusting the amplitude of the applied voltage and the duration of
the voltage burst. Experimental results of the optical phase modulation are obtained using a
phase-shifting Twyman Green interferometer (presented in Section 3.3) and compared with
results from simulations carried out using Ericksen-Leslie continuum theory. The device is able
to achieve a full 27 rad phase modulation with 1 ms timescale in a reflective geometry (akin to
that of a spatial light modulator), which shows excellent phase modulation capability, and the

experimental results are found to be in good agreement with the results from simulations.

The work presented in this chapter has been published in the journal article: Xue, L., Jin,
Y., Elston, S. J., & Morris, S. M. (2023). Fast analogue 2 phase modulation using a liquid

crystal Pi-Cell. Optics & Laser Technology, 167, 109773.

4.1 Literature Review

The need for high performance displays [97] and image projection [98] has been a key driver
in the development of LC spatial light modulator (SLM) technology for applications requiring
high frame rate and analogue 2w rad phase modulation at low driving voltages [99]. For nematic
LC-based SLM technologies, previous developments in this field have typically resulted in

response times of the order of milliseconds, limited for the most part by the viscoelastic
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response of the nematic LC [100]. To enable SLM technology to be used in a wider range of
applications, it is of great significance to investigate a better performance mode. To enable
SLM technology to be used in a wider range of applications, such as LIDAR and optical beam
steering [101], super-resolution optical microscopy [14][102], optically probing of biological
systems [103] and holography [9][15], improving the switching speed, while maintaining

access to the full 2x rad range is of great necessity.

Currently, LC-based SLMs typically employ either a ferroelectric liquid crystal (FLC)
or a nematic LC (NLC) to modulate the optical phase. However, both FLC and NLC
technologies have their pros and cons. For example, FLC-based SLM technology exhibits a
fast response time (generally of the order of sub-milliseconds), but the phase modulation is
usually only binary [78][104], which requires sophisticated optical configurations to generate
a continuous phase modulation [79][80]. Nematic SLM technology, on the other hand, does
exhibit multi-level analogue phase modulation, but at the expense of a slower response time.
Other LC modes do exist that can exhibit both fast response and analogue phase modulation,
but such modes have not yet been successfully commercialized. For example, both the
flexoelectro-optic effect in chiral nematic LCs and the electro-optic switching in nematic pi-

cells have the potential for both fast response and full 2t analogue phase modulation.

In the case of the flexoelectro-optic effect in chiral nematic LCs, fast sub-millisecond
response times can be observed when the pitch (p) of the helix is short (p = 300 - 400 nm)
[29]. In the uniform lying helix (ULH) geometry, flexoelectric coupling to an applied electric
field results in a tilt of the optic axis of the chiral nematic LC in the plane of the device. This
rotation of the optic axis can then be manifested as a phase modulation when the LC layer is

sandwiched between quarter-wave plates, as demonstrated in [105]. To observe flexoelectro-
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optic switching, a ULH alignment is required when conventional transverse electric fields are
employed (the electric field is aligned along the normal of the device substrates). However, the
formation of the ULH alignment is nontrivial [ 106] and polymer stabilization is often employed
to stabilize the alignment, albeit with varying degrees of success [107]. Furthermore, while
analogue 27 rad phase modulation with 1 millisecond response time has been observed using
this electro-optic mode, the device had to be operated at relatively high temperatures more than

100 °C [108].

Fast-switching electro-optic effects in nematic LCs can be achieved using the pi-cell
configuration, which features parallel rubbed planar alignment layers. In this setup, the LC
molecules are anchored as anti-parallel pretilt angles at the surfaces by the alignment layers
while forming a bend-like shape in the middle region under high voltages, where they remain
vertically aligned (perpendicular to the plates). This symmetric bend configuration, known as
the optically compensated bend (OCB) mode or the vertical state (V-state), was first introduced
by Bos and Koehler/Beran in 1984 [50]. In this arrangement, the nematic LC can achieve
response times on the order of a few milliseconds or less by virtue of the symmetric LC director
profile and the absence of backflow during director reorientation [50]. Its fast response times

make the pi-cell particularly valuable for nematic LC display applications.

To obtain the OCB mode, a voltage exceeding a specific threshold must be applied
[86][110]. However, a significant challenge arises from the topological differences between
the relaxed state and the electric field-driven bend state required for OCB operation.
Transitioning to the bend state involves a slow nucleation process, often requiring several
seconds. Additionally, the applied voltage must be sufficiently high to maintain the bend state

and prevent the LC from transitioning into the twisted state (T-state). In order to maintain the
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required state, and achieve suitable response times, researchers have proposed the use of
polymer stabilization [67][111]. or alternatively an increase in the pretilt angle at the substrates
of the device [112][113]. However, polymer stabilization usually also results in an unwanted
increase in the switching voltage, and both approaches reduce the overall range of optical phase

modulation.

Pi-cell devices exhibit an array of different director configurations when subjected to an
electric field and as a result can be operated in different ‘modes’. One such mode that has
received little attention for potential optical phase modulation applications is the transient
symmetric H (Hs) state, which can be obtained by applying a sudden step increase in the
voltage across a pi-cell. This potentially exhibits continuous (analogue) phase modulation
together with sub-millisecond response times at moderate driving voltages [50][114]. It also
exhibits a symmetric LC director profile, which avoids backflow during director reorientation.
These characteristics make it a promising candidate for use as an optical phase modulator, and
it is this mode that is the focus of the present chapter. While many of the characteristics are
favourable for phase modulation, the effective lifetime of the Hs state is typically of the order
of a hundred milliseconds, which is rather short, and potentially restricts its practical

application.

Figure 4.1 illustrates the typical transformations between the different states of a pi-cell
with a low pretilt angle (= 4 ~ 5°). With no applied voltage, the LC director forms a stable splay
(H) state, which has the minimum energy level. When the applied voltage is above a critical
voltage Vi (Freed) (Vi (Freed) = 1 Vrms), then the internal field is above that required to switch
to an asymmetric state (£ > Ena) and a Fréedericksz transition occurs, and the director profile

transforms into one of the asymmetric H (Ha) states. Alternatively, if a sudden voltage above
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a higher threshold voltage (Vi (Hs)) is applied to the H state, then the internal field is above
that required to switch to a symmetric state (£ > Ens), and the transient Hs state is obtained —
this state will tend to drift into the Ha state(s), or transform to the bend state, also termed the

vertical (V) state directly for a higher applied voltage.
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Figure 4.1. The switching states of a nematic pi-cell. An illustration showing the transitions of a nematic
pi-cell under different electric field conditions.

As the operating voltage is increased above the threshold for the V state, Vi (V), then
the internal field is increased above that required to switch to a V state (£ > Ev), and both Hs
and Ha states will transform to the V state because the V state is energetically favourable at
high voltages. It is worth noting that the transition speed from the Hs state to the V state is
much faster than that from the Ha state to the V state due to the larger energy difference
between the two states [115], which contributes to the short lifetime of the Hs state. When the
voltage is removed and the device is in either the Ha or Hs state, the director alignment will
return to the H state directly; on the contrary, if the voltage is removed while the device is in

the V state, or if the retaining voltage for the V state falls below the threshold voltage (£ >
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Evm), then a twisted state (T state) forms and the device gradually returns to the H state via

domain growth over the course of a few seconds.

Additionally, it can be seen from the schematic in Fig. 4.1 that in the Hs state the LC
director in the middle of the device is aligned parallel to the substrates, and the whole device
could be regarded as two half thickness Fréedericksz devices stacked together, as illustrated in
Figure 4.2. Consequently, the threshold voltage for the Hs state is double that of the
Fréedericksz (antiparallel rubbed alignment layers) device (Va (Hs) = 2 x Vi (Freed)).
Furthermore, because the response time of Fréedericksz devices is proportional to the square
of the LC layer thickness (7 € d?), the response time of the Hs state is more than 4 times faster
than the Ha state when considering the additional effects of flow-reorientation coupling [114].
With such potential for fast switching, it is important to investigate the potential of the Hs state

in optical phase modulation, but also essential to investigate the stability and the lifetime of the

Hs state.
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Figure 4.2. Schematics of a pi-cell in the splay state and Hs state: (a) the splayed ground state when V
=0 and (b) the symmetric H state when V > Vth (Hs) and (c) two half-thickness Fréedericksz cells as a
simplified view of the Hs state.

To prolong the lifetime of the Hs state, researchers have proposed that with higher

operating voltage, the lifetime of the Hs state will increase [109][116]. This is because large



applied voltages produce a high tilt director distribution which assists the bulk decoupling from
the effects of any asymmetric surface pretilts, as depicted in Figure 4.3(a). Asymmetric surface
pretilts can be the main cause for the director profile collapsing into one of the Ha states, as
illustrated in Fig. 4.3(b). The LC director in the middle layer drift towards one surface due to
the asymmetry in the surface pretilt. Therefore, higher voltages weaken the impact from any
asymmetric surface condition and enable the device potentially to remain in the Hs state longer,
and the lifetime of the Hs state will in principle be indefinite if the pretilts of the device are

ideally symmetrical.
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Figure 4.3. An illustration of the formation of the Hs state under different scenarios: (a) The Hs state
formed under a very high voltage, with the bulk director profile decoupled from the surface boundary
layers. (b) Schematic depiction of the Hs to Ha transition at V > Vy, (Fréedericksz threshold), where the
central region of the director profile appears initially decoupled from the surface boundaries but
gradually drifts toward the lower substrate over time.

However, as can be seen in Fig. 4.1, the Hs state can transition to the V state even without
progressing to the Ha state, which further contributes to its short lifetime. Ru Yang et al. have
pointed out that under higher applied voltages the V state would tend to rapidly nucleate and
cause the device to transition to the OCB mode [117]; therefore, the authors suggested a burst
driving method composed of an operating time period and a relaxation time period in order to

obtain the Hs state, and the existence of the symmetric profile of the LC director in the Hs state
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was confirmed by stroboscopic conoscopic imaging [117]. The operating time of the burst
driving method must be long enough to switch the device into the Hs state but short enough to
avoid the device breaking down to the Ha state or transitioning to the V state, while the

relaxation time allows a complete recovery to the ground H state (splay state).

4.2 The Hs state Pi-Cell Phase Modulator

As noted above, the transient Hs state is obtained by applying a sudden voltage above its
threshold, (¥ (Hs)). To prevent the Hs state from collapsing into the Ha state or nucleating
into the V state, a burst driving method is employed. During the operating period, when the
voltage is applied, the Hs state is formed and stabilized while avoiding transitions to other
states. The subsequent relaxation period, when no voltage is applied, allows the system to
recover to the ground H state. By periodically repeating this burst voltage cycle, the Hs state is
regularly obtained. The amplitude and duration of the operating burst voltage significantly
influence the lifetime of the Hs state. Therefore, it is important to study the stability of the Hs

state in order to determine its stable operational lifetime.

4.2.1 Appearance of Hs State

The pi-cell device used in the experiment reported here consisted of glass substrates that were
coated with indium tin oxide (ITO) electrodes and parallel rubbed polyimide alignment layers.
The surface pretilts were typically within 4° to 5° and the cell gap was 3.7 um. The nematic
LC mixture, E7 (Synthon Ltd.), which has been extensively characterized in terms of its
physical properties was capillary filled into the pi-cell device. To distinguish the transformation
between different states, the device was positioned between crossed polarizers on a polarizing
optical microscope (POM) (Olympus BX51), with the rubbing direction (optic axis) aligned at

45° to the polarizer and analyser pair.
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Figure 4.4. Representative polarizing optical microscope (POM) images of a pi-cell device under
continuous square waveform voltage: (a) the splay state of the device under no applied voltage (the
black dots in the image are the spacer beads distributed throughout the cell to obtain a unform cell gap).
Mixture of Ha state 1 and Ha state 2 when the device was driven by a square voltage of (b) 1.4 Vrms,
(c) 3.2 Vrms, and (d) 4.5 Vrms. (e) The formation of the V state under the voltage of 6 Vrms, and (f) the
V state under the voltage of 10 Vrms. The double-headed black arrows represent the orientations of the
polarizer and analyser. The double-headed red arrows represent the rubbing direction.

Figure 4.4 demonstrates the switching processes in a pi-cell along with exemplar POM
images of the various states under a continuous square driving voltage. When the voltage was
applied, the Ha and V states were observed at lower and higher voltages, respectively, but the
transient Hs state could not be captured due to its short lifetime. Both the Ha and V states
generally exhibit a uniform colour in the microscope image, with the colour changing as the
voltage increased. Due to imperfect surface alignments, two distinct formations of Ha states
are observed, along with the presence of several domain walls, as shown in Figs. 4.4(b) - (d).
These domain walls represent the interface between regions inside and outside the domains,
that is where the LC director has drifted in opposite directions to the device surfaces [120]. As
the voltage increased, changes in the observed colour were directly linked to variations in the

effective birefringence of the LC layers.
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Figure 4.5. Domain wall formations in the Ha state under an applied voltage of 2.7 Vpp. (a) Domain

wall along two sides aligned with the rubbing direction. (b) Domain wall with one end oriented
perpendicular to the rubbing direction.
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Figure 4.6. Visualization of the formation of two types of domain walls between Ha states: (a) 3D
model of the wall on the sides, illustrating twist distortion; (b) zoomed view of the side wall showing

detailed twist distortion; (c) 3D model of the wall at the end; and (d) zoomed XOZ view of the end wall
showing a splay-bend distortion.
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Figure. 4.5 depicts a zoomed view of a domain wall, where its alignment predominantly
follows the rubbing direction. Specifically, Fig. 4.5(a) shows a domain wall along two sides
aligned with the device’s rubbing direction, while Fig. 4.5(b) depicts a domain wall at an end
perpendicular to the alignment. This behaviour can be attributed to the differing orientations of
the LC director between two Ha states, as illustrated in Figure 4.6. Walls parallel to the
alignment direction exhibit strong twist distortion, as shown in Figs. 4.6(a)—(b), while walls
perpendicular to the alignment direction display strong splay-bend distortion, as depicted in

Figs. 4.6(c)—(d) [120].
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Figure 4.7. The waveform of an applied burst driving voltage: (a) full view and (b) zoomed view to 20

ms.

To obtain the transient Hs state, a burst driving voltage, as shown in Figure 4.7, was
applied to the pi-cell. The applied voltage was a square wave of 1 kHz with a variable burst
duration repeated every 1 second, as indicated in Fig. 4.7(b). By adjusting the amplitude and
burst operating time, the Ha, Hs and V states appear separately, while in some case these states
appear together due to the nonuniform conditions of the device substrate surfaces. Since the
device contained many spacer beads to maintain a uniform cell gap, most Ha and V states
formed and grew around these beads. Variations in the burst driving voltage further
complicated the situation, resulting in mixtures of states. When the applied electric energy is

low, either due to a lower voltage or a shorter duration, the resulting mixture primarily consists
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of Ha and Hs states. Conversely, if the electric energy is high, caused by a higher voltage or a

longer duration, the mixture shifts to a combination of V and Hs states.

B Hsstate -8

. X .
R ¥
~ .
. iR 3,
- .

Figure 4.8. Representative polarizing optical microscope (POM) images of (a) the splay state of the
device under no applied voltage (the black dots in the image are the spacer beads distributed throughout
the cell to obtain a unform cell gap). (b) mixture of Hs state and Ha states when the device was driven
by a burst driving voltage of 3 Vrms for 100 ms. (¢) Hs state and tiny regions of Ha states when the
device was driven by a burst driving voltage of 4 Vrms for 90 ms. (d) the Hs state formed by a burst
driving voltage of 7 Vrms for 20 ms. (e) formation of the V state under a burst voltage of 10 Vrms, and
during the relaxation period, V state relaxes to T state while Hs state relaxes to the H state, (e)
demonstrate the V state under a repeating burst voltage of 10 Vrms for 35 ms. (f)-(i) demonstrate the
growth of the V state under a repeating burst voltage of 10 Vrms for 50 ms. The crossed double-headed
black arrows represent the orientations of the transmission axes of the polarizer and the analyser, and
the double-headed red arrow represents the rubbing direction of the alignment layers.
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For example, the investigated pi-cell was initially in the splay state, as shown in Figure
4.8(a). When the operating condition was a driving burst voltage of 100 ms duration with an
amplitude of 3 Vrms, even though the Ha state can still collapse during the relaxation period
between the voltage bursts, the formation of the Ha state was still dominant during the driving
burst, which is not appropriate for a phase modulator design based on the Hs state, as shown in
Fig. 4.8(b). However, when a burst voltage of 90 ms duration with an amplitude of 4 Vrms is
applied, the Hs state, characterized by a yellow colour with some texture in certain areas,
became the dominant state in the image of Fig. 4.8(c). The existence of the texture arises from
variation in the positions of the central LC director. Specifically, some regions are slightly
displaced upwards from the central plane, while others are slightly displaced downwards. This
uneven director profile in the device is primarily caused by minor asymmetries in the surface
properties of the device. In addition, although it can be seen that the Ha state has also formed,
which is evidenced by the small blue regions that exist around some of the spacer beads, this
only takes up a very small portion of the area. Under the condition where the Hs state is
dominant, the device can still be considered a viable optical phase modulator based on the Hs

state.

In addition, under a moderate amplitude voltage and short operating time, the Hs state
can be obtained on its own, as shown in Fig. 4.8(d) for a 20 ms duration voltage burst with a
voltage amplitude of 7 Vrms. In such a case, very small Ha states may still appear due to the
asymmetries introduced by the spacer beads. However, because the total area of any Ha state
domains over the whole device is negligible and any Ha states disappear completely by the end
of the relaxation period between bursts (due to a decay time of a few milliseconds), any
appearance of the Ha states can be ignored. When the driving amplitude was increased to 10

Vrms, the device initially exhibited only the Hs state at the beginning of the burst. However,
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as the burst length increased, part of the Hs state transitioned to the V state, which subsequently
grew as small regions around the spacer beads. This behaviour is shown in Fig. 4.8(e). It should
be noted that if the V state regions during this stage are small and fully collapse during the
relaxation period, allowing the device to recover to the ground H state, they have no impact on

the formation of the Hs state, or the phase modulator design based on the Hs state.

Furthermore, as the burst length increased (i.e., was longer than 35 ms for an applied
voltage of 10 Vrms) then the V states grew significantly. In this case the V/T state then did not
collapse between bursts and consequently the V states continued to grow from burst-to-burst
and the whole area of the Hs state eventually transitioned to the V state. Since capturing images
during the voltage-on phase was challenging due to the transient nature of the Hs state, the
images were taken during the voltage-off phase, as shown in Fig. 4.8(f) - (i). Here, the splay
state transitions to the Hs state under voltage-on conditions, while the T state becomes the V
state under voltage-on conditions. In these images, the V state is observed to dominate,
occupying the entire visible area in the eyepiece, leaving the device unsuitable for a phase

modulator design based on the Hs state.

4.2.2 Voltage Conditions for a Stable Hs State

In the subsequent work, we apply a burst driving voltage to stimulate the Hs state, and the
duration of the burst is required to be long enough to induce the Hs state but short enough to
minimize the Ha state regions and prevent significant transition to the V state. The states of the
pi-cell are strongly determined by the applied voltage and its duration time. Therefore, it is of
great necessity to quantify the effects of burst driving voltage on the device's state and state

transitions.
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Figure 4.9 presents the characterization of the states of the pi-cell device under various
applied voltages and duration of the voltage bursts. These states were determined from
observations of the POM images (as illustrated in Figure 4.8) together with the measured time-
dependent transmission. The experimental setup used for these measurements is detailed in
Section 3.2 (Fig. 3.4). The burst driving voltage applied on the device, illustrated in Fig. 4.9(a),
includes an operation period (in this case 30 ms) followed by a relaxation period (in this case
970 ms). Transmission curves corresponding to this burst voltage, obtained with the device
placed between crossed polarizers and with the rubbing direction aligned at 45° to the
polarizers’ transmission axis, are presented in Fig. 4.9(b). From these measurements, together
with the images observed through the POM, it can be determined that the flat period in the
transmission curve during the operation period corresponds to the Hs state. The constant
transmission region during the relaxation period represents the ground H state, which is weakly
splayed. The undulating regions of the transmission curve between these states indicate the

dynamic switching behaviour of the device.

By repeating these investigations for a range of voltage bursts and durations, the stable
operating regime of the Hs state can be determined. This is illustrated in Fig. 4.9(c), where the
x-axis represents increasing voltage, and the y-axis represents the increasing burst duration.
The blue areas at the bottom of the bars represent the time taken for the formation of the Hs
state (i.e., the time required to reach equilibrium), acquired from the transmission curve(s).
These results show that the time needed for the formation of the Hs state is about 0.2 ~ 5.0 ms
for the pi-cell device used in this study, depending on the burst driving voltage applied. It can
also be seen that as the voltage increases, the time required to form the Hs state becomes
shorter. In addition, the green bars indicate the useful lifetime of the Hs state, which tends to

decrease as the burst voltage increases. During this time, the formation of a few very tiny Ha
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and/or V states might occur around spacer beads, but these are generally small enough to be

ignored.
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Figure 4.9. Stability of the Hs state. (a) An illustration of the burst driving voltage with the driving frequency
during the burst of 1 kHz and (b) corresponding normalized transmission curve. (¢) The various states that occur
for different driving voltages and duration of the burst (blue — time to equilibrium state, green — Hs state, yellow
— mixture of V and Hs states, purple — problematic formation of Ha states, red — growth of the V state). (d)
Ilustration of how the lifetime of the Hs state can be affected by different repeat periods (the front, middle and
back rows represent the periods 0.5 s, 1 s and 2 s, respectively).

The yellow bars indicate where a mixture of Hs and V state tends to occur, since the
duration of the driving burst is sufficient to enable the formation and some growth of the V
state. However, if the V state domains which have appeared in this region are sufficiently small
to collapse completely during the relaxation period between bursts, they will not affect the
formation of the Hs state in the next voltage burst. This observation indicates that the voltage
burst regime in the region of the bars coloured yellow could also potentially be adopted for

phase modulator design based on the formation of the Hs states. Nevertheless, as the drive
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voltage increases, the burst duration should decrease to maintain an Hs state that is sufficiently

stable to be of use.

Moreover, the red areas in Fig. 4.9(c) indicate the condition when the V state continues
to grow as the voltage bursts repeat instead of collapsing between voltage bursts. In this case,
the V state gradually overtakes the Hs state, eventually occupying the entire device area and
making this regime unsuitable for Hs-based phase modulators. At lower driving voltages, such
as with bursts of 4 Vrms, the time for significant growth of the V state tends to be longer (e.g.,
is more than 100 ms at 4 Vrms). Instead, the Ha state emerges as a greater challenge, tending
to dominate the Hs state before the V state becomes dominant. This region is indicated by the
purple areas in Fig. 4.9(c). This is not suitable for phase modulator design based on the Hs state;
and therefore, implies problematic effects in terms of Ha state formation limiting the useful
duration of the stable Hs state. In summary, Fig. 4.9(c) highlights regions where optimal
voltage bursts and durations can be selected to maximize the useful lifetime of the Hs state.
These regions are represented by the green and yellow bars, which provide the most favourable

conditions for designing the Hs-based phase modulator.

Furthermore, we also investigate the effect of the repeating period of the burst voltage
on the lifetime of the Hs state. Fig. 4.9(d) illustrates the burst durations required to maintain a
stable Hs state across a range of repeating periods, specifically 0.5 s, 1 s, and 2 s. For all three
periods the lifetime of the Hs state decreases as the burst driving voltage increases. As the
repeat period increases, the time needed for the Hs state formation remains the same, while the
potential lifetime of the stable Hs state tends to become slightly longer — this is because any
residual Ha and/or V state trapped around the spacer beads was more likely to entirely collapse

when the time between burst driving voltage was longer. Therefore, for optical phase
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modulation applications, it was necessary to choose an appropriate relaxation period to avoid
deleterious growth of the Ha and/or V state within the desired Hs state. In this work, the period
of the burst driving voltage and relaxation time were set to 1 s and the duration of the bursts

were chosen based on the stable Hs regime shown in Fig. 4.9(c).

4.3 Modelling the Optical Phase Modulation

To estimate the potential response time and phase modulation of the Hs state, we have modelled
the LC director reorientation for different applied voltages and pulse duration and have
predicted the resulting optical phase modulation based upon the director profiles — the results
from these simulations have been used in subsequent sections to make comparisons with
experimental results. To determine the LC director reorientation during transient switching of
the Hs state in a pi-cell, a computer numerical model was implemented to solve the Ericksen—
Leslie continuum equations [39]. There are two key parts to this: (i) the free energy density of
the LC layer (which depends on the director configuration, LC elasticity, applied electric field
and dielectric permittivity); (ii) the rate of energy dissipation during director reorientation

(which depends on the LC viscosities, director reorientation rate and flow within the LC layer).

Here we assume that the LC director remains within one plane and that its orientation is
represented by an angle € (the director tilt angle) which is a function of time and position across
the LC layer (defined as the z-coordinate in what follows). As indicated in Section 2.3.1, the
free-energy density (due to elastic and dielectric interactions) can then be written in terms of

the director 7 based on Eq. (2-11) as
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where K11, K22 and K33 are the splay, twist and bend elastic constants, respectively, Ag is the
dielectric anisotropy and E is the internal electric field. With the electric field along the z-

direction this becomes
f=lK COSZQ(@)Z-I-EK sinze(%)z—lAes sin?  E,? 4-2)
21 0z 233 0z 27770 z
where E,, is the local electric field which is determined from the requirement for continuity in

the z-component of the electric flux density.

To determine the director behaviour, we then need to solve the Euler-Lagrange equation

a<af) of 9D
0z\a0') 06~ 9@

(4-3)

where D is the dissipation function and the term on the righthand side of Eq. (4-3) can be

written as

3—2 = (a3 — a,)0 + v.(azc0s%0 — a,sin?f) 4-4)

where a, and a5 are the Leslie coefficients and v, is a non-zero flow term. To solve Eq. (4-4)
also requires knowledge of the flow, which is obtained from the Navier-Stokes equation. This
leads to

oD v
Gpx = Fr Tx [2a,sin?6cos?0 + a,(cos?0 — sin?0) + 2a;c0s%0 + a, + as]
X

+6(a3c05%0 — a,sin?0H) (4-5)
where 4, is the dynamic portion of the stress tensor, which can be obtained from the non-slip
boundary conditions and the knowledge that it is independent of the z-coordinate, a4, a,, as,

a, and ag are Leslie coefficients.

This system of equations is solved using a simple finite difference approach, with a

regular grid in the z-direction. As noted above, non-slip boundary conditions are used for the
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flow component. Additionally, the LC director tilt is fixed at the surfaces (here a small
symmetric pre-tilt is used). This then allows the simulation of 8(z,t). To determine the
resulting optical phase modulation the local component of the LC refractive index parallel to

the rubbing direction is calculated from the director profile

NNy

\/ng sin? 6 + nZ cos? 6

neffective (Z' t) = (4' - 6)

where 1, and n. are the ordinary and extraordinary refractive indices, respectively. Eq. (4-6)
can then be (numerically) integrated across the device thickness to determine a net retardation
and hence an optical phase shift

2m (¢
6= 7_[ neffective(zi t) dz — 60 (4' - 7)
0

where § is a chosen reference phase. The parameter values we used in this study were taken
from the literature [39]. Specifically, these parameters were K11=11.1 pN, K33=17.1 pN, ¢, =
54, =174,n,= 1.5,n, = 1.72 and the wavelength was set to A = 632.8 nm. The Leslie
coefficients used in the model were a; = —21 mPa-s, a, = —282 mPa's, a3 = -1 mPa's, a, =

225 mPas and a5 = 92 mPa-s, taken from [39].

To estimate the potential optical phase modulation, we consider an LC layer with small
symmetric surface pre-tilt which is driven into a transient Hs state by the sudden application of
a large electric field — the resulting director profile is then near homeotropic through the bulk
of the LC layer, with thin transition regions near each surface and a thin transition region in the
centre of the layer. In the limit of very large electric fields, the transition regions become
vanishingly thin. When the applied field is removed the director profile begins to relax back
towards the ground H state — initially this happens by the growth of boundary layers from each
surface, and the growth of boundary layers from the central transition region. This initial

behaviour is largely independent of the device thickness. The resulting director profile leads to
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a modulation in the optical phase of transmitted light. It is this stage which is critical in
understanding the limits in available phase modulation speed because the “switch on” stage
can be made fast by being driven with a sufficient electric field amplitude, but the “switch off”
stage is limiting due to the balance between elasticity, viscosity and flow in the director

reorientation.

For example, in the simulation, a model of an LC layer in the ground H state is driven
with a high voltage of 50 Vrms into a director profile of the Hs state, which has very thin
transition regions at the surfaces and in the centre of the LC layer — the resulting director profile
is mainly homeotropic through the bulk of the cell, as illustrated by the blue line in Figure
4.10(a). When the voltage is removed, boundary layers “grow” from the surfaces and cell
centre, as illustrated by the transition from the blue line to the brown line (0.08 ms after voltage
removal). At later times, the reorientation extends to the bulk of the LC layer, as illustrated by

the yellow and purple lines (0.28 ms and 1 ms after voltage removal).
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Figure 4.10. Simulation result of the device under a voltage of 50 Vrms and the corresponding phase

modulation: (a) director distribution (tilt angle) at different times after the removal of the applied voltage,
and the director angle is 4° at the two substrate surfaces due to the pretilt angle (d — LC layer thickness

and z is a distance along the normal to the substrates); and (b) corresponding optical phase modulation
following the voltage removal process — the voltage was removed at 15 ms and the director profile at 1

ms in (a) corresponds to the highest phase modulation at 16 ms in (b). Results are shown for three
different LC layer thicknesses.
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The resulting optical phase modulation is shown in Fig. 4.10(b). Again, the 50 Vrms
driving voltage was applied to the device in order to drive the device into the Hs state discussed
above. The voltage was then removed at 15 ms and reapplied at 16 ms. In the 1 ms between 15
ms and 16 ms we can see the optical phase modulation resulting from the director profiles
illustrated in Fig. 4.10(a), which describes the relaxation period. In Fig. 4.10(b), we show the
modulation effect for LC layer thicknesses of 4 um, 4.5 um and 5 pum — this shows that for
small device thickness variation around this point, the available optical phase modulation does
not substantially vary. As noted above, this is because the behaviour is dominated by the growth
of the surface and central boundary layers in this regime. In each case the phase modulation
was substantially greater than m-radians, which indicates that a full 2n rad optical phase
modulation would potentially be available in a reflective SLM arrangement with switching

times on a 1 ms timescale.

In the experiments, before extracting the phase, an initial measurement was conducted to
analyse the transmission behaviour during the burst voltage. As discussed in Section 3.2, the
transmission-time behaviour can quickly provide us with an estimate of the phase modulation
expectation, and a transmission-voltage curve can be measured to confirm the device thickness.
The experiment setup was presented in Section 3.2. In this case, the pi-cell was placed between
crossed polarizers with the rubbing direction at 45° to the polarizer axis. The light from the
laser passed through a polarizer, LC device and another orthogonal polarizer in turn, before it
was finally received by the photodiode. By applying the burst driving voltage to the device, a
transmission-time curve can be obtained, as illustrated earlier in Fig. 3.5. Similarly, by applying
a gradually increasing square wave (1 kHz frequency is used here) and recording the

transmission, the transmission-voltage curve can be observed, as presented in Fig. 3.8.
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To match the transmission-voltage curve with the simulation by adjusting the LC layer
thickness and the pretilt angle of the device, they were set as 3.73 pm and 4°, respectively.
Based on the transmission-voltage dependence, it can be noted that between two neighbouring
points where the transmission reaches 50%, the optical phase retardation of the device has
changed by & rad. Similarly, between two successive points where the transmission is 0% and
100% there is also a change in optical phase retardation of & rad. Therefore, from the measured
transmission-time curve of a pi-cell, it was estimated that a phase shift of © rad was achieved
in 1 millisecond for the transmission arrangement. The device behaviour shows great
consistency with the calculation result; and therefore, it is predictable that this device can

exhibit a phase modulation of 2n rad in 1 millisecond in a reflective SLM geometry.

The results outlined above indicate that: (1) the LC layer thickness is 3.73 pm (with a
small pre-tilt of around 4°); and (2) by modulating the signal as illustrated in Fig. 3.10(a) a

useful level of phase modulation is expected in the Hs state.

We then utilized this simulation model to predict the optical phase modulation of the
designed optical phase modulator for this particular device with realistic driving conditions. In
the simulation, the burst driving voltage was set to 10 Vrms, as will be illustrated later in Fig.
4.12(a). The LC device was driven into the Hs state at 0 ms and remained stable for 5 ms.
Following this, the device transitioned into the modulation stage, which consists of the
alternating voltage of 1 ms off and 1 ms on. Figure 4.11(a) depicts the simulated dynamic
changes in the director profiles during the modulation stage, focusing on the interval from 25
ms to 26 ms. This specifically relates to the optical phase modulation when the voltage is
removed. The resulting optical phase modulation is shown in Fig. 4.11(b), where a full phase

shift of 2x rad is achieved within 1 millisecond in a reflective geometry. This result aligns well
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with the estimation obtained using the transmission method, validating both the simulation and
experimental approaches. This consistency between simulation and prior estimations confirms
the great potential of this modulator design. Based on this, we anticipate similar outcomes in
subsequent experimental measurements, which could further confirm the potential reliability

and precision of the burst driving method and the optical phase modulator design.
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Figure 4.11. Simulation result of the device under a voltage of 10 Vrms: (a) director distribution (tilt
angle) at different times after the removal of the applied voltage, and the director angle is 4° at the two
substrate surfaces due to the pretilt angle (d — LC layer thickness and z is a distance along the normal
to the substrates); and (b) corresponding optical phase modulation following the voltage removal
process in the reflection geometry — the voltage was removed at 25 ms and the director profiles in (a)
results in the phase modulation in (b).

4.4 Experimental Results

We now aim to accurately measure the optical phase modulation of the LC device in the Hs
state using the phase-shifting Twyman Green interferometer method outlined in Section 3.3.
The applied burst driving voltage consisted of a cyclic 1 second long waveform sequence with
“priming stage” of a £10V 1kHz square wave for 5 ms (which drives the devices into the Hs
state) followed by a “modulation stage”, where this drive voltage was repeatedly turned on for
1 ms and then off for 1 ms for the next 35 ms, followed by a “relaxation stage” where no voltage
was applied for the rest of the 1 second, to allow the LC device to return to the ground H state.

This voltage waveform is shown in Figure 4.12(a).
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Figure 4.12. (a) The burst driving voltage applied to the nematic pi-cell, which consisted of a 40 ms
operating period repeated every 1 second. (b) The corresponding optical phase modulation results of
the LC device under voltage shown in (a). (c) An enlarged view of the modulation section from 15 ms
to 23 ms of (b).

A four-step phase-shifting algorithm is employed to extract the phase information,
represented by Eq. (3-24), as explained in Section 3.3. The phase modulation was then
extracted and is shown in Fig. 4.12(b), where the horizontal axis is the time scale, and the
vertical axis is the phase modulation from the LC device. Fig. 4.12(c) plots the enlarged section
of Fig. 4.12(b) to highlight the detailed phase response under modulation. It is evident that a
stable 2 rad phase modulation was achieved in 1 millisecond in the Hs state using the
reflection (two-pass) configuration. The measured phase modulation correlates well with our
results from simulations for an LC layer thickness of 3.73 um (the other device parameters
were as listed in the modelling in Section 4.3). This agreement highlights the accuracy of our
simulation model, which incorporated detailed device parameters including elastic constants,

dielectric anisotropy, and pretilt angles as well as validates the reliability and effectiveness of
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the experimental setup. In addition, this result further underscores the feasibility of the burst
driving method in reliably maintaining the Hs state while achieving precise optical phase

control, demonstrating its practical applicability for high-speed optical phase modulator design.
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Figure 4.13. Simulation of the LC device director distribution during phase modulation under a voltage
of 10 Vrms with 1 ms pulse. This illustrates the dynamic behaviour of LC molecules at various time
points after the removal of the applied voltage from the left to the right (or after reapplication of the
voltage from the right to the left in 1 ms). The boundary layers grow outward from the surfaces and the
centre of the LC layer during the relaxation process, while compressing in response to the applied
electric field.

The behaviour of the LC director within the device during the modulation process is
depicted above in Fig. 4.11(a) using curves representing the changes of tilt angle 8, while
Figure 4.13 provides a detailed illustration of the dynamic director profiles during the 1 ms
relaxation process. Both visualizations are based on simulation insights and highlight the
intricate molecular dynamics that determines the optical phase modulation. During the
relaxation period, when the applied voltage is removed, the boundary layers grow outward
from the surfaces and the centre of the LC layer, allowing the LC director to gradually return
to the ground state alignment. However, since 1 ms is far too short for the LC director to fully

reach the ground state, the voltage is reapplied long before complete relaxation occurs.

107



Conversely, during the reapplication period, the boundary layers are compressed as the LC
director reorients in response to the electric field. This repeat between boundary layer growth
and compression is the key mechanism in generating phase modulation in the device. The
director reorientations produce precise and controllable optical phase modulation. This
understanding, derived from the simulation, underscores the effectiveness of burst voltage
driving in achieving rapid and stable phase modulation for high-speed optical phase modulation

applications.

To further explore the phase modulation capability of the nematic pi-cell in the Hs state,
the following experiments were conducted. Firstly, since the available phase modulation is
related to the amplitude of the applied voltage, it was necessary to investigate the relationship
between the driving voltage and the optical phase response of the device in the Hs state. To do
this, a driving signal of the same form as that illustrated in Fig. 4.12(a) was used, with a priming
stage of a 1 kHz square wave, followed by a modulation stage where the driving signal was
repeatedly on for 1 ms and then off for 1 ms, followed by a relaxation stage with no voltage
signal applied. By adjusting the amplitude of the 1 kHz voltage from 6 Vrms to 20 Vrms, the
corresponding phase modulation during the voltage modulation stage was measured, as shown
in Figure 4.14(a). Since the lifetime of the Hs state is significantly shorter at 20 Vrms, the
voltage applied to the device was adjusted for only achieving two modulation cycles before
transitioning out of the Hs state. In each case the resulting optical phase modulation signal is

offset to zero for the equilibrium Hs state present after the priming stage.

Fig. 4.14(b) presents an enlarged section of Fig. 14(a) to provide a clearer view of the

phase modulation during the pulses. It can be observed that as the driving amplitude increases,

the phase modulation depth also increases and the switching on speed also becomes faster. The
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increased available phase modulation at higher voltage is because of the fact that, when a larger
voltage is applied, the internal electric field then leads to a larger region of the LC director
aligning parallel to the electric field. Consequently, the transition regions (boundary layers) at
the surfaces and in the centre of the device in the Hs state become thinner — when the field is

removed this then produces a larger phase modulation within 1 ms.
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Figure 4.14. Measured results: (a) phase modulation response as a function of time for various applied
voltages with a 25 ms operation time (under 10 ms for 20 Vrms) and (b) enlarged section of (a) from 5
ms to 9 ms and (c) simulation and measured results illustrating the relationship between the applied
voltage and phase modulation during relaxation process within 1 ms time scale. (d) the 1 ms phase
modulation at higher voltage is linearly dependent on the inverse of the applied voltage.

The resulting available phase modulation as a function of voltage within the period of
the 1 ms pulse is plotted in Fig. 4.14(c), together with the simulated response. The optical phase

modulation at 4 Vrms is not shown in Fig. 4.14(a) due to the space constraints. It can be seen
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that the available phase modulation increases as the voltage increases, apparently tending
towards an asymptote at higher voltages. Importantly, 2n rad optical phase modulation within
1 ms is available with a driving voltage of 10 Vrms, and when the voltage is above 10 Vrms
the corresponding phase modulation is larger than 2z rad in 1 millisecond. However, it is also
important to note that when the applied voltage is higher, the lifetime of the Hs state is reduced
due to the rapid growth of the V state, limiting the potential to exploit the optical phase
modulation response (for example, here when the voltage is 20 Vrms, the useful Hs state
lifetime becomes less than 10ms). It is also interesting to observe that for higher drive voltages
a plot of the available phase modulation in 1 ms as a function of the inverse of the voltage leads
to a straight-line behaviour, as seen in Fig. 4.14(d). This is likely to be due to the fact that the
LC electric coherence length is inversely related to the electric field strength, which then
dictates how thin the boundary layers at the surfaces are and how thin the transition region in
the centre of the Hs layer is, with a corresponding influence on the available optical phase

modulation.

To demonstrate the potential for addressing multiple optical phase levels using switching
in the Hs state, the optical phase after 1 ms can be maintained by choosing a suitable hold
voltage. In this case, after the priming period required to establish the Hs state, the switching
waveform in the operating period consists of driving, relaxing, and holding in turn. The driving
voltage (fixed at 10 Vrms) initiates the Hs state. The relax voltage is applied after driving to
allow the LC director to settle into a specific intermediate configuration corresponding to the
desired phase level within 1 ms. This voltage determines how much the LC director relaxes,
thus controlling the optical phase modulation. Following this, the hold voltage is applied to
stabilize the LC director profile, ensuring the LC device maintains the achieved phase level for

an additional 1 ms. By varying the relax voltage (from 0 Vrms to 10 Vrms) and selecting the
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corresponding hold voltage, the system enables precise and stable phase control. The resulting
measured and simulated phase modulation curves are shown in Figure 4.15(a) and (b), together
with a plot of the rms voltage applied in Fig. 4.15(c) and (d). This demonstrates that the optical

phase can be precisely set at any arbitrary chosen point within the range of 0 to 2x rad.

Further validation of the optical phase modulation capability of the Hs state was
conducted by applying various relax-hold voltage combinations. The root-mean-square (RMS)
voltage waveforms corresponding to these combinations are shown in Fig. 4.15(g) and (h). The
resulting phase modulation, presented in Fig. 4.15(e) and (f), remained stable on the
millisecond timescale and demonstrated good controllability. These results confirm that the
optical phase can be continuously and precisely modulated to any desired level, depending on
the applied voltage. Importantly, the measured results show excellent agreement with the
simulation, confirming the accuracy of the approach. This demonstrates that precise,
controllable optical phase modulation over a full range of 0 to 2m rad can be achieved on
millisecond time scales with a nematic LC pi-cell in the Hs state. If it is required for longer
time scales of modulation, the device is also capable of holding the phase within the operation

period.

Figure. 4.16 plots the relationship between the hold voltage required and the relax
voltage, as well as the optical phase state obtained as a function of the relax voltage. By
choosing different hold voltages as the relax voltages change, a flat and stable phase level can
be maintained for 1 ms, as seen in Fig. 4.15. In Fig. 4.16 (a), the hold voltage is plotted against
the relax voltage. Notably, when the relax voltage exceeds 6 Vrms for the device under
investigation, the required hold voltage becomes equal to the relax voltage. This indicates that

equilibrium is reached during the 1 ms relaxation period at higher relax voltages, allowing the
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hold voltage to equal the relax voltage, simplifying the modulation scheme. Additionally, the
experimentally determined hold voltage aligns closely with the simulated values,
demonstrating the accuracy of both experimental and simulation. Fig. 4.16(b) depicts the
relationship between the resulting phase modulation and the relax voltage. The phase
modulation of 0 rad corresponds to condition where the relax voltage is 10 Vrms, indicating
no additional phase modulation. The phase modulation demonstrates a continuous 2n rad phase
range as the relax voltage is varied, which underscores the effectiveness of the relax-hold
voltage scheme in achieving controllable and stable phase modulation over a wide range. The
measured data shows great agreement with the simulated results, which further demonstrates
the reliability and accuracy of both the simulation model and measurement system. This
continuous phase response highlights the potential of this modulation method for applications

requiring precise and repeatable optical phase control.
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Figure 4.15. Demonstration of the multiple optical phase levels achieved by the LC device under
various operating conditions: (a) measured and (b) simulated phase modulation curves changes under
the increasing relax and hold voltages combination. (¢) and (d) are corresponding applied voltage
waveforms for (a) and (b), respectively, and within the modulation range, the voltage is same during
each modulation. (e¢) and (f) show measured and simulated phase modulation results under varying
relax-hold voltage combinations, and (g) and (h) present the applied corresponding voltage waveforms
for (e) and (f), respectively. The voltage is different during each modulation within the modulation range
in (g) and (h).

113



8
E

v —e—Measured 6 —e—Measured
~ —o—Simulated —_ —e—Simulated
b1y =)
s 6 24
G P
~ 5 2
= =
= =)
= 4

3 0

0 2 4 6 8 0 2 4 6 8
(a) Relax Voltage (V) (b) Relax Voltage (V)
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4.5 Conclusions

In this chapter, we use a burst driving method to obtain the Hs state in a nematic LC and
investigate the effects of the amplitude and operating time on the stability for use as an optical
phase modulator. The switching transition to the Hs state, and the required conditions for its
stability are illustrated. Modelling based on Ericksen-Leslie theory indicated that useful optical
phase modulation could be obtained in the Hs state on a 1 ms timescale. To verify the model,
anematic LC (E7) was capillary filled into a pi-cell device. A phase measurement system based
on a phase-shifting Twyman Green interferometer was employed to enable time-dependent
optical phase measurements. The experimental results revealed that the Hs state can achieve a
2n rad optical phase modulation in 1 millisecond under a burst voltage of 10 Vrms at room
temperature in a reflective device configuration (as commonly implemented in SLM
technology). Further, multiple optical phase levels were achieved under various applied relax-
hold voltage combinations. However, as the stability of the Hs state is limited, it cannot provide
a truly continuous phase modulation with time, and thus further work is required to stabilize
and preserve the Hs state, which would then provide a route to significantly enhance the

capability of nematic based optical phase modulators.
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S.Polarization-independent Phase Modulator

Design

In this chapter, we investigate the potential of achieving polarization-independent phase
modulation using super-twisted nematic (STN) liquid crystal (LC) devices. Here, we describe
the use of a burst driving voltage applied to a 180° STN LC device to obtain a twist symmetric
H (T-Hs) state, which enables simultaneous modulation of light for all polarizations,
demonstrating a polarization-independent characteristic. To the best of the author’s knowledge,
this is the first demonstration of using a T-Hs state to achieve polarization-independent optical
phase modulation. Additionally, we consider a 90° twisted nematic (TN) LC device for

comparison as this can also exhibit polarization-independent characteristics.

Simulations were carried out using a numerical model based on the Ericksen—Leslie
continuum equations [39], which was employed in conjunction with Jones calculus described
in Section 2.5.2 to simulate the optical properties of the device. The time-dependent optical
phase modulation of the device was subsequently measured using a phase-shifting Mach—
Zehnder interferometer, as introduced in Section 3.4. The experimental results demonstrate that
an STN device with an 8.9 um thick LC layer, operating in the T-Hs state, exhibited a n/2 rad
optical phase modulation in 1 ms for a burst voltage of 30 Vrms that was found to be
independent of the incident polarization. These measurements were obtained at room
temperature in a single optical path configuration and were found to be in good agreement with

the results from simulations.

This work has been written up and published on a peer-reviewed journal: Xue, L., Elston,
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S.J., & Morris, S. M. (2025). Polarization-independent nematic liquid crystal phase modulators.

ACS Photonics.

5.1 Literature review

As discussed in Section 1.1, Spatial Light Modulators (SLMs) are crucial components in
modern optics and photonics, offering precise and dynamic control over the properties of light
such as phase, amplitude, and polarization. By exploiting the unique electro-optic properties of
liquid crystals (LCs), LC-based SLMs enable real-time manipulation of incident light with
incredible flexibility and precision, shaping optical wavefronts for a variety of applications
including beam shaping[7], microscopy [14], holography[15][16], and optical communication
systems [121]. Therefore, SLMs that are capable of high frame rates, analogue 2n rad phase

modulation, and low driving voltages are in high demand.

To further improve the versatility and efficiency of optical systems, polarization
independence is a highly desirable feature in the design and application of LC-based SLMs as
it ensures consistent performance in real-world scenarios where the incident light may exhibit
unpredictable or changing polarization characteristics. Polarization-independent SLMs would
allow incident light to pass through the device without changing the polarization state, which
eliminates the need for additional optical components, such as polarizers, to manage varying
polarization states. This streamlines the optical system, enhances the optical efficiency, and

reduces the financial cost.

Broadly, three different techniques have been considered for polarization-independent

performance using LC based devices. The first technique is to configure the surface alignment

of the LC device at the two opposing substrates to be orthogonal to one another, as exemplified
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by Twisted Nematic (TN)-LC devices, enabling polarization independence to be achieved
while maintaining optical phase modulation with an applied voltage [53][122][123]. In a TN-
LC device, the LC director near the substrate surfaces aligns parallel to the surface alignment,
while in the bulk, the director twists uniformly by 90° due to the boundary conditions in the
absence of an applied voltage. When a voltage is applied, the LC director in the middle of the
layer orients along the electric field direction, while the director near the substrate surfaces
maintain alignment with the surface rubbing direction. At high voltages, the two boundary
layers can be regarded as decoupled from the bulk and are oriented along perpendicular
directions, allowing for simultaneous optical phase modulation for orthogonal linear
polarizations. TN-LC devices have been applied for the purposes of amplitude modulation,
phase-only modulation [55] and complex modulation. The latter enables simultaneous control

of both the amplitude and phase [124].

Secondly, polarization independence can be achieved by utilizing certain LC phases,
such as blue phase LCs (BPLC) [125][126], polymer-stabilized blue phase LCs (PS-BPLCs)
[127]-[129], short pitch chiral nematic LCs (CLCs) [130]-[132] and polymer-dispersed LCs
(PDLC) [134]-[136]. BPLCs exhibit a three-dimensional periodic lattice structure with
spontaneous chirality and are optically isotropic, enabling the uniform optical modulation of
light for all polarization states. Additionally, BPLCs exhibit major advantages in terms of
millisecond response times, simple fabrication methods (no need for surface alignment layers),
a large optical Kerr effect and the ability to perform continuous optical phase modulation,
making them a promising candidate for SLM technologies. Towards this end, previous research
proposed optimizing the material parameters and cell gap of the BPLC device to achieve a full
21 rad phase shift at a voltage of 26 V [126]. However, BPLCs typically exhibit limited

temperature ranges, which has led to innovations such as crosslinked polymer networks to
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stabilize the mesophase (PS-BPLCs). Nonetheless, polymer stabilization remains a challenging
process and requires a high driving voltage, which increases power consumption. While
reducing the operating voltage is possible by increasing Ae, this approach typically results in a
higher viscosity and potentially slower response time. Additionally, the prolonged charging
time subsequently limits the device's resolution and frame rate [128]. What’s more, a PS-BPLC
device was found to exhibit a full 2z rad phase shift at 24 Vrms but needed a four-pass optical

configuration to achieve this amount of phase modulation [129].

For CLCs with a pitch smaller than the wavelength of light, the uniform standing helix
and focal conic states have been exploited to demonstrate polarization independence owing to
their anisotropic properties [130]. This attribute arises from the helical macroscopic structures,
which possesses circular symmetry, enabling uniform interaction with incident light regardless
of the polarization state. CLCs have also been extensively applied in the infrared (IR) band as
polarization-independent variable optical attenuators [131] and in the THz band as
polarization-independent 2t rad THz phase shifters [132]. PDLCs, on the other hand, have
been used to achieve polarization independence by randomly dispersing the orientation of the
LC director, ensuring that incident light of any polarization experiences the same effective
refractive index, resulting in a consistent phase shift [134]. It has been suggested that these
structures can be optimised by making the LC droplets pinned near the glass substrates [135]
and using nanometre sized PDLCs [136]. However, PDLCs can suffer from limited phase

modulation and unwanted losses due to light scattering.

The third method involves stacking two birefringent layers orthogonally to enable phase

modulation in both the x and y directions independently [137]-[139]. Researchers inserted an

ultra-thin polymer film in the middle of two separate orthogonal LC layers resulting in a
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polarization-independent phase modulation with a 2r rad phase shift at 9 Vrms and an 8.1n
phase shift at 40 Vrms [139]. Despite the extensive range of different demonstrations and
solutions presented to date, the aforementioned approaches are not without their drawbacks
and undesirable properties such as limited optical phase modulation, complicated fabrication

procedures and device architectures, and/or the need for specialised LC compounds.

In this chapter, we present an innovative approach to achieving polarization-independent
optical phase modulation by applying a burst driving voltage to a 180° super-twisted nematic
(STN) LC device to make use of the twist symmetric H (T-Hs) state. STN-LCs, characterized
by their greater twist compared to TN-LCs, have also been employed in LC displays [140]-
[142] and SLM technology for both amplitude modulation and phase modulation. For instance,
the use of 180°-twist STN-LC in a pi-cell is known to form a m-twist state [143][144], which
has the advantage of inducing a fast and uniform transition to the bend state without the need
for nucleation. This transition exhibits a much lower voltage threshold when compared to a
conventional nematic pi-cell design. In this work, we use a combination of simulations and
experiments to demonstrate that accessing the T-Hs state in an STN-LC using a burst driving
voltage can result in polarization-independent phase modulation. For comparison, simulations
are also conducted for a TN-LC device, which is capable of polarization-independent phase
modulation, but suffers from limitations that are not exhibited in the T-Hs state of an STN-LC

device.

This chapter is structured as follows. With the aid of simulations, we begin by
considering the behaviour for a 90° TN and the STN devices with different alignment
conditions. Results indicate that both the 90° TN device and the T-Hs state found in the 180°

STN planar-aligned LC device have the potential to exhibit polarization-independent phase
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modulation, with the latter showing more promise in terms of device performance. In Section
5.2, we present the phase modulator concept that exploits the T-Hs state and introduce the
practical method used to obtain it, followed by a study of the switching regimes in the 180°
STN planar LC device. In Section 5.3, results are presented from our simulation model that has
been used to predict the polarization-independent behaviour of the LC devices considered in
this work. The penultimate section, Section 5.4, presents experiment results of the phase
modulation of the 180°-twist STN planar LC device using a phase-shifting Mach—Zehnder
interferometer to measure the optical phase in the time domain. The measured optical phase
modulation of the T-Hs state is then analysed and compared with results from simulations.

Finally, Section 5.5 concludes the work.

5.2 Polarization-independent Phase Modulator Design

Figure 5.1 illustrates two different 90° TN-LC device configurations while Figure 5.2
illustrates two different 180° STN-LC device configurations with potential for showing
polarization-independent characteristics. The director distribution was determined using a
methodology that will be described in further detail in Section 5.3a. These configurations are
based on 90°-twist TN LC devices and 180°-twist STN LC devices. For the 90°-twist TN LC
device, the director in the middle of the LC layer is either tilted (referred to as a tilted LC
device) or aligned parallel to the surface (referred to as a planar LC device). The 180° STN-LC
devices were fabricated by doping a chiral additive to a nematic LC host. By precisely
controlling the chiral dopant, the pitch of the LC mixture can be set to be twice the thickness
of the LC layer, creating a 180° twist state within the device. By filling the LC mixture into a
pi-cell (anti-parallel pretilt angles on both surfaces), the director in the middle of the LC layer

becomes tilted; referred to herein as a tilted STN device. Conversely, when filled into a
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Fréedericksz device (parallel pretilt angles on both surfaces), the LC director in the middle of

the layer aligns parallel to the surface, we refer to this as a planar STN device.
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Figure 5.1. Simulations of the director distribution for include a 90° TN-LC device with the central
director tilted relative to the surface plane (tilted 90° TN-LC device), a 90° TN-LC device with the
central director parallel to the surface plane (planar 90° TN-LC device). Visualization of the director
distribution of the tilted 90° TN-LC device: (a) the ground state with no voltage applied and (b) the
twisted vertical state under an applied voltage of 10 Vrms. (c) and (d) show the azimuth angle (the angle
between the projection of the director on the xy-plane and x-axis) and the tilt angle (the angle between
the director direction and the xy-plane) of the LC director, respectively, as a function of the position
within the LC layer for different applied voltages, showing the formation of 90° twisted vertical state.
Visualization of director distribution of the planar 90° TN-LC device under a sudden voltage: (e) the
ground state with no voltage applied and (f) the 90° twisted Hs state under a burst driving voltage of 10
Vrms. (g) and (h) are director profiles under different applied voltages showing the formation of 90°
twisted Hs state.

Fig. 5.1(a) — (d) illustrate the change in director configuration for the tilted 90° TN-LC
device with and without an applied voltage. Fig. 5.1(a) shows the director profile in the voltage-
off state. In this case, when the LC device is placed between parallel polarizers, no light is
transmitted at zero voltage. However, if placed between crossed polarizers, all light passes

through, demonstrating a so-called polarization rotation effect. When an electric field above
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the threshold is applied to the device, the LC director in the bulk tends to reorient in the
direction parallel to the applied electric field (as shown in Fig. 5.1(b)), which coincides with
the light propagation direction. In this case the polarization rotation effect gradually diminishes
allowing for light transmission through parallel-aligned polarizers. The evolution in the
director profile (in terms of the azimuth and tilt angle) with an increase in the applied voltage
is shown in Fig. 5.1(c) and (d). At high voltages, this reorientation induces the same changes
in the effective birefringence within two boundary layers along the x and y directions, leading
to a consequential phase shift in the two directions simultaneously. Notably, in this state the
optical characteristics of the outgoing light will not be affected by the LC layer for any initial
polarization state of the incoming light, regardless of whether the polarization is along the x-
axis or y-axis. As a result, at high voltage the TN-LC device exhibits polarization-independent

characteristics.

When applying a sudden voltage to the planar 90° TN-LC device, whose voltage off state
is shown in Fig. 5.1(e), the device can form two extra boundary layers in the middle of the
device at 45° relative to the alignment direction, as shown in Fig. 5.1(f). This state is a transient
state with a lifetime of around a few tens of milliseconds. The director profiles for the whole
process as the voltage increases are shown in Fig. 5.1(g) (azimuth angle) and (h) (tilt angle).
Unfortunately, the two extra boundary layers that are formed do not help with the polarization
independence. However, this configuration motivated us to consider the transient state in the

planar 180° STN-LC device, vide-infra.

The tilted 180° STN-LC device is commonly used in the design of optical phase

modulators, typically using the so-called n-twist state [143][144]. In the voltage off state, it

exhibits a 180° twist of the LC director across the device, as shown in Fig. 5.2(a). When a

122



voltage is applied, the LC director gradually reorients to align with the external electric field
direction, forming a bend-like state known as the twisted vertical (T-V) state or n-twist state,
as shown in Fig. 5.2(b). In this process, as the LC director begins to untwist, amplitude
modulation is achieved when the LC is placed between polarizers. The untwisting results in a
change in the effective birefringence of the device, leading to a continuous phase change. The
director profile simulated for this device under applied voltages are shown in Fig. 5.2(c) and

(d) for the azimuth and tilt angle, respectively.

— 20180 90 L feraies
, = of ,
/ ~ %] ’ \‘
74 135 = y
= S ! !
{ g 245! ;
§ :E § : /!’ )
—— 2 =
; — £ SEN .
=== A
—— ’
y‘L—x N= . 0 025 05 075 1 0 025 05 075 1
(@ (b) (© 2/d (d) 2/d
== e9180 90 F——==77==
°7 % 0 , | —0V
= & | S 2V
135 T 450 T sv
= S --10V
£ 90 L0k 4
[ o0 i
£ = i
~— 5 45 P :
- E = > .
= B o 0 e
X 0 025 05 075 1 0 025 05 075 1
(e ® €3] z/d (h) z/d

Figure 5.2. Simulations of the director distribution for a 180° STN device with anti-parallel pretilt
alignment (tilted 180° STN-LC device), and a 180° STN device with parallel pretilt alignment (planar
180° STN-LC device). Visualization of the director distribution of the tilted 180° STN-LC device: (a)
the ground state with no voltage applied and (b) the twisted vertical state under an applied voltage of
10 Vrms and (c) show the azimuth angle (the angle between the projection of the director on the xy-
plane and x-axis) and (d) the tilt angle (the angle between the director direction and the xy-plane) of the
LC director, respectively, as a function of the position within the LC layer for different applied voltages,
showing the formation of a 180° twisted vertical state. Visualization of the director distribution of the
planar 180° STN-LC device under a sudden voltage: (e) the ground state with no voltage applied and
(f) the 180° twisted Hs state under a voltage of 10 Vrms. (g) and (h) are the director profiles under
different applied voltages showing the formation of 180° twisted Hs state.
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Figures 5.2(e) — (h) illustrate the corresponding behaviour of the planar 180° STN-LC
device. In the voltage off state, it exhibits a 180° twist of the LC director across the device, as
shown in Fig. 5.2(e). When we apply a sudden voltage to the LC, it undergoes a distinct
transformation, forming two layers in the middle of the device with directions that are oriented
perpendicular to the surface alignment, as illustrated in Fig. 5.2(f). This is referred to as the
twisted Hs state (T-Hs). The two boundary layers next to the surface are along the y-direction
and the newly formed boundary layers in the centre of the device are along the x-direction. This
dual-layer configuration enables the device to simultaneously generate phase modulation in
both the x and y directions, exhibiting a potentially polarization-independent performance for
a sudden applied voltage. Like the planar TN configuration, this state is also transient, with a
lifetime of only a few tens of milliseconds. The director profiles for different applied voltages
are depicted in Fig. 5.2(g) and (h). In comparison to the conventional 90° TN-LC device, which
forms only one boundary layer in each direction, the planar 180° STN-LC device forms two
boundary layers in each direction. As a result, this allows the T-Hs state in the planar 180°
STN-LC device to achieve double the phase modulation of that observed for the 90° TN-LC

device.

The simulations presented in Figure 5.2 indicate that the planar 180° STN-LC device
warrants further investigation in terms of its potential for polarization-independent phase
modulation. Towards this end, Figure 5.3 illustrates the typical transformations between the
different states of a planar 180° STN-LC device, similar to the transformations observed in the
nematic pi-cell studied previously (illustrated in Section 4.1). With no applied voltage, the LC
director continuously twists 180° within the device, forming the planar twisted-twist (T-T) state
with LC director in the middle of the layer aligns parallel to the surface. When the applied

voltage is above a critical voltage Vin(TT) (Vin(TT) = 1.8 Vrms), the internal electric field is
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sufficient to switch the device to a twisted asymmetric H (T-Ha) state (E > Et.na). The director
profile then transforms into one of the T-Ha states, which is analogous to the Ha state in a
conventional nematic pi-cell, but with the director continuously twisted. Alternatively, a
transient twisted Hs (T-Hs) state is obtained if a sudden voltage above a higher threshold
voltage (Vi(T-Hs)) is applied to the T-T state, then the internal field is above that required to

switch to a symmetric state (E > Et.ps).

T-Hal T-Ha2

Twisted-V State

X
Twisted-Hs State

Lon‘g time

Figure 5.3. An illustration showing the transitions of a planar 180° STN-LC device into different states
for different applied electric field conditions. Further details are provided in the text.

The T-Hs state is a transient state that tends to drift into the T-Ha state(s) or transform to
the T-V state directly under a higher applied voltage. As the operating voltage is increased
above the threshold for the T-V state, Vin(T-V), which is approximately 5.8 Vrms for the device
under investigation, the internal field is increased above that required to switch to a T-V state
(E > Ev), and both the T-Hs and T-Ha states will transform to the T-V state because the T-V

state is energetically favourable at high voltages. The T-Hs state can persist for a few
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milliseconds even under a high voltage exceeding Vi (T-V). In this investigation, the device
maintained the T-Hs state for approximately 35 ms under an applied voltage of 30 Vrms. For
very high voltages, the T-V state shows very little twist. Moreover, when the voltage is
removed and the device is in either the T-Ha or T-Hs state, the director alignment will return
to the T-T state directly; on the contrary, when removing the voltage in the T-V state, the device

gradually returns to the T-T state via domain growth over the course of a few seconds.

To obtain the transient T-Hs state in practice, a burst driving method is typically required
[96]. The burst driving voltage consists of an operating period, where the voltage is applied to
stimulate the formation of the T-Hs state, and a relaxation period, where no voltage is applied,
ensuring the device fully recovers to the T-T state. The operation period needs to be long
enough to switch the device to the T-Hs state but short enough to avoid it collapsing to either
the T-Ha state or nucleating to the T-V state. By repeating the burst voltage periodically, a

stable T-Hs state can be regularly obtained.

The device used in the experiment consisted of glass substrates that were coated with
indium tin oxide (ITO) electrodes and antiparallel rubbed polyimide alignment layers, referred
to in this work as a Fréedericksz cell. The surface pretilts were typically 4° to 5° and the cell
gap was 8.9 pm. The LC mixture was prepared by adding the chiral dopant R811 (a low
twisting power chiral dopant sourced from Merck KGaA) (a concentration by weight of 0.48
wt.%) into the nematic LC mixture, E7 (Synthon Ltd.) so as to form a chiral nematic LC with
a long pitch of 17.8 pm. By capillary filling into the Fréedericksz cell, a planar 180° STN-LC
device was obtained. In addition to the twist profile due to the chiral dopant, the LC director
also exhibits a minor tilt in opposite directions influenced by the pretilt angle for the two

different surface alignments. This leads to the director in the middle of the LC layer aligning
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perpendicular to the surface alignment direction, while maintaining a tilt angle of 0°, parallel
to the surface. To distinguish the transformation between the states, the device was positioned
between crossed polarizers on a polarizing optical microscope (POM) (Olympus BX51), with
the rubbing direction (optic axis) aligned at 45° to the polarizer and analyser pair. The applied

voltage was a square wave of 1 kHz with a variable burst duration repeated every 1 s.
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Figure 5.4. Representative polarizing optical microscope images of the switching states of a planar 180°
STN-LC device: (a) the planar twisted-twist (T-T) ground state of the device under no applied voltage
(the black dots in the image are the spacer beads distributed throughout the cell to obtain a uniform cell
gap); (b) the twisted Ha state formed under a continuous driving voltage of 4 Vrms; (c) the waveform
of the burst driving voltage without modulation used to apply on the device to capture the T-Hs state;
(d) the twisted Hs state formed for a burst driving voltage of 5 Vrms for 50 ms; (d) a mixture of twisted
Hs states and twisted Ha states under a burst driving voltage of 3.5 Vrms for 90 ms, and (e) mixture of
twisted Hs states and twisted V states under a burst driving voltage of 10 Vrms for 70 ms. The crossed
double-headed black arrows (white double-headed arrows in (e)) represent the orientations of the
transmission axes of the polarizer and the analyser, and the double-headed red arrows represent the
rubbing direction of the alignment layers.

Figure 5.4 demonstrates the voltage switching processes in a planar 180° STN-LC
device with the aid of exemplar POM images of the various states. In Fig. 5.4(a), the device
exhibits the twist ground state with no applied voltage. When a continuous driving waveform

was applied to the device, the T-Ha and T-V states could be observed for lower and higher

voltages, respectively, but the T-Hs could not be observed due to its transient lifetime. Both
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the T-Ha and T-V states generally exhibit a uniform colour in the image. T-Ha states can be
distinguished since several domain walls formed in the field of view when a voltage was
applied, as shown in Fig. 5.4(b). These domain walls form due to the opposite reorientation of
the LC director in adjacent regions, leading to the formation of two distinct states: T-Hal and
T-Ha2. The primary difference between these states lies in whether the LC director tilt
distortions accumulate predominantly at the top surface or the bottom surface of the device.
This behaviour is analogous to the well-known Hal and Ha2 states observed in a nematic m-
cell [96]. Despite their structural differences, the T-Hal and T-Ha2 states exhibit similar
birefringent properties, making them challenging to differentiate based on optical effects alone.
The domain wall serves as the interface between these two regions, where the LC director is
parallel to the surface in the centre of the wall [120]. In Fig. 5.4(b), T-Ha states can be seen as

a yellow colour with domain walls formed under a continuous driving voltage of 4 Vrms.

To generate the T-Hs state, we applied a burst driving voltage to the device, which
results in a more complex scenario due to a mix of states arising from imperfect surface
alignments. The waveform of the burst driving voltage without modulation is shown in Fig.
5.4(c). The image of the T-Hs state was captured during the voltage on operation period, during
which the T-Hs state remains stable and for higher drive voltages typically exhibits a uniform
dark colour, as expected for a polarization-independent phase modulator. However, in some
cases, when a burst driving voltage with lower amplitude is applied, the T-Hs state appears
coloured rather than dark, as shown in Fig. 5.4(d) and (e)— this state would not be suitable for
polarisation independent phase modulation. This phenomenon occurs because twisted director
remains within the device, and boundary layers remain coupled, which prevents complete
polarization independence and leads to colour variations in the image. Fig. 5.4(d) depicts the

T-Hs state as an orange colour for a burst driving voltage of 5 Vrms for 50 ms. Very small T-
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Ha states are present around the beads but can be ignored. A mixture of states appears when
we adjust the amplitude and duration of the operating burst voltage. For example, Fig. 5.4(e)
depicts the mixture of T-Hs and T-Ha states for a burst driving voltage of 3.5 Vrms for a
duration of 90 ms. The T-Hs state appears as uniform regions of orange colour, while the T-Ha
state has also formed, as indicated by small regions around certain spacer beads or defects due
to imperfect surface alignment. However, the T-Ha state consistently collapses during the
relaxation period between voltage bursts. When the T-Ha region remains small relative to the
total T-Hs area, and the T-Hs state maintains its polarization-independent characteristics
(appearing dark under POM with crossed polarizers), the device still meets the design

requirements for a polarization-independent phase modulator based on the T-Hs state.

As voltage increases, Fig. 5.4(f) depicts the mixture of the T-Hs and T-V states for a
burst driving voltage of 10 Vrms for 70 ms, with the image taken during this 70 ms voltage on
period. The T-Hs state appears as the black regions which dominate the image. This is because
the T-Hs state exhibits polarization-independent characteristics, which means it does not alter
the polarization of the incident light after passing through the polarizer on the microscope.
Therefore, when the device is placed between crossed polarizers, the image appears black. In
addition, the T-V state is also observed in the image, emerging where parts of the T-Hs state
have evolved into the T-V state, particularly around the spacer beads. During this stage, the
regions of the T-V state are small and fully collapse to the ground state between bursts, leaving
no impact on the T-Hs state formation and phase modulator design. However, if the amplitude
and duration of the burst driving voltage are further increased, the T-V states will then dominate
and replace all of the T-Hs states, making the device unsuitable for a polarization-independent

phase modulator.
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The above characterization shows that the T-Hs state can be obtained by applying a
burst driving voltage to the planar 180° STN-LC device, notwithstanding the potential mixture
of various states due to the imperfect surface alignment. However, the conditions for utilizing
the T-Hs state as a polarization-independent phase modulator are stringent. To ensure effective
polarization-independent phase modulation, several criteria must be met. First, proportion of
the T-Ha states in the mixture of T-Ha and T-Hs states is not detrimental, and the formed T-V
state fully collapses during the relaxation between repeated voltage bursts. Additionally, the
boundary layers within the device must be decoupled, ensuring that the device exhibits a dark
image under POM with crossed polarizers, which is indicative of polarization independence.
When these conditions are satisfied, the device is particularly promising for use in optical phase
modulation that requires polarization-independent performance. In the following section,

results are presented to confirm the polarization-independent properties.

5.3 Simulation of Phase Modulator

a) The Model

To demonstrate the intricate dynamics of the T-Hs state, we developed a simulation method to
first estimate the transient switching behaviour of the LC director before then employing Jones
calculus to determine the potential polarization independence and the optical phase modulation

performance based on the obtained director profiles.

The transient switching dynamics of the twisted LC device were investigated using a
numerical model similar to that described in Section 4.4. This is designed to solve the Ericksen—
Leslie continuum equations. The key difference is that the simulation in the STN model
accounts for both angular orientations, whereas the model in Chapter 4 considers the LC

director orientation only in one dimension. This approach provides valuable insights into the
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reorientation of the LC director during transient switching events. The free-energy density
considered in the simulations is the composite of elastic, electrostatic, and dielectric
contributions, which are the core factors influencing the director behaviour. Here, we
deliberately disregard the internal flow within the LC and the chiral factor (g), since they have
a secondary impact on the calculation results, but their removal can greatly streamline the

calculation process.

The general form of the Frank elastic energy density, f;, can be written in terms of the
director 71, as indicated in Eq. (2-11) in Section 2.3.1, and is presented again here for

convenience as

1 . 1 R R 1 R o
fa = EKM[V - 72 +§Kzz[n - (Vxn)]* + §K33[n x(Vxm)]* (-1)

where K;;, K,, and K33 are the splay, twist and bend elastic constants, respectively. The

electrostatic energy density f, takes the form
1 - =2
fe = —EAeeo(n-E) (5-2)

where Ae is the dielectric anisotropy, &, is the permittivity of free space, and E is the internal

electric field.

We define the director in modified spherical polar coordinates, where the LC orientation
is represented by an angle @ (the director tilt angle out of the surface plane) and ¢ (the director
twist angle around the z-axis), as shown in Figure 5.5(a). Both are a function of time and
position across the LC layer (defined as the z coordinate in what follows). In this case, the
director can be expressed as:

cos 0 cosp
n= (cos 0 simp) (5-3)

sin6
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The applied electric field E is along the z-direction and the total energy density, L, is

given by:
L= fut o = aKicos?0 () 42k cos*0 () + 2kutsin?0(22)
= fatfe =5 11 €OS 97 > 22 €COS 97 > 33[sin 97
dp\>. 1
+ sin? 6 cos? 0 <a—(§) ]—EASSO sin? O E,* (5—4)

where E,, is the local electric field that is determined from the requirement for continuity in the
z-component of the electric flux density. To determine the director behaviour, we then need to
substitute Eq. (5-4) into the Euler-Lagrange equations, as explained in Section 2.4. This results

in two dissipation equations, one for each of the angular deformations 4 and ¢:

6<6L) aL_aD (5—5)
0z\a0') 06~ 96
6<6L) 6L_6D 5—6)
9z\op') dp ¢

where D is the dissipation function.

The total energy density, L, can then be substituted into Equations (5-5) and (5-6) to

give:
0D (9p\* . .
28 = <Z) (K33 sin? 0 — K33 cos? 0 + 2 K,,c0s% 0) cos sinf
20\’ 2
+ (5) (K33 — K;1) cosO sinf + 352 (Ky; cos? 0 + K3 sin? 0)
+ Acgg, cosO sinf E,* 5-7)
0D dp 00 _ X - )
% =-2 37 92 cosf sinf [2K,,cos” 0 + K33 (sin® 0 — cos” 0)]
62(p 2 2 i 2
+ 6_<p2 cos* 0 (K,, cos* 0 + K35 sin“ 0) (5-8)
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which are then solved using a finite difference approach, with a regular grid in the z-direction.
As noted above, flow components were not considered. Additionally, the LC director tilt is

fixed at the surfaces, with the tilt angle specified as 4°, which allows for the computation of
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Figure 5.5. Illustration of the LC director: (a) angular orientation of the director, defined by the polar
angle (#) and azimuthal angle (¢) in modified spherical polar coordinates and (b) schematic of the
simulation model used for a super-twisted nematic LC device, regarded as a layer-by-layer orientated
LC plate along the z-axis.

To determine the optical performance of the TN and STN-LC devices, Jones calculus
was used to extract the optical phase modulation from the obtained director profiles. By
considering that the light is travelling along the positive z-direction through the LC device, the

electric field for the outgoing light, E, ¢, can then be expressed as:

Eout = ]LC Ein (5 - 9)

where E;, is the electric field of the incident light and J ¢ is the LC phase retarder.
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To represent the entire LC device, we conceptualize the device, with a thickness of d,
as being comprised of N, = 101 distinct slices, illustrated in Fig. 5.5(b). Each slice is akin to
a plate characterized by specific angles 8(z,t) and ¢(z,t). The internal 99 slices have a

d
Ny,—1

thickness of

, while the two surface slices each have a half-thickness of to

2(N)z—1
accurately model the surface layer performance. The total optical effect is obtained by
multiplying the Jones matrices of all individual slices. The whole LC device can then be

expressed as:

i8y
JucV, ) = In, Ing—1 - J2J1 = [AeC Dg(gy:I (5-10)

where Jic(V, t) is the Jones matrix for the entire LC device under an applied voltage V at time

t.J1 and Jy, are two surface slices with a thickness of while J to Jy,—1 are the internal

d
2(N)z—1"

d

slices with a thickness of T A and D represent the amplitude ratios for the horizontal and

z

vertical polarization components in the output light to those in the input light, respectively,
while 8, and 6,, refer to the phase shift for these polarization components. Additionally, B and
C refer to the conversion ratio between one polarization component in the input light to another

one in the output light.

The Jones matrix for the surface slices (n = 1 or n = N,)) is expressed as:
Jo = R(=@)MR(¢p) =

[COS(p —sin<p] (5 —11)
sing  cos® 2 d —sing cos@

2n d .
e 2 S 2(Nj-1) 0 ] [ cosQ sm(p]
0 e A (NI,

For the internal slices (2 < n < N, — 1), the Jones matrix is:

134



Jo = R(—@)MR(p) =

2T d
[cosq) —simp] e e N1 0 ][cosq) simp] (5 —12)
3 2T d —qJ
sing  cosg 0 TN sing cosg
The effective birefringence, n,fy, is given by:
Nen
Nerr = == (5—-13)
eI Jng sin2 8+n3 cos2 0

where n, and n, are the ordinary and extraordinary refractive indices, respectively. The angles
0(z,t) and @(z,t) define the orientation of the LC director within each layer, contributing to
the overall transmission properties. 6(z,t) controls the optical phase delay while ¢(z,t)
determines the rotation angle. The transformation of polarization states as light passes through

the device can be expressed as:

E.(V,t (8 E,.
sV D) [Ae‘ B ] & (5 —14)
Eyo(V: t) C De'®y Eyi
where E, and E,,  are the electric fields for the outgoing light for the x and y polarizations,

respectively, and Ey, and E,, are the electric fields for the incoming light for x and y

polarizations, respectively.

The optical phase at various time intervals or applied voltages can be extracted from the
matrix expression in Eq. (5-14). This enables us to determine the dynamic phase modulation,
offering valuable insights into the dynamic behaviour of the LC devices under different
operating conditions. Notably, the elements of the leading diagonal in the matrix of Jic(V, t)
represent the amplitude and phase changes for light that remains polarized in the same direction
as the incident light. On the other hand, the off-diagonal elements of the Jones matrix Jc(V, t)

denote the amplitude and phase changes for light that becomes polarized in a direction
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orthogonal to the incident light. Therefore, for an ideal polarization-independent LC device,
the leading diagonal elements would be same, showing simultaneous modulation for both
polarizations, and the off-diagonal components are negligible, indicating that the device does

not convert the polarization state into an orthogonal state.

b) planar 180° STN-LC Device

Figure 5.6 presents the simulation results for the planar 180° STN-LC device to further
investigate its potential for optical phase modulation and polarization independence. Also
shown are results for the tilted 90° TN-LC device for the purposes of comparison. The
parameters used in the simulation were K11 = 11.1 pN, Koo =6.5pN, K33 =17.1 pN,e1=5.4, &

=174, no = 1.5, ne = 1.72 and the wavelength was set to A = 632.8 nm.

To begin our discussion, we consider first the results for the tilted 90° TN-LC device.
Fig. 5.6(a) and 5.6(b) present the optical magnitude and phase modulation, respectively, for a
90° TN-LC device with thickness of 5 um placed between parallel polarizers. The outgoing
light shows the same behaviour for the two orthogonal polarizations. The results indicate a
relatively low magnitude when the voltage is below 2.0 Vrms, reaching an ideal magnitude of
1 when the voltage surpasses this threshold. This transition signifies a critical operational range
where the magnitude values become conducive (approximately 1) for polarization-independent
phase modulation capability. Here, a magnitude of 1 corresponds to 100% transmittance. For
voltages below 2.0 Vrms, the TN-LC device exhibits polarization transformation behaviour,
where the amplitude and phase are coupled. As the applied voltage increases from 2.0 Vrms to
10.0 Vrms, the polarization-independent optical phase modulation of this TN LC device

changes from 1.5 rad to 0.25 rad. Within this voltage range, the liquid crystal directors become
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perpendicular to the surfaces, and the two surface boundary layer regions are effectively

decoupled.

Simultaneous consideration of magnitude and phase modulation is vital for a
comprehensive analysis for the optical phase modulators. To facilitate this evaluation, we
employ the use of a polar plot, which offers a useful visualization where the radius corresponds
to the magnitude and the polar angle represents the achieved phase modulation. Fig. 5.6(c)
shows that the TN-LC device can attain about w/2 rad polarization-independent phase
modulation as the applied voltage changes from 1.8 Vrms to 10.0 Vrms. A noteworthy aspect
of this observation is the consistent phase modulation between the two orthogonal directions,
which indicates that the device exhibits the same optical phase modulation characteristics for
both the x and y polarized incident light simultaneously. This highlights the device’s
polarization-independent characteristics at high voltages. The corresponding LC director

distribution was shown previously in Figures 5.1(a) - (d).

We now move on to the simulation results for the planar 180° STN-LC device when
switched into the T-Hs state. Fig. 5.6(d) and (e) plot the computed optical magnitude and phase
modulation results of the device placed between two parallel polarizers, respectively, and Fig.
5.6(f) presents these combined results as a polar plot. As the voltage changes from 4 Vrms to
15 Vrms, the two polarization curves are consistent, and the magnitude approaches 1,
indicating decoupling between the amplitude and phase performance. Within this operational
range, the device exhibits successful polarization-independent optical phase modulation of 7/2
rad when switched in the T-Hs state. The corresponding LC director distribution was shown

previously in Figures. 5.2(e) - (h).
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Figure 5.6. Simulation results showing the polarization-independent performance for the tilted 90° TN-
LC device (a-c) and the planar 180° STN-LC device switched into the T-Hs state (d-f), both with LC
layer thicknesses of 5 um. (a, d) the magnitude and (b, e) the optical phase modulation as a function of
applied voltage for the two orthogonal linear polarization states. (c, f) magnitude and phase represented
as a polar plot for different applied voltages and the two polarization states. In the legend, for the 90°
TN-LC device, “Para pol” refers to the polarization component parallel to the alignment direction of
the bottom surface (x direction in Fig. 5.1(a)-(b)), and ‘Perp pol’ is the polarization component parallel
to the alignment direction of the top surface (y direction in Fig. 5.1(a)-(b)). For the 180° STN-LC device,
“Para pol” refers to the polarization component parallel to the device's alignment directions (x direction
in Fig. 5.2(e)-(f)), and “Perp pol” refers to polarization component perpendicular to the device's
alignment direction (y direction in Fig. 5.2(e)-(f)).
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In practical applications, a planar 180° STN-LC device with a thin LC layer thickness,
such as the Sum thick device in Figures. 5.6(d) - (f), is incapable of achieving a polarization-
independent T-Hs state. Within a constrained space, the LC director in the bulk remains in a
continuous twisted condition, instead of forming decoupled boundary layers along the x and y
directions necessary for phase modulation during the switch ‘on’ and ‘off” switching processes.
Consequently, the continuously twisted director profile changes the polarization of incident
light to its orthogonal direction, undermining the polarization-independent characteristics. To
address this issue, the thickness of the planar STN-LC device must be increased, which enables
the boundary layers to be decoupled in the T-Hs state during the dynamic switching process,
facilitating polarization-independent performance as well as sufficient optical phase

modulation.

To demonstrate the enhanced phase modulation capability, Figure 5.7 presents the
phase modulation results for planar STN-LC devices with a thickness of 30 pum. The applied
burst driving voltage is shown in Fig. 5.7(a). The results correspond to the transmission mode,
where light passes through the device once, as illustrated in Figures 5.7(b)—(d). The polar plot
in Fig. 5.7(b) highlights the phase modulation characteristics of the T-Hs state within a specific
voltage range, where the magnitude approaches an ideal value of 1, and the two polarization
curves remain consistent, indicating polarization independence. Notably, the device achieves a
full 2 rad phase modulation as the applied voltage increases from 4.7 to 15.0 Vrms. The
dynamic performance, shown in Fig. 5.7(c), reveals that the device attains an optical phase
modulation of 1.21 rad within 1 ms during both the switch-on and switch-off processes. Fig.
5.7(d) presents the polar plot about the behaviour of the device in the relaxation process from
29 ms to 47.2 ms. The results indicate that the transmittance remains close to 1, confirming

stable polarization-independent performance. Furthermore, the phase modulation curve
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exhibits a half-circle trajectory, corresponding to the m rad phase modulation achieved in 5.3
ms, and a full-circle trajectory, illustrating the completion of 2n rad phase modulation in 18.2

ms.
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Figure 5.7. Simulation results demonstrating the polarization-independent performance of the planar
180° STN-LC device in the T-Hs state with an increased thickness of 30 um. (a) the waveform of the
burst driving voltage including modulation inside and (b) phase modulation performance as a function
of applied voltage, ranging from 4.7 V to 15.0 V and (c) dynamic response under burst voltage of 30
Vrms, and the two horizontal dashed lines indicate © and 2x rad phase modulation, respectively and (d)
polar plot representation of the dynamic performance from 29 ms to 47.2 ms, extracted from (b). In the
legend, “Para pol” refers to the polarization component parallel to the device's alignment direction (x
direction in Fig. 1(m)-(n)), and “Perp pol” refers to polarization component perpendicular to the device's
alignment direction (y direction in Fig. 1(m)-(n)).

These results confirm that the device maintains polarization independence in the T-Hs
state while being capable of achieving nearly full 2x rad optical phase modulation, albeit with

an extended response time. Thus, while increasing the device thickness enhances phase
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modulation, it introduces trade-offs, as thicker devices require higher driving voltages and

exhibit slower switching speeds in certain voltage regimes [145].

5.4 Experimental Results and Discussion

The measurement is conducted with the phase-shifting Mach—Zehnder interferometer,
described in Section 3.4. To evaluate the polarization-independent performance of the LC
device, it is initially placed between two parallel polarizers to assess its response to incident
light aligned with its alignment direction. Subsequently, the LC device is rotated by 90° to
measure its response to light from the orthogonal direction. If the LC device exhibits the same
response in both directions, it can be considered polarization-independent This approach
ensures high measurement efficiency, as losses are primarily limited to the interferometric
system and minimal losses from the optical components. Additionally, to ensure measurement
accuracy, the interferometric system is rigorously calibrated. The designed PSI enables single-
shot acquisition of interference data, effectively minimizing the impact of external
environmental noise and other disruptive factors. Moreover, applying a FFT method to extract
data enhances the resolution of the phase modulation results by enabling a high sampling rate
of the original data. This measurement allows for precise representation of phase modulation

with very short time intervals.

Figure 5.8 presents the experimental results for the performance of a planar 180° STN-
LC device switched into the twisted Hs state at room temperature. The device, with thickness
of 8.9 um, was switched to the T-Hs state using a burst driving voltage, enabling the
investigation of its performance within the limited existence of the transient state. As shown in
Fig. 5.8(a), the designed voltage waveform consists of two stages: a priming stage and a

modulation stage. During the priming stage, a 1 kHz square wave at 30 Vrms is applied for 5
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ms (10 - 15 ms) without modulation, ensuring that the device fully transitions into the T-Hs
state. This is followed by the modulation stage where the driving signal alternates between an
“on” state for 1 ms and an “off” state for 1 ms. Subsequently, a relaxation stage followed with

no voltage signal applied, which enables the device fully recovered to the ground state.
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Figure 5.8. The optical phase modulation results of a planar 180° STN-LC device switched into the T-
Hs state at room temperature. (a) The burst driving voltage applied to the device, which consisted of a
20 ms operating period repeated every 1 s. (b) The measured and simulated optical phase modulation
for two polarization states of the device: parallel (‘Para pol’) and perpendicular (‘Perp pol’) to the
surface alignment. (c) enlarged section of (b) to illustrate the consistency between experiments and

simulations.

Figure 5.8(b) and (c) depict the measured and simulated optical phase modulation
results, respectively, for both polarizations extracted for a single-pass configuration (i.e., light
passed through the device only once in transmission during the measurement) for the
experimental setup described in Section 3.4. During the voltage-on periods (e.g., 1617 ms,

18-19 ms, 20-21 ms), the device rapidly transitions into the T-Hs state within approximately
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0.15 ms, leading to a nearly flat phase response curve. This rapid switching is attributed to the
high voltage amplitude, which induces an almost instantaneous transition to the T-Hs state.
Conversely, during the voltage-off periods (e.g., 15-16 ms, 17-18 ms, 19-20 ms, etc.), the

relaxation process is significantly slower due to the viscosity of the LC, resulting in a gradually

changing phase response curve. Under these conditions, the device achieves ag phase shift

within 1 ms for both polarizations in a single-pass setup, confirming its polarization-
independent characteristics. With a four-pass configuration, the device achieves a full 2n rad
phase modulation with polarization-independent performance within 1 ms during the relaxation
process. The consistency between the measurement and simulation results further validates the
accuracy of the simulation model as well as our understanding of the switching process. As
indicated in Figure 5.7, the 30-um-thick LC device achieves 2n rad phase modulation within
5.3 ms in reflection mode and 18.2 ms in transmission mode during the relaxation period under

the voltage of 30 Vrms.

For future applications, the device can switch between multiple phase levels while

maintaining stability within a g range for extended time duration in the existence of T-Hs state.

The requirement for a blackout period (standard for all phase modulator applications) when
switching between two phase levels within a /2 rad phase is 1 ms for this device. Additionally,
the 50% duty cycle for switch-on and switch-off states can be modulated through the control
scheme. It is worth noting that the device's intrinsic twisted structure makes it sensitive to the
illumination angle, which may limit its applicability as a phase modulator in scenarios requiring
large-angle incidence. However, in most applications, where the incident light is predominantly
normal to the surface, this angular dependence has minimal impact on performance. Moreover,

the burst driving scheme restricts its applicability in matrix-addressed systems. A potential
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solution to stabilize the transient T-Hs state involves creating a thin polymer layer at the

device's midplane using direct laser writing techniques.

Figure 5.9 presents the dynamic director distribution during the 1 ms relaxation
process, based on the simulation insights. The boundary layers in the x and y directions grow
over time and are decoupled from the bulk. The device must be sufficiently thick to allow these
boundary layers to remain decoupled which is crucial for maintaining polarization-independent
performance. As shown in Fig 5.8 (b) between 29 ms and 31 ms, the device begins to exhibit
polarization dependence at approximately 30.4 ms, which is around 1.4 ms into the relaxation
process. At this point, the phase modulation reaches its maximum polarization-independent
value of approximately 1.76 radians, after which the curves for parallel and perpendicular
polarizations begin to diverge. This behaviour is intrinsic to the twisted LC structure, where
prolonged relaxation causes the boundary layers to couple with each other, leading to the
observed polarization dependence. It is expected that using a thicker LC layer (greater than 8.9
um) and applying specific voltages would enable greater polarization-independent phase
modulation, as predicted in Fig. 5.7. To achieve this goal in a single-pass setup within the time
domain, potential strategies include: (1) increasing the LC layer thickness to expand the phase
modulation range while preserving polarization independence; and (2) optimizing the LC
material properties, such as adjusting viscosity or elastic constants, to facilitate faster switching

and achieve greater phase modulation under similar driving conditions.

Figure. 5.10 illustrates the dynamic director profiles during the above switching
process. The tilt angle 8 changes at different time points, which reflects the growth of the

boundary layers. Meanwhile, the azimuth angle, ¢, remains stable during the process, which
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signifies the decoupling of the four boundary layers. This stability and the decoupling imply
that the LC director responsible for phase modulation maintains a consistent orientation
without twisting during the switching time. Since a twisted LC director typically contributes to
polarization transformation, its absence ensures polarization-independent phase modulation.
This characteristic ensures successful polarization-independent phase modulation with the

transient T-Hs state of the planar 180° STN device.

Switch Off m—— =) Boundary Layers Grow

x direction

I . .
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I x direction
)

Boundary Layers Squeeze ¢ Switch On

19 ms 19.5 ms 20 ms
Stressed state Middle-relaxed state Final-relaxed state

Figure 5.9. Illustration of the director distribution during the switch on and switch off process in 1 ms:
the left-to-right sequence represents the process of switch on, while the right-to-left represents the
process of switch off, both occurring within 1 ms timescale.

Lastly, Figure 5.11(a) and (b) depict polar plot representations of the simulated
dynamic switching process for the 8.9 um device during the 1 ms ‘on’ and 1 ms ‘off” cycles,
respectively. The plots consistently maintain a magnitude of 1, indicating phase-only
modulation. The similarity between the ‘switch-on’ and ‘switch-off” processes suggests a

smooth growth and compression of the decoupled boundary layers. Additionally, the consistent
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phase modulation curves for both polarizations confirm a polarization-independent phase

modulation of /2 rad within 1 ms, with no amplitude modulation present.
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Figure 5.10. Illustration of the director distribution during the relaxation process in 1 ms: (a) the tilt
angle and (b) the azimuth angle of the director orientation at different times during the switching process.

Additionally, Fig. 5.8(b) reveals an interesting observation that at t = 29 ms, the two
polarization curves remain consistent for only 2 ms before diverging. This suggests that this
device can maintain polarization independence for just 2 ms after the 30 Vrms voltage is
removed. To explore this further, Fig. 5.11(c) and (d) simulate the ‘switch-on’ and ‘switch-off’
process lasting for 15 ms. The results shows that the start point of the ‘switch-on’ process is
aligned with the end point of the ‘switch-off’, as the LC director in the device completely
relaxes at this time. Moreover, in the middle of the switching process, the curves for the
‘switch-on’ are quite different from those of the ‘switch-off’. This discrepancy can be attributed
to the growth of boundary layers during this period and the onset of coupling to the bulk,
resulting in a continuous structure with the LC director orientation angle ¢ changing along
different paths during the ‘switch-on’ and ‘switch-off” processes [146]. This inconsistency
leads to varying phase modulation curves, indicating inconsistent polarization dependent

performance during this switching period.
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Figure 5.11. The simulated optical phase performance for the ‘switch-on’ and ‘switch-off” processes in
1 ms for polarizations perpendicular (a) and parallel (b) to the surface alignment for the 8.9 pm planar
180° STN LC device. The simulated optical phase performance for the ‘switch-on’ process and ‘switch-
off” process in 15 ms for polarizations perpendicular (c) and parallel (d) to the surface alignment.

5.5 Summary

In this chapter, we have investigated the potential for achieving polarization-independent
characteristics using twisted nematic LCs and highlight the potential of planar 180° STN
devices for use as polarization-independent optical phase modulators. It is shown that to
achieve polarization-independent behaviour requires the formation of the so-called twist
symmetric H state (T-Hs) using a burst driving voltage. The T-Hs state is distinguished by the
formation of central boundary layers that orient perpendicular to the alignment direction at the

substrate surfaces. Together, these two newly formed LC boundary layers, along with the two
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layers formed originally along the alignment direction, enable the device to modulate light for
two perpendicular polarizations simultaneously, thus achieving optical polarization

independence.

Experiments were carried out using a phase-shifting Mach—Zehnder interferometer,
which enabled the time-dependent optical phase variation to be obtained by employing FFT
analysis. The device used in the experiments was a nematic LC Fréedericksz device with an
LC layer thickness of 8.9 um, filled with a long-pitch chiral nematic LC mixture to form a
planar 180° STN device. The experimental results revealed that this device switched into the
T-Hs state can achieve polarization independence as well as a n/2 rad optical phase modulation
in 1 ms under a burst voltage of 30 Vrms at room temperature in a transmission configuration.
The measurement results show good consistency with the simulation results that were based
upon a combination of the Ericksen—Leslie continuum equations to determine the dynamic

director profile and then Jones calculus to compute the phase and polarization properties.
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6.0Optimizing the Optical System Architecture

This chapter introduces the development and application of an optimization algorithm designed
to explore the optimal combination of nematic liquid crystal (LC) devices, including nematic
Fréedericksz cells and 90° twisted nematic (TN) devices, with waveplates, such as quarter-
waveplates and half-waveplates. The aim is to determine configurations that meet practical
application requirements, which are often unattainable with a single LC device. The
optimization targets two key performance criteria: achieving polarization-independent phase
modulation and maximizing the phase modulation depth for a single polarization. For example,
whether a nematic Fréedericksz device combined with waveplates can be optimized to achieve
polarization-independent phase modulation is investigated, as well as whether this combination
improves single-polarization phase modulation. Similarly, for the 90° TN LC device, the
inherent polarization independence at higher voltages is further optimized to extend the phase
modulation range with minimal trade-offs in amplitude performance when it is in combination
with waveplates. Also, 90° TN LC is explored to determine whether it can achieve enhanced

single-polarization phase modulation when combined with waveplates.

The optimization is conducted in two domains: the voltage domain and the time domain.
In the voltage domain, the objective is to ensure consistent behaviour across a broad voltage
range, which is expected to achieve stable and predictable phase modulation. In the time
domain, the focus is on the dynamic response, particularly within the rapid 1 ms relaxation
process, to optimize temporal performance and ensure fast switching characteristics. These
efforts are critical for improving the performance of optical systems in dynamic and practical
environments where precise control of polarization and phase modulation is required. This

optimization of the LC device with waveplates offers several advantages, including enhanced
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adaptability of device performance, increased flexibility to accommodate diverse optical

environments, making it a robust framework for advanced optical systems.

This chapter is structured into four sections. First, the optical configuration to be
optimized is described, followed by an introduction to the algorithm and verification of the
optimization technique using a well-established optical principle. Next, the optimization
method is applied to the nematic Fréedericksz device, which operates under single polarization
along its alignment direction. The investigation focuses on two objectives: achieving
polarization-independent phase modulation and maximizing phase modulation of a single
polarization, both in the voltage and time domains. These four aspects are systematically
discussed. Other single-polarization operated devices, such as certain states in Pi-cells, are not
explored in detail, as they follow similar principles as the Fréedericksz device. Furthermore,
the potential of the 90° twisted nematic (TN) device is examined for polarization independence
and enhanced phase modulation along a single polarization in both the voltage and time
domain. Other twisted nematic LC devices, including the 180° super-twisted nematic (STN)
device, are not investigated, as they follow a similar optimization methodology. Finally, the

chapter concludes with a summary of the findings.

6.1 Optimization Algorithm Demonstration

6.1.1 System Introduction

This section details the implementation of the optimization process, which integrates precise
optical simulations of LC devices and waveplates with the appropriate application of an
advanced optimization algorithm. The optical system to be optimized comprises three key
components: the first waveplate, the LC device, and the second waveplate, as depicted in

Figure 6.1. The optimization aims to adjust key system parameters, including the retardances
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and rotation angles of the waveplates and rotation angles of the LC device, to achieve target
optical performance. These parameters are accurately integrated to provide a robust
representation of the system through Jones matrix formalism. Specifically, the first waveplate
is characterized by its retardance (Pa,) and rotation angle (Pa,), while the second waveplate
is defined by its retardance (Pas) and rotation angle (Pa,). The LC device is represented by its
Jones matrix derived from above mentioned simulation (in Section 4.3 and Section 5.3), where
its phase modulation and polarization state can be extracted. To introduce more degrees of
freedom, the rotation angle (Pas) of the LC device is also included in its positioning within the

optical system.

Rotation Angle: Pa
Retardance: Pa4

Rotation Angle: Pal
Retardance: Pa2

Rotation Angle: Pa5

Figure 6.1. Schematic of the optical path configuration comprising two waveplates and a LC device
placed in the middle. The optimization parameters include the retardance (Pa, ) and rotation angle (Pa,)
of the first waveplate, as well as the retardance (Pa3) and rotation angle (Pa,) of the second waveplate.
The rotation angle of the LC device (Pas) is also considered in the optimization process. The Jones
matrix of the LC device is derived from prior simulations. This figure illustrates the system using a
Fréedericksz LC device as an example, with a single-polarized incident light and both x- and y-polarized
components in the outgoing light, which demonstrates the polarization-independent modulation
capability of the Fréedericksz device in combination with the two waveplates.

151



As light propagates through the system, it interacts first with the first waveplate, then the
LC device, and finally exits through the second waveplate. The optical behaviour of the system

is mathematically expressed as:

Eout = Jp2 "Jic " Jp1 " Ein (6-1)

where Jp; and Jp, represent the Jones matrices of the first and second waveplates, respectively,
characterized by their retardances and rotation angles (Pa, Pa,, Pas, and Pa,). Jic represents
the Jones matrix of the LC device at the rotation angle (Pas). E;, and E,; are the input and

output light vectors, respectively.

The Jones matrices of the waveplates are typically determined by their retardances (1)

and rotation angles (6). A waveplate without rotation can be expressed as a diagonal phase

matrix:
I )
WP_[0 Jin 6 —2)
When rotation effects are included, the rotated waveplate is expressed as:
Jp = MRM - WP - RM (6 —3)
where the rotation matrices are defined as:
_ (cos@ —sinf _
MRM = (sinH cos@ ) (6—4)
_ ( cosf sinf _
RM = (—sinH cosH) (6=5)

Using these definitions, the Jones matrices for the two waveplates, Jp; and Jp,, are
explicitly expressed as:

_ (cos(Pay) —sin(Pay)\ [1 0 1./ cos(Pay) sin(Pa,) _
]P1_<sin(Pa2) cos(Paz)) [O ei(Pal)] <—sin(Pa2) COS(Paz)) (6-6)

_ (cos(Pay) —sin(Pay)\ [1 0 1./ cos(Pay) sin(Pa,) _
]P2_<sin(Pa4) cos(Pa4)) [O ei(P“3)] <—sin(Pa4) cos(Pa4)) 6=7)
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For the LC device, its Jones matrix My¢ is derived from simulation results and
incorporates rotation effects using the same transformation matrices:
J.c = MRM - M;-RM (6 —-8)
where MRM and RM are the rotation matrices in Eq. (6-4) and Eq. (6-5). Substituting these
into the expression gives:

_ (cos(Pas) —sin(Pas)y ( cos(Pas)  sin(Pas)
]LC_<sin(Pa5) cos(PaS)) Le <—sin(Pa5) cos(Pa5))

6-9)

Substituting all terms in Eq. (6-1), the Jones matrix of the whole system can be obtained,
which enables the extraction of the corresponding phase modulation and amplitude variations
for each polarization state. The combined optical effects of the system, which consists of the

two waveplates and the LC device, can be expressed using the total Jones matrix as:

iy
Jr=Jp1 JicJp2 = [AeC Dfigy] (6 —10)

where 8, and &, represent the phase modulation for the x- and y-polarized components,
respectively, the elements 4 and D correspond to the amplitude modulation of the x- and y-
polarized components, while the off-diagonal elements B and C describe the coupling between

polarization states, indicating polarization transformation effects within the system.

The LC device’s behaviour is modelled across varying voltages or over different time
intervals. By substituting a series of Jones matrices for the LC device - each representing its
characteristics at different voltage levels or time points - the optimization process effectively
captures the device’s dynamic performance. Within the optimization algorithm, this is
implemented using a loop that iterates through multiple voltage values or time steps,

calculating the optical response at each instance. As a result, the obtained phase modulations
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(84 and 8,), the amplitude responses (4 and D), and the off-diagonal elements (B and C) are

evaluated over a defined voltage range or time period.

To be specific, when the LC device is optimized in the voltage domain, its behaviour is
represented by a series of Jones matrices corresponding to different voltage levels:

Mic,o = [Micy Micy, Micys —Micyy) (6-11)

Similarly, if the LC device is optimized in the time domain, its behaviour is characterized by a

series of Jones matrices at different time points:

MLCtime = [MLCﬂ' MLCtz’ MLCt3’ MLCuv] (6—-12)

By calculating the LC device’s performance across multiple voltages and time points, a
set of results is obtained for Eq. (6-10). The corresponding phase modulation (8, and §,,),
amplitude performance (4 and D), and off diagonal elements (B and C) in the voltage domain

are expressed as:

xpop = |81 Oxyryr Sxyrar o+ Sy | (6 —13)
8y ot = [‘Syvy Syyzr Oyygr oo Sywv] (6—14)
Avor = [Ay1, Ayz, Avs, . Ayl (6 —15)
Dyo1 = [Dy1, Dyz, Dys, ... Dyy ] (6 —16)
Byor = [By1, By2, Bys, ... Bywl (6 —17)
Cvo1 = [Cy1, Cy2, Cys, . Cy] (6 —18)

Similarly, in the time domain, the phase modulation and amplitude response matrices are
given by:

= [SXTl’ Oxryr Oxrgr - 8XTN] (6 —19)
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8y, = [‘Syw Oyryr Oyrgs - SYTN] (6 —20)
Ar = [Ary,Arz, Ars, o Ay ] (6 —21)
Dy = [Dry, D1, Drs, ... Dyl (6 —22)
Br = [Bry, Brz, Brs, . Brw] (6 —23)

Cr = [Cr1,Crz, Cr3, ... Cowy] (6 —24)

In summary, incorporating the Jones matrix of the LC device at multiple voltages or time
points, rather than at a single operating condition, enhances the system's adaptability and
ensures optimal performance across a broader operational range. This capability enables more
practical applications, such as integration into imaging systems where dynamic updates to the

imaging process are required.

6.1.2 Algorithm Introduction
The Particle Swarm Optimization (PSO) algorithm [147]-[149] was employed to optimize the
system parameters. PSO is a population-based optimization technique inspired by the social
behaviour of bird flocks or fish schools. It effectively explores the parameter space and delivers
a global optimum solution with high precision while meeting the mathematical criteria
established for the system. PSO was chosen over alternative optimization methods due to its
robust global search capability, computational efficiency, and suitability for optimizing
continuous parameters, such as rotation angles and retardances. Unlike gradient-based
methods, which require a differentiable objective function and are not well-suited for complex
optical simulations, PSO operates effectively without gradient information. Additionally, while
other algorithms such as Genetic Algorithms (GA) [150][151] and Simulated Annealing (SA)
[152][153] can be effective, they often exhibit slower convergence rates and require more
complex implementation strategies. PSO's strength in avoiding local minima further enhances

the reliability of the optimization process, particularly when dealing with multi-modal
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objective functions. These attributes collectively establish PSO as an ideal choice for achieving

precise and polarization-independent optical performance in this study.

The application of the PSO algorithm in this optimization system is illustrated in the
flowchart shown in Figure 6.2. This algorithm begins by initializing the optimization constants,
including the population size and the maximum number of iterations. For this study, the
population size (popsize) is set to 100 (could be larger, if necessary, like 200, or 500), which
means in one iteration, this would calculate 100 groups E,,; derived from different
optimization parameters. The iteration count is set to be 100 (could be larger, if necessary, like
200). Also, the Jones matrix of the LC device under voltage or in the time domain are also

imported as constants in the algorithm.

The initial population of particles and their velocities in the PSO algorithm are randomly
generated within predefined ranges. Each particle represents a potential solution to the optical

system, with its position corresponding to a specific set of system parameters. The retardances

of the waveplates (Pa, and Pas) are initialized around% for quarter-waveplates and around ©

rad for half-waveplates or set to arbitrary values within the range [0, & rad] to represent arbitrary
initiated waveplates with specific phase retardances. The rotation angles (Pa,, Pa,, and Pas)
are randomly assigned values within [0, 360°]. The “velocity” refers to the rate of change of
these parameters during optimization, which is used to guide how particles move through the
solution space. Initial velocities are assigned random values within [2, 5] to balance exploration
and exploitation, which allows particles to explore the parameter space effectively while
avoiding abrupt changes. Each particle is then evaluated using the optical simulation system to
assess its performance against the optimization objectives, enabling the PSO algorithm to

iteratively improve the solution.
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Initiatize optimization constants
and load LC device data

Set iteration number Ni =/

Generate initial population and
velocities.

Calculate the initial fitness value and
identify gbest, and pbest

Update population and
velocities for each particle

Evaluate the fitness function
(including LC device
calculation) for each particle

Is current fitness
greater than the
previous pbest?

REH RIS REERIE
previous pbest with previous pbest
the current one value

Does it meet
the maximum
number of
iterations?

Output result:
gbest

Use gbest parameters to
calculate the phase and
amplitude performance of the
optical path

Figure 6.2. Flowchart illustrating the PSO algorithm for optimizing an LC device with two waveplates.
The process begins with initializing optimization constants and LC device parameters. The fitness value
is computed based on optical calculations, followed by iterative updates of particle positions and
velocities. The algorithm continuously updates the global best (gbest) and personal best (pbest) values
until the maximum iteration is reached. The final gbest parameters are used to calculate the phase and
amplitude performance of the optical system.
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The fitness function is a fundamental component for evaluating the optical performance
of the system, which is tailored to meet the design objectives. These can include achieving
polarization-independent phase modulation and maximizing the phase modulation range of a

single-polarized light source.

Settings for Polarization-independent Phase Modulation.

To ensure polarization independence, the phase modulations for two orthogonal
polarizations, 8, and 6,,, are extracted at each voltage level or time point. The optimization
objective is to minimize the phase difference between these two polarizations, as this is a key
criterion for achieving polarization independence. This objective is defined as Fit;, where a
smaller value of Fit; indicates improved consistency between the phase modulations of the

two polarizations.

In the voltage domain, Fit,; is expressed as:

Fit; = |8xV1 - 8)’V1| + |8xvz - 8}’V2| oot |8xVN - 6)’VN| (6 —25)
In the time domain, Fit; is similarly defined as:
Fit; = |8xT1 - 8)’T1| + |8xT2 - 8}’Tz| +oet |8xTN - 83’TN| (6 —26)

Minimizing Fit, across all voltage levels or time points ensures a uniform phase response for

both polarizations, thus maintaining polarization independence.

Simultaneously, off-diagonal elements, B and C, in Eq. (6-10) indicate polarization
transformation. For polarization-independent performance, these values should be as small as
possible. This requirement is quantified by the following optimization metric:

In the voltage domain, the metric is defined as:

Fitz == IBV1 + BV2 + i + BVNI + ICVl + CV2 + A + CVNI (6 - 27)
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In the time domain, it is expressed as:
Fltz == IBTl + BT2 + b + BTNI + ICTl + CTZ + b + CTNI (6 - 28)
A smaller value of Fit, corresponds to improved polarization independence, which could

ensure minimal polarization transformation across different voltage levels or time intervals.

Simultaneously, to maintain high optical efficiency and minimize amplitude loss, the
amplitude modulation is designed to be close to 1. The corresponding fitness function Fit3 in
the voltage domain is expressed as:

Fity = YI,|Av — 1] + X, 1Dy — 1] (6 —29)

Similarly, in the time domain, the corresponding fitness function Fit; is defined as:
Fity = YiLi|Ar — 11+ Xi,IDg; — 1 (6 -30)
A lower value of Fit; indicates improved amplitude performance, which leads to higher optical
efficiency and minimized amplitude loss. This is critical for optimizing the device's

performance.

The overall fitness function is defined as:

Fit = Fit, + Fit, + Fitg (6 —31)
where the objective is to minimize the value of Fit. If significant differences exist among Fit;,
Fit,, and Fit;, appropriate weights factors (W;, W,, and W3) are introduced to balance their
contributions:

Flt:W1'Flt1+ Wz'Flt2+W3'Flt3 (6_32)
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Settings for Enhanced Phase Modulation of Single-polarized Light
To maximize the phase modulation range of single-polarized light, the objective is to

maximize the phase difference of a single polarization. For x-polarized light in the voltage
domain:

Fit_my = 8x v max = Ox_v_min (6 —33)
In the time domain:

Fit-my = 8y 1 max = Ox_1_min (6 —34)
Here, 8y v max and 8y 1 may present the maximum phase modulation in the voltage domain
and time domain, respectively. Similarly, 8y v min and 8y r min present the minimum phase
modulation in the voltage domain and time domain, respectively, for the x-polarized light. A

larger value of Fit,,, indicates a larger phase modulation range and an enhanced modulation

capability.

Simultaneously, the amplitude is optimized to remain as close to unity as possible. This
is achieved by minimizing the deviation of the amplitude from 1, which ensures high optical
efficiency. The formulation is expressed as follows:

In the voltage domain:

Fity,, = XL 1|Ay; — 1] (6 —35)

In the time domain:

Fity, = XLi|An — 1] (6 —36)
A lower value of Fit,,, indicates reduced deviation and ensures that the amplitude remains
near the desired level, which also indicates a low amplitude modulation as well as a low

amplitude loss.
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Since the optimization involves both phase modulation ( Fit,,, ) and amplitude
performance (Fit,,,), weighting factors (W;,,and W, ) are introduced to balance their

contributions in the overall fitness function, defined as:

Fity, = =W, - Fity, + Wiy, -Fitm2 (6 —137)
The negative sign associated with W, ensures that Fit,,, is maximized, whereas Fit,, is

minimized, when the algorithm is optimized the Fit,, to have the minimum value. This
formulation ensures that the optimization process prioritizes maximizing the phase modulation
range while maintaining the amplitude close to unity, with appropriate weighting factors to

achieve a balanced trade-off between these two objectives.

The PSO algorithm proceeds iteratively until the maximum number of iterations is
reached, which is set to 100 in this case. In each iteration, the positions and velocities of
particles are updated based on their personal best (pbest) and global best (gbest) values. The
fitness value of each particle is evaluated using Eq. (6-32) or Eq. (6-37), and the new pbest
values are determined by comparing the fitness values within the swarm. The gbest value is
subsequently updated by comparing the current fitness values with the previous ones. Since the
objective is to minimize the fitness value, a newly generated pbest that is smaller than the
current ghest replaces it as the new gbest. If the new pbest does not improve upon gbest, the
algorithm continues to the next iteration, maintaining the previous gbest value and repeating
the comparison process. This iterative procedure continues until either the maximum iteration

limit is reached, or the fitness values converge.

To ensure practical optimization results, it is essential to impose appropriate parameter

constraints after each parameter update. If the two waveplates are designed to function as

quarter-wave plates, the parameters Pa,; and Paj are restricted to a small range around g,
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specifically within the interval |~ — 0.005, = + 0.005|, where the margin 0.005 accounts for
P y > >

potential errors. Similarly, the parameters Pa,, Pa,, and Pas are constrained within the range

[0, 360°] to ensure physically meaningful solutions.

At the end of the optimization process, both the final optimization results and the
convergence behaviour of the fitness function should be analysed. To evaluate convergence,
the evolution of the gbest value over iterations is plotted. A properly converging optimization
process should yield a curve that gradually flattens as iterations increase. If the curve does not
exhibit this behaviour, it may be necessary to adjust the optimization parameters and re-run the
optimization. Once convergence is achieved, the final gbest value and the corresponding
optimal parameter set (Pa; to Pas) are obtained. The final performance of the optimized

configuration is then computed by substituting these parameters back into the calculation.

6.1.3 System Verification

To validate the reliability of this computational framework, a systematic verification process
was conducted before applying it to practical optimization problems. As a test case, a rotating
half-waveplate was used to represent the LC device awaiting optimization. As discussed in
Section 3.3, when a half-waveplate is placed between two quarter-waveplates with their optical
axes oriented at 45°, it can generate continuous phase modulation. Theoretically, the induced
phase modulation is twice the rotation angle of the half-waveplate. A mathematical derivation

of this relationship is presented below.

The Jones matrix for a single rotating half-waveplate is expressed as:

cos(2¢)  sin(2¢)

sin(2¢p) —cos(2¢) (6 —38)

Juwp =
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where ¢ represents the rotation angle of the half-waveplate, varying within the range [0, 360°].

In this verification, 101 discrete values of ¢ were used to evaluate the system response.

For an x-polarized incident light, the input electric field vector is:

1
Ein = || (6 - 39)
After passing through the half-waveplate, the output electric field is given by:

Eout = Juwp * Ein = [COS(Z(p)]

sin(2¢) (6 - 40)
This result indicates that a single rotating half-waveplate does not induce phase modulation, as
the output polarization changes as the rotation angles increases, while the amplitude varies
according to cos(2¢) and sin(2¢). Figure 6.3(a)-(c) illustrates the performance of a single
rotating half-waveplate. The amplitude modulation plot in Fig. 6.3(a) illustrates the variations
in the parallel and perpendicular polarization components as a function of ¢. The phase
modulation plot in Fig. 6.3(b) confirms that there is no phase shift variation with ¢.

Additionally, the polar plot in Fig. 6.3(c) further validates the absence of phase modulation

over a full 360° rotation.

When the half-waveplate is placed between two quarter-waveplates, the Jones matrix for

the system becomes:
Eout = ]QWP * Jawp - ]QWP * Ein (6 —41)
where the Jones matrix of a quarter-waveplate (QWP) with its optical axis at 45° is:
Tr1 —i
Jowp = NG [_1 1 (6 —42)

Substituting the matrices and solving for E,,,;, the output light field is obtained as:
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Eout =

[cos(2<p) — isin(2¢) 0 E. =
0 —cos(2¢) — isin(2p)] ™ T

(2¢) — isin(2e)
[cos [ 0Lsm (p] (6 —43)

This result confirms that an x-polarized incident light propagating through the system remains
x-polarized. The performance of the output light is illustrated in Fig. 6.3(d)—(f). The amplitude
of x-polarized light remains constant as the rotation angle increases, while the phase shift
follows a linear relationship with ¢, resulting in a total phase shift of 720° for a full 360°
rotation. The y-polarized component remains zero as the rotation angle changes. This agrees

with theoretical predictions.

To verify this behaviour within the algorithm, the Jones matrix of a rotating half-
waveplate was employed to imitate the LC device model. The two waveplates were initially
assigned arbitrary retardances, while the rotation angles of all three components were randomly
initialized within the range [0, 2x rad]. The cost function, as defined in Section 6.1.2, aimed to
maximize the phase modulation range for single-polarized light. After multiple iterations, the
optimized results indicate that the system parameters converge to two quarter-waveplates with
retardances of 1.57 and rotation angles of 135° and 315°, which ensures a relative angle of 45°
to the input and output polarization. The rotation angle of the half-waveplate is 155.68°;
however, since it continuously rotates, its initial placement angle does not influence the final
system performance. The results of the optimized system are identical as those presented in
Fig. 6.3(d)—(e). Specifically, the amplitude of the x-polarized light remains constant at 1
regardless of the rotation angle, while the phase shift exhibits a linear dependence,
demonstrating a 720° phase shift for a full 360° rotation. This confirms the expected twofold

relationship predicted by Eq. (6-43).
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Figure 6.3. Verification of the optimization algorithm by simulating a rotating half-waveplate
representing the LC device placed between two waveplates with arbitrary retardances. Performance of
a single rotating half-waveplate: (a) amplitude modulation, (b) phase modulation, and (c) polar plot.
Rotating half-waveplate positioned between two quarter-waveplates with optical axes oriented of 45°:
(d) amplitude modulation, (¢) phase modulation, and (f) polar plot. ‘E,.’ refers to the x polarization input
light, while ‘E,,’ refers to the y polarization input light.

This verification establishes the reliability of the proposed optimization algorithm. By
representing LC devices using Jones matrices, the method effectively captures dynamic optical
behaviour over a specified voltage range and time period. The results validate the efficiency of
the framework in rapidly identifying the optimal configuration for the LC-waveplate system
based on a given optimization objective. This framework provides a robust foundation for
designing advanced optical systems. In the following section, this approach is extended to the
optimization of widely used LC devices, focusing on achieving polarization-independent

operation or maximizing their phase modulation range.
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6.2 Optimization for Fréedericksz LC device

6.2.1 Polarization independence in the voltage domain

The optimization of the Fréedericksz LC device begins by initiating the values of the optical
parameters of the LC device and two waveplate with arbitrary values. The retardance values of
the waveplates are randomly assigned within the range [0, & rad], while their rotation angles
are distributed within the range [0, 2 rad]. The primary goal was to achieve the polarization-
independent phase modulation while simultaneously maximizing phase modulation. Key
optimization parameters, such as population size and initial velocities, are adjusted to achieve

optimal performance.

Figure 6.4 presents the performance of a single 5 pm thick Fréedericksz device filled
with nematic LC in its original state prior to optimization. In this configuration, only parallel
polarization exhibits a phase modulation of 193.12° as voltage increases from 2.0 to 10.0 V,
while the perpendicular polarization remains unchanged, which indicates zero phase
modulation. This highlights the device's inherently anisotropic behaviour, which serves as the
baseline for subsequent optimization efforts. The optimization range for this device begins
from 2.0 V, rather than 0 Vrms, due to practical considerations for reflective SLM applications.
In such scenarios, a phase shift of approximately 2z rad in reflection (equivalent to m rad in
transmission) is commonly required. Therefore, the voltage range of 2.0 to 10.0 V is selected
to achieve around = rad phase modulation for the 5 um-thick LC device under a driving voltage

of 10 Vrms.
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Figure 6.4. Performance of a single nematic Fréedericksz LC device in the voltage domain as the
voltage changes from 2.0 V to 10.0 V, with the red point marking the phase modulation at 10.0 V. ‘Para
pol’ refers to the polarization parallel to the input light’s polarization, which also corresponds to the

device alignment. ‘Perp pol’ refers to the polarization perpendicular to the input light’s polarization,
also corresponding to the device alignment.

Results of Arbitrary Retardance Optimization

Using the optimization algorithm described above, setting the retardances of the two
waveplates to arbitrary values within the range [0, © rad] can yield multiple configurations that
achieve satisfactory polarization-independent phase modulation to a different extent. The
configurations summarized in Table 6.1 demonstrate polarization-independent performance
through different mechanisms, as illustrated in Figure 6.5. Table 6.1 presents the exact values
of the five key parameters along with evaluation metrics, including the phase modulation under
two amplitude constraints. The constraint of 0.99 indicates that the amplitude at both
polarizations of the outgoing light reaches 0.99, which demonstrates high polarization purity,
with the corresponding cross-polarization (polarization transformation) amplitude being only
0.14. This indicates the intensity of polarization transformation of 1.96%. Similarly, the 0.9
constraint corresponds to a lower outgoing amplitude of 0.9 for both polarizations, with a

significantly higher cross-polarization amplitude of 0.43, which indicates the intensity of
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polarization transformation of 18.49%. The results are further visualized as polar plots, where

the radius represents amplitude modulation, and the angle corresponds to phase modulation.

As shown in Fig. 6.5, configurations (a) to (c) demonstrate achieved phase modulation
behaviours under two constraints as the voltage increases. Each configuration exhibits
polarization-independent performance within a specific voltage range, while polarization
transformation occurs beyond that range. This indicates that polarization independence is only
maintained under limited operational voltages. Table 6.1 presents that the achieved phase
modulation is significantly reduced compared to that of a single device operating under a single

polarization, which reaches 193.12° as the voltage increases from 2.0 to 10.0 V.

90 90
120 1 60 120 """" 1 60
0.8 4.0V
150 0,624V 30 150 \ 30
04 2. 5\/0 4
0.2 2:9V—) 2 A
- Para (20.9) 0 180 o 0
---Perp (>0.9) 3.6V ; - Para (=0.9)
) o o
----- 5.8V =
Perp (20.99) 330 2100 | Porp (2099 330
240 300 240 300

270 (c) 270

Figure 6.5. The polarization-independent phase modulation performance of a nematic Fréedericksz LC
device placed between two waveplates with arbitrary retardances in the voltage domain. The
corresponding phase retardances and rotation angles are listed in Table 6.1. The amplitude constraints
are of 0.9 and 0.99, respectively. ‘Perp pol’ refers to the polarization perpendicular to the input light’s
polarization, which also corresponds to the device alignment. ‘Para pol’ refers to the polarization
parallel to the input light’s polarization, also corresponding to the device alignment.

Despite this limitation, the optimized results exhibit expected polarization-independent
performance with all configurations, which demonstrates the effectiveness of the optimization
algorithm. A single Fréedericksz device can only achieve phase modulation along one single

polarization, while if placed between waveplates, polarization-independent phase modulation

168



can be achieved, though the phase modulation is quite limited. To address this limitation, the
device thickness can be increased to enhance phase modulation performance. Moreover, all
solutions remain within the physically feasible retardance range [0, w rad], which ensures their

practical applicability in real-world device implementations.

Table 6.1. Parameters of the configurations corresponding to the performance shown in Figure 6.5.

Phase Phase

Pal Pa2 Pa3 Pa4 Pa5s
(rad) (deg) (rad) (deg) (deg) ¢0.59) 02

ra eg ra eg eg
(deg) (deg)
(a) 0.65 44.79 0.20 225.71 225.02 16.15 35.67
(b) 2.08 45.20 2.46 224.88 315.06 13.91 50.39
(c) 0.12 58.59 2.08 224.54 226.19 13.74 48.85

In addition, one optimization algorithm generates multiple favourable results are possibly
due to the intrinsic nature of the PSO algorithm, which explores multiple regions in the solution
space and provides several near-optimal solutions. This is evident in the results, where
configurations (a)-(c) all achieve good performance. The cost function combines amplitude and
phase modulation metrics, introducing a trade-off by balancing the weight numbers. While
some solutions excel in one aspect (e.g., amplitude uniformity), they may slightly
underperform in another (e.g., phase range). This highlights the importance of carefully
defining the cost function based on specific application needs. Since this is a multi-objective
optimization problem, more rigorous cost function constraints and weight adjustments are

needed to achieve better results.
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Re-Optimization with A Single Half-Waveplate

A second re-optimization was conducted using a single half-waveplate in combination with the
LC device. The retardance values were set to be w rad and 0 to imitate this system. Minor
deviations are introduced to simulate fabrication errors of waveplates. In this system, rotation
angles of the waveplate and the LC device are set as optimization parameters. The results,
presented in Figure 6.6, demonstrate polarization-independent phase modulation, where both
polarizations exhibit identical phase modulation with amplitude exceeding constraints of 0.9
and 0.99. The optimized rotation angles for configuration (a) are -45° for the half-waveplate
and 45.00° for the LC device, whereas for configuration (b), they are -45.00° for the half-
waveplate and 135.00° for the LC device. Notably, the rotation angles of the LC device in these
two configurations are oppositely oriented, and the phase modulation performance illustrated
in Figure 6.6 exhibits opposite symmetry as well. The achieved phase modulation for both
configurations (a) and (b) is identical, which is 7.07° under the constraint of 0.99 and increasing

to 44.92° under the relaxed constraint of 0.9.
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Figure 6.6. Performance of a nematic Fréedericksz LC device in the configurations where the LC device
is placed with a single half-waveplate. The amplitude constraints are of 0.9 and 0.99, respectively. Perp
pol’ refers to the polarization perpendicular to the input light’s polarization, which also corresponds to
the device alignment. ‘Para pol’ refers to the polarization parallel to the input light’s polarization, also
corresponding to the device alignment.

170



The configuration that combines a single half-wave plate with a Fréedericksz nematic
LC device successfully achieves polarization-independent phase modulation. However, the
modulation is rather limited under strict amplitude constraint of 0.99 for a pure polarization-
independent performance. When the phase modulation is improved by reducing this constraint,

polarization transformation is simultaneously introduced.

6.2.2 Polarization independence in the time domain

Demonstrating the operation of the optimized system in the time domain is essential, as it
highlights the practicality of this optimization methodology in fast switching applications. This
section applies the optimization algorithm to investigate the dynamic performance of the LC-
waveplate system and focuses on achieving either polarization-independent phase modulation
over time. As shown in Figure 6.7, a single Fréedericksz LC device achieves a phase
modulation of 69.53° for parallel polarization within a 1 ms timescale, with amplitude
performance close to 1. The perpendicular polarization remains at 0, which underscores the
anisotropic nature of the Fréedericksz device and its inherent limitation in achieving

polarization-independent applications.
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Figure 6.7. Performance of a single nematic Fréedericksz LC device in the time domain during the
relaxation process within 1 ms.
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When optimizing the system in which a Fréedericksz device is placed between two
waveplates with arbitrary retardances, the Jones matrix of the LC device in the time domain
was incorporated into the optimization framework. The waveplates were initialized with
arbitrary retardances within the range [0, n rad]. The optimized results are presented in Figure
6.8, with amplitude constraints (as explained in Section 6.2.1) to be 0.9 and 0.99, respectively.
The corresponding performance are summarized in Table 6.2. Under constraint of 0.99, all
configurations demonstrate consistent phase modulation for both perpendicular and parallel
polarizations, with polarization transformation limited to only 2% of the light intensity. This
indicates the pure polarization-independent capability of the optical system across all evaluated

time points. However, the achieved phase modulation remains limited, as shown in the last

column of Table 6.2.
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Figure 6.8. Time-domain performance of a single nematic Fréedericksz LC device placed between two
waveplates with arbitrary retardances during the 1 ms relaxation process. The red point indicates the
end of the 1 ms period, while the two overlapping curves represent the behaviour of the parallel and
perpendicular polarizations. The parameters of each configuration are listed in Table 6.2.
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When the amplitude constraint is relaxed to 0.9, the polarization-independent phase
modulation can extend to 1 ms, though the system exhibits a higher degree of polarization
transformation, with approximately 20% of the output intensity attributed to cross-polarization.
In this case, the achieved phase modulation reaches 34.77°, roughly half the value attained by
a single LC device operating under a single polarization (69.53°) over the same timescale (1
ms). This reduction highlights the inherent trade-off between achieving polarization
independence and maximizing phase modulation depth. Additionally, all configurations under
this relaxed constraint show minimal amplitude loss—approximately 0.07—over the 1 ms time

scale.

Table 6.2. Parameters of the configurations corresponding to the performance shown in Figure 6.8.

Phase Phase
Pal Pa2 Pa3 Pa4 Pa5s

(>0.99) >0.9)

(rad) (deg) (rad) (deg) (deg)
(deg) (deg)
(a) 2.2 225.01 09 315.02 44,55 16.08 34.76
(b) 0.42 238.95 1.62 137.73 310.63 10.57 34.76
(¢) 0.93 226.88 0.07 12.47 44,55 15.69 34.76
(d) 2.72 223.8 2.34 47.38 316.08 9.41 34.76

These results validate that a single-polarized Fréedericksz LC device, when combined
with waveplates of optimized retardance, can achieve polarization-independent phase
modulation during its 1 ms relaxation process. Although minor polarization transformation
occurs over some time points, the overall polarization independence is largely maintained
under loose constraint. The limited phase modulation could be improved if the standalone LC

device were capable of producing a greater phase shift. Additionally, it is worth noting that
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other single-polarization configurations, such as specific states in the Pi-cells, are not explored
in this section. These are expected to exhibit similar performance based on the same

optimization framework.

6.2.3 Single polarization phase modulation in the voltage domain

To investigate the potential for achieving greater phase modulation with a single Fréedericksz
LC device, the optimization algorithm was modified by adjusting its cost function while
following a similar optimization process. The performance of a standalone nematic
Fréedericksz LC device, shown in Figure 6.4, exhibits a phase modulation of 193.12° as the
voltage increases from 2.0 V to 10.0 V for the parallel polarization. The optimization algorithm
was designed to maximize the phase difference while allowing a constant level of amplitude

loss. The initial retardances were set to arbitrary values within the range [0, « rad].

The optimized results, presented in Figure 6.9, indicate that all configurations which
incorporate additional waveplates do not demonstrate any improvement in phase modulation
compared to a single LC device. Even with optimized retardances for the waveplates, phase
modulation remains unchanged compared to a single Fréedericksz device. This suggests that
the standalone Fréedericksz device already operates near its maximum phase modulation
capacity during switching. The parameters of these configurations are detailed in Table 6.3.
As the voltage increases from 2.0 V to 10.0 V, both the unoptimized and optimized setups
achieve the same phase modulation of approximately 194.54°, with amplitude maintained at 1,

which is quite identical to the performance of a single Fréedericksz device.
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Figure 6.9. Voltage domain performance of a nematic Fréedericksz LC device placed between two
waveplates with optimal retardances. The corresponding phase retardances and rotation angles are listed
in Table 6.3. The voltage range is from 2.0 V to 10.0 V, with the red point marking the phase modulation
at 10.0 V. ‘Perp pol’ refers to the polarization perpendicular to the input light’s polarization, which also
corresponds to the device alignment. ‘Para pol’ refers to the polarization parallel to the input light’s

(@ (b) (©) (d) (e) U
Pal/(rad) 0.12 0.10 0.80 0.86 0.18 1.45
Pa2/(deg) 0.00 0.00 0.00 180.00 0.00 0.00
Pa3/(rad) 0.28 0.10 2.96 2.09 3.04 0.06
Pa4/(deg) 0.00 0.00 0.00 0.00 0.00 0.00
PaS/(deg) 0.00 0.00 0.00 270.00 90.00 90.00
Phase/(deg) 194.59 194.59 194.59 194.59 194.59 | 194.59
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Additionally, in configurations (a)—(c), the waveplates remain in the same positions, with
rotation angles of 0°, which causes no change in phase modulation performance. Specifically,
the parallel polarization remains unchanged, while the perpendicular polarization exhibits zero
modulation, which is consistent with the behaviour of a standalone Fréedericksz device. In
contrast, configurations (d)—(f) exhibit the opposite behaviour: while the parallel polarization
remains static, the perpendicular polarization begins to exhibit dynamic changes as voltage
increases. This behaviour is attributed to the 90° rotation of the LC device, as indicated in Table

6.3.

These results highlight the intrinsic limitations of the Fréedericksz device, which
achieves a phase modulation of 194.54° with high amplitude performance (1.0) but cannot

further enhance dynamic phase modulation through the addition of extra waveplates.

6.2.4 Single polarization phase modulation in the time domain

To evaluate the time-domain performance of the Fréedericksz LC device, various
configurations incorporating additional waveplates were optimized to investigate the
possibility of larger phase modulation for a single polarization. The simulation performance of
a standalone Fréedericksz LC device, as shown in Figure 6.7, demonstrates a phase modulation
of 69.53° within a 1 ms timescale under parallel polarization, while maintaining an amplitude
close to unity. The initial retardances of the waveplates were set to arbitrary values within [0,

7 rad].

The optimized results, illustrated in Figure 6.10, indicate that incorporating additional
waveplates (configurations (a)—(f)) does not improve amplitude or phase modulation compared

to a standalone Fréedericksz device. Even when the retardances of the waveplates were
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optimized, the system achieved the same phase modulation performance of approximately
69.54°, with no improvement in phase modulation, which confirms that the Fréedericksz device
already operates at its maximum phase modulation capacity. The parameters of these
configurations are detailed in Table 6.4. In configurations (a)—(c), the performance of the
parallel polarization remains unchanged, while the perpendicular polarization exhibits zero
modulation, consistent with the behaviour of a standalone Fréedericksz device. These
configurations correspond to an LC device with a rotation angle of 0°. In contrast, in
configurations (d)—(f), dynamic changes occur in the perpendicular polarization within the 1
ms timescale, while the parallel polarization remains static. This behaviour is attributed to a

90° rotation of the LC device, as detailed in Table 6.4.
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Figure 6.10. Time-domain performance of a single nematic Fréedericksz LC device placed between
two waveplates with arbitrary retardances during the 1 ms relaxation process. The red point indicates
the end of the 1 ms period. ‘Perp pol’ refers to the polarization perpendicular to the input light’s
polarization, which also corresponds to the device alignment. ‘Para pol’ refers to the polarization
parallel to the input light’s polarization, also corresponding to the device alignment. The parameters of
each configuration are listed in Table 6.4.
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Table 6.4. Parameters of the configurations corresponding to the performance shown in Figure

6.10.
(@ (b) (©) (d) (e) U

Pal/(rad) 1.78 1.31 0.00 1.78 0.00 291
Pa2/(deg) 270.00 0.00 0.00 0.00 0.00 90.00
Pa3/(rad) 0.00 0.00 1.78 0.00 2.01 2.60
Pa4/(deg) 0.00 0.00 270.00 0.00 0.00 0.00
PaS/(deg) 0.00 0.00 0.00 90.00 90.00 270.00

Phase/(deg) 69.53 69.53 69.53 69.53 69.53 69.53

6.3 Optimization for 90° TN device

6.3.1 Polarization independence in the voltage domain

In this section, the performance of the 90° TN LC device is examined. TN LC device exhibits
polarization-independent behaviour at high applied voltages, as discussed in Section 5.1. The
optimization algorithm is applied trying to increase its polarization-independent phase
modulation in the voltage domain. The simulation performance of a single Spm thick 90° TN
device is presented in Figure 6.11(a), where both polarizations exhibit consistent phase
modulation. The amplitude constraints are explained in Section 6.2.1. Under the amplitude
constraint of 0.9, the single TN LC device achieves a polarization-independent phase
modulation of approximately 92.28°, as the voltage increases from 1.86V to 10.0V. Under a
stricter constraint of 0.99, the device achieves a polarization-independent phase modulation of

approximately 62.55° as the voltage changes from 2.3 V to 10V.
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Figure 6.11. Voltage-domain performance of (a) a single 90° TN-LC device and (b) its optimized
configurations for improved polarization-independent phase modulation, achieved by combining with
two half-waveplates. The voltage range extends are labelled in the figure. The results are plotted by
using two amplitude constraints of 0.9 and 0.99. Perp pol refers to the polarization perpendicular to the
input light’s polarization, corresponding to the device alignment, while Para pol refers to the
polarization parallel to the input light’s polarization, also aligned with the device orientation.

The optimal configuration consists of a 5 um thick TN LC device positioned between
two half-wave plates, with the waveplates oriented at rotation angles of 343° and 61.59°,
respectively. The performance of this optimized configuration is illustrated in Fig. 6.11(b).
Under an amplitude constraint of 0.9, the device achieves a polarization-independent phase
modulation of approximately 126.69° as the applied voltage increases from 1.6 V to 10.0 V.
This presents a significant improvement in phase modulation compared to a single TN LC
device. When the amplitude constraint is tightened to 0.99, the optimized configuration
achieves a phase modulation of approximately 21.25° over a narrower voltage range of 1.78 V
to 2.0 V. This modulation is reduced relative to the 62.55° achieved by a single TN LC device
under the same strict constraint. The optimized configuration exhibits enhanced polarization-
independent phase modulation under the lower amplitude constraint and reduced phase

modulation under the stricter constraint.
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6.3.2 Single polarization phase modulation in the voltage domain

In certain applications, the 90° TN LC device is utilized for phase modulator for a single

polarized light. The performance of a single 5 pm 90° TN device is presented in Figure 6.12(a).

It shows that both polarizations exhibit consistent phase modulation of approximately 110°

with amplitude exceeds 0.8 as the voltage increases from 1.7V to 10.0V. The device maintains

an amplitude variation of 0.2 and an average amplitude of 0.99.
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Figure 6.12. Voltage-domain performance of (a) a single 90° TN-LC device and (b), (c¢) and (d) its
optimized configurations for improved phase modulation range, achieved by combining with
waveplates of different arbitrary retardances. The corresponding phase retardances and rotation angles
are detailed in Table 6.5. The voltage range extends different and marked in the figures, and the red
points indicate the phase modulation at 10.0 V. Perp pol refers to the polarization perpendicular to the
input light’s polarization, corresponding to the device alignment, while Para pol refers to the
polarization parallel to the input light’s polarization, also aligned with the device orientation.
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To maximize phase modulation in a single polarization, the optimization algorithm was
applied to the TN LC—waveplate system with a focus on extending the phase modulation range
for one polarization, rather than maintaining identical performance across both polarizations.
The optimized results are presented in Fig. 6.12(b)—~(d). All configurations exhibit a
significantly enhanced phase modulation range compared to a standalone 90° TN LC device.
The amplitude remains constant across the voltage range, while a slight reduction in amplitude
is observed due to the optimization trade-offs. The detailed configuration parameters and

corresponding performance metrics are summarized in Table 6.5.

Table 6.5. Parameters of the configurations corresponding to the performance shown in Figure 6.12 of
the configuration containing 90° TN-LC device.

(@ (b) (c) (d)

Pal/(rad) 0 2.11 1.96 1.28
Pa2/(deg) 0 142.53 156.79 144.77

Pa3/(rad) 0 0.66 2.48 1.49
Pa4/(deg) 0 239.04 242.63 236.90
PaS/(deg) 0 79.59 0.00 186.96

Average amplitude 0.99 0.74 0.96 0.99

Amplitude difference 0.20 0.03 0.13 0.19
Phase/(deg) 110.09 466.64 356.41 303.20

Among the configurations, configuration (b) achieves the maximum phase modulation
at parallel polarization, reaching 466.64° as the voltage increases from 1.0V to 10.0V. The

amplitude modulation remains minimal at 0.03, with the average amplitude of 0.74. This phase
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modulation enhancement is nearly four times greater than that of a single-polarized light.
Configuration (c) exhibits a full 2x rad phase modulation as the voltage increases from 1.08 V
to 10.0 V, but it has a better amplitude performance than (a), with a slight amplitude variation.
What’s more, configuration (d) exhibits the best amplitude performance as it is close to 1 with
nearly 0 amplitude variation but sacrifices its phase modulation range to 303.20° as the voltage
increases. The comparison between the three configurations reflects trade-offs between
parameters. These findings indicate that by carefully optimizing the LC-waveplate system
parameters, it is possible to substantially enhance phase modulation in a single polarization

with TN LC device.

6.4 Summary

This chapter presents a systematic investigation of the optimization method applied to LC
device—waveplate architectures. The objective is to achieve polarization independence and
enhance phase modulation performance across the voltage and time domains. The LC devices
analysed include the Fréedericksz nematic LC device, which represents anisotropic LC devices
(such as pi-cells), and the 90° twisted nematic (TN) LC device, which represents twisted

nematic configurations (such as super-twisted nematic LC devices).

Section 6.1 introduces the system architecture, where an LC device is positioned between
two waveplates, and describes the optimization algorithm, which integrates the Jones matrix
formalism with the particle swarm optimization (PSO) algorithm. A thorough system
verification is conducted to validate the reliability of the algorithm, laying the groundwork for

subsequent optimization processes.
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Section 6.2 explores the optimization of a configuration consisting of a Fréedericksz LC
device positioned between two waveplates and evaluates its potential for achieving
polarization-independent phase modulation in both the voltage and time domains as an initial
step. The results demonstrate the configuration’s feasible polarization-independent phase
modulation; however, the achievable phase modulation remains relatively limited. Further
optimization targeting enhanced phase modulation for a single polarization yields no
significant improvement, even with optimized waveplate configurations, highlighting the
intrinsic limitations of the Fréedericksz device. Nonetheless, these findings demonstrate that a
single-polarization device can be extended to achieve polarization-independent phase

modulation through appropriate optimization strategies.

Section 6.3 focuses on TN LC devices, using the 90° TN LC configuration as a
representative example. A standalone 90° TN LC device demonstrates polarization-
independent performance at high voltages. To extend the polarization-independent phase
modulation range, the optimization algorithm is applied to a configuration in which the TN LC
device is placed between two waveplates. The results reveal improved phase modulation
performance, though this enhancement comes at the cost of minor polarization transformation
under a relatively loose amplitude constraint of 0.9. Furthermore, the algorithm is also
employed to maximize the phase modulation range for a single polarization. The optimized
configurations achieve significantly enhanced phase modulation (three times improvement)

and constant amplitude performance, though at the expense of a modest decrease in amplitude.
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7.Conclusions and Future Work

7.1 Conclusion for Each Chapter

This thesis presents a systematic investigation into liquid crystal (LC) based optical phase
modulators, focusing on enhancing their response time, phase modulation depth, and
polarization independence while maintaining low voltage operation. Through a combination of
theoretical modelling, experimental validation, and numerical optimization, this research
explores the performance of two nematic LC devices - a pi-cell based phase modulator, and a
super-twisted nematic (STN) LC based polarization-independent modulator. Furthermore, this
thesis also explores ways of optimising the optical system configuration (the combination of
LC device and fixed waveplates) for improved optical phase modulation. The optimized optical
phase modulator can be applied to advanced SLM design, which paves the way for next-
generation optical modulators with applications in adaptive optics, beam steering, holography,

and display technologies.

Chapter 1 introduces the motivation and objectives of the research, which highlights the
key challenges in LC-based optical phase modulation, such as the need for fast response times
(<1 ms), full 2z rad phase modulation, low operating voltages (< 15 Vims), and polarization
independence. The fundamental trade-offs between response time, phase modulation depth,

and voltage constraints are discussed, which provides the foundation for the research focus.

Chapter 2 provides the theoretical foundation for understanding LC physics and its
simulation methods in optical phase modulation. It introduces the fundamental properties of

LCs, including phase transitions, order parameter theory, and molecular alignment, followed
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by a discussion of elastic properties and continuum theory, where Frank continuum theory and
Ericksen-Leslie theory describe LC deformations and hydrodynamics. These principles form
the basis for modelling LC reorientation under external fields, particularly in phase modulation
applications. The director model and finite difference method are introduced as numerical tools
for solving LC configurations. Additionally, birefringence and the Jones matrix formalism are
explored to describe how LCs modulate light polarization and phase, particularly in twisted
nematic (TN) LC devices. The chapter also examines dielectric energy and the Fréedericksz

transition, which determine the voltage required for LC switching.

Additionally, the chapter briefly introduces polymer stabilization as a method to enhance
LC performance and mentions chiral and smectic ferroelectric LCs as promising candidates for
optical phase modulators, though they are not the focus of this thesis. Overall, this chapter
establishes the theoretical and numerical framework that supports the design, simulation, and

optimization of LC-based phase modulators in the following chapters.

Chapter 3 presents three phase measurement techniques for evaluating LC-based phase
modulation in the time domain. A transmission-based method is employed for preliminary
assessment, particularly when combined with microscopy, allowing transient states to be
observed and confirmed. Phase-shifting interferometry is used for high-resolution and precise
phase modulation measurements. The phase-shifting Twyman Green interferometer developed
utilizes a rotating half-waveplate to introduce controlled phase shifts, with a four-step phase
extraction algorithm applied to determine the corresponding phase modulation accurately.
Additionally, a phase-shifting Mach—Zehnder interferometer incorporates an Acousto-Optic
Frequency Shifter (AOFS) to generate a continuous 40 MHz phase shift, with Fast Fourier

Transform (FFT) analysis used for phase extraction. These techniques provide high-resolution,
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time-resolved phase measurements, and enable continuous and accurate characterization of the
dynamic optical response of LC devices. In addition, it is worth mentioning that the
transmission-based method, which uses a laser as the light source, can provide an accurate
transmission curve that varies with voltage changes in controllable steps. This method can be

used to evaluate the thickness of the device when compared with simulation results.

Chapter 4 investigates a pi-cell-based optical phase modulator. It demonstrates that a
short burst voltage can drive the device into the symmetric H-state (Hs state), which has a
doubled phase modulation due to the formation of additional boundary layers. The stability of
this transient Hs state is examined under a microscope. Optical phase modulation simulations
are conducted by deriving the free-energy density and solving the Euler-Lagrange equations to
model the director behaviour, followed by phase modulation calculations based on effective
birefringence. Dynamic phase measurements using the phase-shifting Twyman Green
interferometry confirm that a 3.7 um thick device achieves full 2n rad phase modulation within
I ms in reflection configuration under 10 Vrms, with experimental results closely matching
simulations. However, the Hs state exhibits limited stability, where polymer-stabilized LC

structures could help to improve its lifetime and long-term usability.

This chapter combined with Section 3.3 have been published in a peer-reviewed journal:
Xue, L., Jin, Y., Elston, S. J., & Morris, S. M. (2023). Fast analogue 21 phase modulation using

a liquid crystal Pi-Cell. Optics & Laser Technology, 167, 109773.

Chapter 5 explores polarization-independent phase modulator based on a super-twisted

nematic (STN) LC device. Applying a burst driving voltage to a 180° STN LC device induces

the twisted Hs (T-Hs) state, where additional perpendicularly aligned boundary layers enable
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polarization-independent operation. The stability of this transient T-Hs state is examined under
a microscope. For optical simulations, Jones calculus is employed to compute phase and
amplitude performance based on the director profile for both polarizations. Experimental
validation using phase-shifting Mach—Zehnder interferometry shows excellent agreement with
numerical simulations. The results confirm that the T-Hs state enables simultaneous
modulation for both polarizations, achieving polarization-independent 2n rad phase modulation
in an 8.9 um thick device within 1 ms under 30 Vrms using a four-pass geometry. However,

the stability limitations of the T-Hs state may restrict its practical applications.

This Chapter combined with Section 3.4 have been published in a peer-reviewed journal:
Xue, L., Elston, S. J., & Morris, S. M. (2025). Polarization-independent nematic liquid crystal

phase modulators. ACS Photonics.

Chapter 6 presents an optical optimization algorithm that integrates Jones matrix
formalism and particle swarm optimization (PSO) to determine the optimal combination of LC
devices with waveplates. It aims to optimize the retardances and rotation angles of waveplates
as well as the rotation angle of the LC device to achieve polarization-independent or enhanced
phase modulation across varying voltages or time. The optimization results indicate that for a
Fréedericksz nematic LC device, optimized configurations are able to achieve polarization
independence across different voltages and over time. However, the phase modulation remains
limited. Additionally, it fails to improve single-polarization phase modulation for a
Fréedericksz nematic LC device due to its inherent material limitations. In addition, for a 90°
TN LC device, the optimized configuration extends the polarization-independent phase
modulation range under minor trade-offs of polarization transformation. Furthermore, the

optimized configuration is able to achieve a phase modulation range up to three times larger
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compared to a single LC device. The multi-objective optimization framework successfully
identifies locally optimal solutions, which indicates its applicability to the strategic design of

the LC-waveplate optical system for enhanced modulation performance.

In conclusion, this thesis provides a robust foundation for the advancement of high-
performance LC-based optical phase modulators, addressing fundamental trade-offs between
response time, phase modulation depth, voltage constraints, and polarization independence.
Through a combination of experimental validation, theoretical modelling, and numerical
optimization, this work has provided a comprehensive framework for improving LC phase
modulation performance. The findings of this research contribute to the development of next-
generation LC-based optical modulators with applications in adaptive optics, high-speed
holography, beam shaping, and AR/VR display technologies. While challenges remain - such
as improving the stability of the Hs state in pi-cells and the T-Hs state in a STN device and
refining the optimization framework - this thesis lays the groundwork for further advancements
in LC phase modulation, and aims to play a crucial role in shaping the future of photonics,

optical communications, and dynamic wavefront control technologies.

7.2 Future Work

Based on the findings and challenges outlined in this thesis, several promising research
directions are proposed to further enhance LC-based optical phase modulators and explore their

practical applications.
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Enhancing Hs state & THs- State Stability

The stability of the Hs state in pi-cells and the T-Hs state in 180° STN devices limits the long-
term usability of these modulators. To address this, polymer-stabilized nematic LCs present a
promising solution by introducing a thin polymer layer at the centre of the device, as shown in
Figure 7.1 (a)-(c). Since this thin polymer layer would drop horizontally in the device, several
perpendicular polymer walls are also required to serve as anchoring points, as presented in Fig.
7.1 (d), which ensures the stability of these thin layers within the device. This structural
reinforcement prevents the middle layers from drifting or breaking under high voltages, while
still allowing them to function as additional boundary layers, contributing to enhanced phase
modulation and polarization independence. Future research will focus on optimizing polymer
concentrations and cross-linking techniques to achieve a balance between stability and
response time. Additionally, different experimental methods should be studied to ensure the
formation of an ideal thin polymer layer within a micro-thick LC device. If successfully
implemented, this approach could lead to continuous and stable phase modulation, which

would make these devices more viable for high-speed and analogue optical applications.

Low-Voltage STN Devices for Polarization Independence

The high voltage requirement (30 Vims) for STN devices operating in the T-Hs state poses a
challenge for practical applications, particularly due to the limitations of silicon backplane
technology. Reducing this voltage is essential for real-world implementation and broader
adoption in low-power optical systems. Future work could explore alternative LC mixtures
with lower elastic constants and optimized birefringence, which would enable phase
modulation at reduced driving voltages. Additionally, the use of dual-frequency LCs materials
or those exhibiting dielectric anisotropy may further reduce the operation voltage while

maintaining fast response times.
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Polymer Wall

Figure 7.1. The illustration of the stabilization process for the Hs state. (a) A single pi-cell LC device
switched into the Hs state, where central flat-lying molecules are prone to drift toward the surface,
which makes the Hs state unstable. (b) The stabilization process involves applying the laser source onto
the device to induce the formation of a thin polymer layer that can lock the central molecules in place
when the device is under zero voltage. (¢) The polymer-stabilized device exhibits fixed central layers
after switching into the Hs state, which exhibits a stable Hs state. (d) Schematic illustration of the

polymer walls.

Advanced Optical Optimization Framework

The PSO-based optimization framework introduced in this thesis provides a foundation for
determining the optimal LC-waveplate architecture, but further refinements could enhance
both efficiency and robustness. Expanding the current PSO-based approach by integrating deep
learning based optimization could enable faster and more complex multi-objective
optimizations. This can be achieved by training machine learning models to predict optimal

configurations. Additionally, using alternative optimization algorithms alongside PSO - such
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as genetic algorithms or gradient-based methods - could provide independent validation of
results, which can help to confirm the accuracy and reliability of the optimized configurations.
This cross-validation approach would reduce the risk of local minima trapping and improve
the convergence of solutions. Additionally, applying the optimized designs to experimental

setups is a crucial next step to assess their feasibility in real-world conditions.

Integration with Commercial LCOS SLMs

To validate the practical utility of the optimized LC devices, future research should focus on
their integration into commercially available LCOS spatial light modulators. While this thesis
primarily evaluates phase modulation depth, response time, and polarization independence in
a single-pixel device, scaling these properties to an SLM requires achieving uniform phase and
amplitude performance across an entire pixel array. This necessitates fabricating a test array
with multiple independently addressable pixels and systematically measuring phase response

uniformity, diffraction efficiency, and long-term stability under real-world conditions.

Chiral LCs and Ferroelectric LCs for High-Speed Optical Modulation

Future research could explore chiral nematic (cholesteric) and smectic ferroelectric liquid
crystals (FLCs) to develop even faster analogue 2m rad optical phase modulators. While
conventional nematic LCs provide tuneable birefringence, their response time is fundamentally
constrained by viscoelastic relaxation. In contrast, chiral nematic LCs and ferroelectric smectic
LCs exhibit microsecond switching times, making them strong candidates for high-speed phase
modulation. Chiral nematic LCs, with their helical structures, can be optimized for fast
polarization control and broadband optical response. Meanwhile, smectic ferroelectric LCs,
which utilize spontaneous polarization switching, achieve microsecond response times, making

them highly suitable for real-time applications such as dynamic holography and high-speed
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beam steering. What’s more, the recent discovered ferroelectric nematic LCs present
ferroelectric properties without the need for smectic layering, and early studies suggest they
can also switch quickly because their molecular reorientation responds directly to electric fields.
Future work could integrate these materials with optimized voltage waveforms, surface
alignment techniques, tailored LC mixtures, and polymer-stabilized layers to achieve both
high-speed response and stable phase control, paving the way for next-generation ultrafast

optical modulators.
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