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Abstract

Liquid Crystal Technologies for Enhanced Optical System Functionality

Yihan JIN

This thesis aims to investigate and develop novel liquid crystal (LC) tech-
nologies that can either manipulate the optical wavefront (phase) of light in
a controlled way or improve the imaging quality by reducing the appearance
of laser speckle by manipulating the optical wavefront in a pseudo-random
way. Control of these properties is of great importance for a vast range of
photonics and optics applications; for example, in LC spatial light modula-
tors (LC-SLMs), near-eye displays, laser projectors and bio-medical micro-
scopes. Among these applications, laser sources have been an indispensable
element in modern imaging applications. This is because they exhibit many
essential features (e.g., a high intensity, a narrow spectral linewidth, and di-
rectionality). However, due to the high coherence of laser light, the issue
of speckle arises, which can badly plague the clarity and the appearance of
an image. The essential reason for such degradation is because the coherent
laser light will scatter when it interacts with an optically rough surface and
forms constructive or destructive interference on the imaging plane.

To combat the formation of speckle and improve the performance of a laser-
based imaging system, one approach is to generate as many decorrelated
speckle patterns as possible within a short period of time. Existing meth-
ods for reducing speckle typically suffer from being either bulky, consisting
of motors that introduce vibration to the system, or they do not provide an
acceptable degree of speckle suppression. A key part of the research pre-
sented in this thesis aims to develop LC diffusers that can reduce the ap-
pearance of speckle in a range of different display and imaging applications,
including laser projector, laser microscopy, head-up display, holography and
polarimetry. The technique involves using highly twisted (helicoidal) liquid
crystalline mesophases, doped with various dopants in the form of redox and
zwitterionic dopants, to act as tuneable volume scatterers. The recipe for the
optimum performance is BL006 + 3 wt.% R5011 + 0.5 wt.% Reichardt’s dye
(zwitterion dopant) filled into a 40 um anti-parallel cell. Not only does this
approach provide direct control of the speckle contrast (C), allowing it to be
reduced to very low levels, C = 0.07 (93% reduction of the speckle noise), but
it does so without the need for bulky mechanical parts, moving components
or expensive optical elements.

Another important optical element that this thesis investigates are potential
configurations for next-generation LC-SLMs. LC-SLMs are a key element in
both imaging and optical wireless communication systems. In general, an
LC-SLM can be used to control and shape the wavefront of light propagating
in an optical system and hence control the structure of optical illumination,
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by adjusting the voltage applied to the active LC layer. Among all wave-
front correction applications, the phase-only mode is found to be the most
promising for applications such as augmented reality near-eye displays and
free-space optical beam-steering. The research presented in the latter part
of the thesis explores new configurations, such as the nematic Pi-cell, ne-
matic Fréedericksz cell, uniform lying helix chiral flexoelectro-optic LC de-
vice, and hybrid aligned nematic cell, that improve the switching speed of
an SLM, but also maintain analogue control of the phase (from 0 to 27) at
room temperature via controlled modulation of the optical wavefront. Sim-
ulations that take into account factors such as the thickness of the boundary
layer, the back-flow effect in the context of the LC hydrodynamic behaviour,
and dielectric coupling in a flexoelectro-optic material are examined. These
simulations play a crucial role in guiding the optimisation of the device con-
figuration. The development of an analogue, fast-switching phase modulator
would enable SLM technology to be used in a wider range of applications.
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Chapter 1

Introduction

1.1 Overview

This DPhil thesis describes work aiming to bring new and enhanced optical
system functionality to next-generation photonics technologies through the
development and application of liquid crystal (LC) devices. Specifically, the
thesis investigates the use of dynamic scattering for laser speckle reduction

and fast-switching phase modulation for spatial light modulators (SLMs).

Both laser speckle reduction and optical phase modulation are of sig-
nificant importance for a wide-range of 21st-century technologies including
virtual reality (VR) and augmented reality (AR) displays [1, 2], holography
[3-5], head-up displays (HUD) [6-8], pico laser projectors [9, 10], laser mi-
croscopy [9], high-power laser fabrication techniques [11, 12], free space com-
munications [3, 10], optical switching and beam steering [13, 14]. Fundamen-
tally, this thesis considers techniques and approaches that enable the optical
wavefront (phase) to be manipulated in either a pseudo-random way or a

controlled way.

Control of the optical phase properties of light in a random way is of

great importance in improving the imaging quality of laser imaging systems
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by reducing the appearance of laser speckle, which has plagued laser-based
imaging systems since the invention of the laser. Today, lasers are of im-
portance for a broad range of technologies and industries including cinema
projectors and medical endoscopes, to name but a few. However, despite
their numerous advantages (e.g., spectral purity, directionality etc) they are
often fundamentally limited by the appearance of the granular noise (known
as speckle) superimposed on the image that is being formed. The issue of
speckle arises from the high-coherence of laser light which can badly degrade
the appearance of an image. As an example, when light interacts with an op-
tically rough surface, constructive and destructive interference occur which
results in an intensity interference pattern that is overlaid on an image [15].
This combination of constructive and destructive interference results in the

formation of bright and dark spots that corrupt the appearance of the image.

Historically, methods that have been developed to reduce speckle
have relied on the superposition of multiple uncorrelated speckle patterns
[15]. Such methods are based on the theory that when two or more statis-
tically independent (or partially decorrelated) speckle patterns are superim-
posed, the random intensity fluctuations will be ‘averaged out” across the
image. Developing methods with which to reduce the appearance of speckle
in a range of imaging and display applications using LC devices forms the

first half of the thesis.

Liquid crystalline materials, which are well known for forming a mes-
ophase between the crystalline solid and isotropic liquid phases, are known
to have substantial optical and electrical anisotropies such that the refrac-
tive indices along different directions are different and can be changed by
altering the orientation of the director (the average pointing direction of the
LC molecules). Furthermore, the ability to reorient the director when ap-

plying external stimuli has made LCs of significant interest for generating
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uncorrelated speckle patterns [16]. In this thesis, chiral nematic LCs doped
with additional ionic species are used in order to excite a phenomenon called
electrohydrodynamic instabilities (EHDI). The turbulent behaviour of the LC
director results in a dynamic scattering mode that causes a phase and polar-
isation variation to the laser light and as a result, breaks up the coherence of

the light.

The second part of the thesis focuses on the development of LC electro-
optic modes that enable the fast modulation of the optical phase of light.
Rapid analogue control of the optical phase of light is particularly important
for new SLM technologies that are targeted for use in applications such as
optical communications as well as light detection and ranging (LiDAR). The
objective is to develop active elements that control the shape of the overall

wavefront and the resulting polarisation properties.

Traditional methods of phase modulation are usually divided into
two categories. Specifically, the optical phase can be changed either by chang-
ing the refractive index (or effective refractive index) of a material through
which light is propagating or by physically changing the optical path-length
for the incident light. In integrated optics technology, such as in the Mach-
Zehnder interferometer, very high modulation speeds can be obtained, and
LCs are not generally suitable materials in these applications. However, if a
spatially structured phase modulation of a propagating optical wave-front is

required (e.g., using an SLM) then LCs are highly desirable.

SLM technologies can be broken down into two principal categories:
one that provides a digital, binary, or quantised phase modulation (0 and 7
phase states are commonly chosen) and one that provides analogue phase

modulation (a phase range of 0 to 27t is commonly used). Binary SLMs can
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achieve switching times substantially less than 1 ms. Analogue SLM tech-
nology on the other hand has longer switching times, generally being many
milliseconds, with the very best (and most expensive) technology having a
switching time that is still greater than 1 ms. There are alternatives to LC-
based SLMs, using electro-mechanical technology, but these are generally
either slow, bulky, or lacking in spatial resolution (i.e., have a small pixel
density). Thus, the ultimate goal is to fabricate a device that can demon-
strate analogue phase modulation as well as achieve sub-millisecond switch-

ing times.

While the development of the two technologies in this thesis may
seem somewhat distinct (i.e., speckle reducers and phase modulators) there
are areas where there is significant overlap. For example, it is shown how chi-
ral nematic LCs can be used for speckle reduction (through the use of EHDI)
and fast phase modulation (through the use of the flexoelectro-optic effect).
In the former case, EHDI leads to dynamic scattering of the light whereas for
the optical phase modulation flexoelectric coupling leads to a fast modula-
tion of the optic axis of the LC. When an electric field is applied, the LC di-
rector can rotate to align either parallel or perpendicular to the electric field
due to dielectric coupling. Additionally, because of the asymmetry of the
molecular shape, an LC can couple to an electric field through flexoelectricity,
which can result in a fast modulation of the optic axis in chiral nematic LCs.
A number of different LC mixture compositions and phases are considered
in this thesis as well as different device configurations. Where possible, these
devices are demonstrated in optical systems to evaluate their performance
and new measurement systems are developed to characterise the behaviour

of the LC devices.
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1.2 Layout of Thesis

The next chapter (Chapter 2) will provide the relevant theory and back-
ground on LC materials and electro-optic effects, phase modulators, and
speckle phenomena so that the results in the following chapters can be ex-

plained.

Chapter 3 will detail the experimental methods used in this thesis in-
cluding the LC alignment techniques, LC device assembly, and device char-
acterisation. The purpose of the chapter is to explain in detail the experimen-
tal techniques that have been employed to obtain the results presented in this
thesis. The relevant terminology and methods used throughout will first be

introduced in this chapter.

Chapter 4 then describes the development of LC speckle reducers
using two different redox dopants and considers how the reduction in the
laser speckle is related to the concentration of the dopants. The chapter also
demonstrates the improvement of the quality of an image generated using
a modified commercial projector fitted with a monochromatic laser source
and in a microscopic imaging scenario as well. The work presented in this
chapter has been presented in two separate publications: Advanced Photonics

Research, 2(6), p.2000184 (2021) [17].

Following on from Chapter 4, Chapter 5 further explores another
type of additive that can elevate the LC speckle reducer performance. In this
work, a novel dopant, a zwitterionic dopant, is applied to LC speckle reduc-
ers and the rest of the chapter investigates how the device performance de-
pends upon a range of material and environmental parameters including the
pitch of the chiral nematic LC helical structure, the concentration of dopants,
and the temperature. The extraordinary performance of the LC speckle re-

ducer is then demonstrated in five different display and imaging scenarios.
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The subsequent chapters are on the development of LC devices for
sub-millisecond analogue phase modulation. Chapter 6 reviews the cur-
rent state-of-the-art of LC-SLMs and gives a more detailed introduction to
the fundamental theory of optical phase manipulation. The chapter then
presents two different configurations for analogue 0 to 27t optical phase mod-
ulation using LCs, each of which achieves switching times that are 1 ms or
less. Both configurations exploit a multipass optical arrangement to enhance
the available optical phase range while maintaining a fast-switching speed at
room temperature. The work presented in this chapter has been published in

Physical Review Applied, 14(2), p.024007 (2020) [18].

Chapter 7 further discusses results related to advanced phase mod-
ulator techniques, but also introduces an experimental method to extract the
time-resolved phase modulation of three different nematic LC devices: pi-cell
(parallel-rubbed alignment layers), Freedericskz cell (anti-parallel rubbed align-
ment layers), and a hybrid aligned nematic (HAN) device. Results are shown
to be in good agreement with simulations of the phase modulation for the
three nematic devices when backflow is taken into consideration. The work
presented in this chapter has been published in Optics & Laser Technology, 156,
p.108596 (2022) [19].

The last research chapter, Chapter 8, considers how the phase mod-
ulation depth of a flexoelectro-optic phase modulator can be improved. It is
shown through careful design of the device configuration, that full 27 ana-
logue phase modulation can be achieved even when the tilt of the optic axis
is less than ideal (i.e., less than 45°). Modelling is employed to determine the
phase shift for the chiral nematic LC and the experimental results are shown

to be in good agreement with the results from simulations.

Finally, Chapter 9 serves as a conclusion and discussion for all of the
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work presented in the previous chapters. This chapter will summarise the
research that has been presented in this thesis and plot a route forward for

future work.



Chapter 2

Background

2.1 Introduction to Liquid Crystals

As suggested by its name, liquid crystal (LC) is a unique phase that is more
ordered than molecules in liquids but less ordered than crystalline solids [20].
The molecules inside such materials have a tendency to point in one direction
and may also show positional order [20]. The different degrees of order, and
combinations thereof, result in the formation of different LC phases [20]. The
simplest LC phase, in terms of the order, is one where all the molecular axes
statistically point in the same direction throughout the whole sample and this
is called the nematic phase. In order to measure the orientational distribution
of the sample, this preferred direction is denoted by the unit vector 7i and is

called the director. Such a phase is illustrated in Figure 2.1.

Another well-known LC phase that is considered in this thesis is the
chiral nematic phase (often referred by the alternative name of cholesteric
phase) and is presented in Figure 2.2(a). The chiral nematic phase and ne-
matic phase are similar in that molecules exhibit orientational order but no
positional order. Yet, the significant difference between these two phases is
that the director of a chiral nematic LC rotates about a helix axis which is per-

pendicular to the director [20]. The distance over which the director rotates
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FIGURE 2.1: Molecules in a nematic phase. The average orientation of the molecules
is given by the director 7.

a full 27t is called the pitch (P) as can be seen in Figure 2.2(b). The pitch of a
chiral nematic changes with chemical composition, temperature and external
stimuli such as electric field. It is common to mix chiral dopants with nematic
LCs to make chiral nematic LCs with a certain pitch [21].
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FIGURE 2.2: Molecules in a chiral nematic LC (cholesteric) phase. (a) shows the

macroscopic configuration of the director of a chiral nematic LC phase. The orienta-

tions of the specific molecules are given by the director 7i. The grey dashed line in

(a) and (b) represents the helical axis of the chiral structure. (b) illustrates half of the
pitch within which the director gradually rotates from 0 to 7.

Additionally, as a result of the molecular structure, for the different
LC phases, they all share a common interesting physical property: anisotropy.
This anisotropy appears in various physical parameters, including elastic
modulus, conductivity, flexoelectric constant, dielectric constant, and refrac-
tive index. Anisotropy in parameters such as the refractive indices and the
dielectric permittivities is what makes these materials particularly interesting

for optoelectronic engineering.
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2.1.1 Nematic Phase

The LC molecules discussed in this subsection and in the rest of the thesis
are referred to as calamitic, meaning rod-like, which is the most common
type of LC used in technologies such as flat panel displays [22]. This type
of molecule is the most common molecule that can form the nematic phase
(N). These rod-shaped compounds have one molecular axis that is signifi-
cantly longer than the other two (the other two are typically about the same
length). A typical calamitic LC molecule, 4-Cyano-4’"-pentylbiphenyl (5CB),
looks like the rod shaped object in Figure 2.3. Different calamitic LCs can be
synthesised via different schemes, with various aromatic units and functional
groups. However, as the molecules have a rather rigid length along a certain
direction, and share the same ellipsoid shape, they can all be represented by

the simplest and most classical calamitic LC shape.

FIGURE 2.3: An example of a calamitic LC molecule. The figure depicts the chemical
structure and shape of a typical calamitic LC molecule, 5CB. The rigid longer axis is
highlighted by the red dashed line

The nematic phase is characterized by having orientational order but
no positional order. It is thermodynamically stable within a temperature
range between an isotropic liquid phase and a crystalline solid phase. LCs
with such a phase are fluid and possess an ordered structure as depicted in
Figure 2.1. To describe such a phase, we can ignore individual molecular
motions and instead adopt a set of macroscopic parameters. It is historically

common to use a macroscopic theory rather than considering the LC on an



Chapter 2. Background 11

atomistic level to describe the properties of different phases. The continuum
theory for nematic LCs was developed by Sir Charles Frank in the 1950s [23],
based on the pioneering contributions of Oseen and Zocher in 1933 [24]. By
adopting the director #, which is a unit vector oriented parallel to the aver-
age axis of the molecules in a local region, or alternatively, the time averaged
axis of a single molecule, we can describe the amount and direction of ori-
entational order. This is the key thing that needs to be considered for the
nematic phase because the molecules in such a phase are free to flow rela-
tive to each other and show no positional order as emphasized previously.
Here, the macroscopic order parameter, S, is defined in order to characterize
the variance of the orientations of individual molecules with respect to the
overall-averaged director. For a uniaxial nematic, S can be determined from

the second Legendre polynomial [25],

/3 1
S—<2c059 2> (2.1)

where 6 is the angle of a molecule with respect to the local director 7. When
all the molecules are aligned without deviation from the director, S =1, whilst
S = 0 for the isotropic case. For nematic LCs, S is between 0 and 1, and usually
has an S between 0.3 and 0.8 [26], and varies with the molecular constitution
and temperature. The order parameter S decreases with increasing tempera-
ture and abruptly drops to 0 when the temperature reaches the clearing point,

T¢, the transition from the nematic phase to the isotropic phase.

2.1.2 Chiral Nematic Phase

There is another LC phase that is investigated in this thesis which is the chiral
nematic phase (N*), also called the cholesteric phase as it was first observed

in cholesterol derivatives. The director of a chiral nematic LC rotates about a
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helix axis which is perpendicular to the director (as shown in Figure 2.2(a)).
The other unique property of the chiral nematic phase is its pitch over which
the director rotates a full 27t. However, this is not to say that in practice that
the properties of the structure are considered over the whole pitch. In fact,
because of the symmetry of the rod-shaped nematic molecules, 7i and -7 are
equivalent. Thus when we talk about the periodicity of a chiral nematic LC
system, it should often be half of the pitch. In practical use, a certain pitch
for a specified chiral nematic LC material is achieved by mixing nematic LCs
and chiral dopants in different concentrations by weight. It is not obligatory
that the dopant has to be liquid crystalline. Different chiral dopants have dif-
ferent helical twisting powers. The dopant can generate a chiral environment
for any achiral molecules in the mixture, causing a slight asymmetry of the
orientation of the molecules and as a result a gradual helical macrostructure

is formed.

The intrinsic difference between the nematic phase and the chiral ne-
matic phase in terms of periodic structure and enantiomorphism makes the
chiral nematic phase particularly interesting. The helix can be either right-
handed or left-handed, and the pitch can be much smaller, around the same
order or much greater than the wavelength of the light propagating through
the chiral nematic LC material. Chiral nematic LCs exhibit the following op-

tical properties:

e circular birefringence: a chiral nematic LC is not linearly birefringent
for light propagating along the helical axis but shows different retarda-

tion for different handedness of circularly polarised light;

* optical activity: also known as optical rotation which is a result of cir-
cular birefringence that the orientation of the incident linear polarised

light has either a clockwise or anti-clockwise rotation;
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¢ selective reflection: a phenomenon that is much like constructive inter-
ference of X-rays that the periodic structure of the chiral nematic LC

phase causes a band of wavelengths to be reflected;

* waveguide regime: when the pitch is much longer than the wavelength
of the incident light, the incident light sees each “slice’ of chiral nematic
LC as a nematic LC, and the polarisation of the light simply follows the

rotation of the director when propagating along the helical axis.

2.2 Elastic Energy and Continuum Theory for LCs

The LC molecules tend to have a preferred and uniform director field, there-
fore any state other than the equilibrium state for a LC is disfavoured and
will increase the internal energy of the system. Distortions in the director
tield lead to elastic energy, the value of which depends on the type of dis-
tortion and the properties of the LC. The effect of elastic energy is important
when there is an external stimulus applied to the LCs molecules, e.g., an elec-
tric field. The molecules will tend to rotate with the electric field because of

dielectric coupling, but the elastic energy works to negate the reorientation.

It is common to use a macroscopic continuum model to simulate the
behaviour of LCs when the director reorients from the equilibrium state to
a deformation state or vice versa. Continuum theory treats the material as a
continuum: rather than considering discrete molecules the macroscopic av-
erages are assumed to be continuous within the material. Continuum theory
has been widely used for LCs and is mainly derived from the work of Oseen
[27, 28] and Zocher [24, 29] originally and the general phase classifications
of LCs expressed by Friedel [30]. Later, Frank [23] further formulated the
direct energy function needed for the continuum theory in 1958 and this led

to Ericksen’s work in developing a theory for nematic LCs which is a result
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of the balance laws for dynamical behaviour [31]. Following this, Leslie [32,
33] made the last step to the formulation of the constitutive equations for a

dynamic theory for nematic LCs.

As introduced previously in Section 2.1.1, the continuum theory em-
ploys the director 7 to portray an ensemble of molecules. Frank utilized that
notation and defined the three types of distortion in LCs which are splay,
twist and bend. When one end of a bulk of molecules is pulled away from
adjacent molecules, while the other end of the bulk of molecules is pressed
close to each other, a splay distortion will be generated. When a torque pro-
duces a rotation in the director through an ensemble of molecules, a twist
distortion will be present. Twist distortion exists naturally in chiral nematic
LCs. Bend distortion is parallel to the director and molecular axis. To illus-
trate these three types of distortion, diagrams of each distortion are shown in

Figure 2.4.
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FIGURE 2.4: The three types of distortion developed by Frank: splay, twist, and
bend.

With these premises, the elastic energy formulated by Frank can be
comprehended. The Frank elastic energy equation is a function of the direc-
tor 7i and gradients of 7i. In the equation, the splay distortion is associated

with V -7, the twist deformation is related to 7 - (V x 7), and the bending
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of the director is described as 71 x (V x 7). The description of these three

distortions leads to the Frank-Oseen elastic free-energy density [23, 28],

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

1 o 1 . o 1 o o
= K[V -i1)* + EKZZ[H (V x i1) 4+ qo]® + §K33[n x (V x ii)]?

2
(2.2)

The Kj1, Ky, K33 are splay, twist and bend coefficients, respectively, and the
unit of these constants are Newtons or Joules/metre. These three parameters
are specific to each LC material, are temperature dependent and are called the
Frank elastic constants. Usually, these constant are about 107! Joule/metre
and K33 is around two or three times larger than Kj; and Kp;. The constant g
is the natural twist of the material which is nonzero only in chiral nematics
and is equal to 2?” where P is the helical pitch of the LC. This equation al-
lows a relatively simple calculation of the free-energy per unit volume of a N
phase and N* phase. Together with the illustration of the director for differ-
ent types of deformation in Figure 2.4, the meaning of each term in Equation
2.2 is reasonable. For the splay distortion, the configuration is exactly what
a divergence describes. Imagining there is a point source and the director
radially points outwards from that source, this is exactly what a splay looks
like in LCs. The director forms a vector field and the divergence of this vector
field represents the degree of the splay distortion. For twist and bend, they
can be described by the curl of the director. The difference is that for twist
the direction of curl (7) is parallel to the director 71, while, it is perpendicular

to 71 for a bend deformation.
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2.3 Liquid Crystals in Electric Fields

For an ideal N or N* non-conductive LC phase, an external electric field trig-
gers at least two different reactions: 1) the dielectric anisotropy along the dif-
ferent directions of molecules, and 2) the flexoelectric effect, which is small
in common rod-shaped calamitic LCs but has a significant impact on defor-
mation of pear-shaped or banana-shaped LCs. This section will discuss these
two different electric field effects in detail and introduce parameters that will

be repeatedly mentioned in the following chapters.

2.3.1 Dielectric Coupling in Nematic LCs

To understand the dielectric coupling, an introduction to dielectric permittiv-
ity and dielectric anisotropy of LCs is necessary. Each axis of a LC molecule
has a specific component of permittivity, and for an ideal uniaxial nematic LC
molecule, the dielectric permittivities along the two short axes are the same
but the one along the longest axis is different from the other two. The dielec-
tric constant or dielectric permittivity is written as ¢ | measured perpendic-
ular to the director and ¢ measured parallel to the director. The dielectric
permittivity is then defined as Ae = ¢| — ¢, . The different permittivity along
different directions occurs as a result of electric field induced dipoles, ow-
ing to the polarisability of a molecule, and/or the natural permanent dipole

because of the chemical structure and molecule shape.

In practice, in order to realize a large dielectric anisotropy, a key
way is to attach a strong polar group to one end of the molecule, such as
the —C = N group in a 5CB molecule [34-36]. Also, the applied electric
field, E, will rearrange the free charges of the phenyl rings [36] and this con-
tributes to the electrically induced dipole. Therefore, there are two contribu-

tions to the dielectric permittivity, one is through induced dipole moments
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in the molecules by applying external fields, and the other one is through
re-orientations of the permanent dipole moments of molecules, which can be
strong in a LC system. In the 5CB case, the LC molecules carry a rather strong
permanent dipole moment along (or nearly parallel to) the director so that
the electric field can introduce stronger polarisation in this direction com-
pared with the other two, thus it has positive dielectric anisotropy. The pres-
ence of the permanent dipole dominates over the induced dipole moment for

5CB-like molecules and usually such LCs have a rather large Ae ~ 12 [36].

Alternatively, if there is a specific polar group that makes the perma-
nent dipole moment somewhat normal to the director, for example, the N-O
groups in (para-Azoxyanisole) PAA LC molecules, then the resulting Ae be-

comes negative. Such materials usually possess quite small Ae ~ —0.2.

With an understanding of the origin of dielectric anisotropy, then we
can consider how nematic and chiral nematic LCs behave in an electric field.
We can consider this from a free-energy perspective. The overall dipole mo-
ment density is denoted as P (polarisation of molecules), and it is in the same
direction as the average molecular dipole moment (pointing from the neg-
ative charge to the positive charge). For isotropic materials under a small
electric field, the direction of P and the external E are parallel, and they are

linearly proportional, which can be written as

P = ¢eox.E (2.3)

where the gy represents the free space permittivity 8.85x10712 C2/Nm?. x,
is termed the electric susceptibility of a dielectric material, which is a mea-
surement of how easily polarisation can be induced by an electric field. It is

a dimensionless quantity.
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However, for materials with a dielectric anisotropy, such as LCs, the
induced molecular polarisation in response to an electric field is different
when the relative direction between the E and the director is different. If
we consider a LC molecule with a fixed direction, say along the z-axis, and
there is an angle between the direction of E and the director, then due to the
anisotropic property, the induced polarisation (electric susceptibility), along
the three dimensions are not all equal. Decomposing the E along the x, v,

z-axis, the polarisations it produces can be given by

Py, = eox | Ex
Py =¢eox  Ey (2.4)
P, = EOXHEZ

The three equations can be formulated into one tensor for the electric

susceptibility. In this way, converting E to a vector, Equation 2.4 is then given

by
Py x. 0 0 E,
Pyl =¢| 0 xi O [|E (2.5)
P, 0 0 x| E,
X1 0 0
The matrix, )2,: 0 x, 0 | isdiagonal only when one of the axes is
0 0 xl

along the director. For director orientation at other angles, the tensor will not

be diagonal but must be symmetric.
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Now, with the definition of )Z, the electric displacement within a ne-
matic LC material is proportional to the electric field after replacing the po-

larisation with Equation 2.3,

where ¢, is the relative permittivity (or can also be termed as dielectric con-
—
stant), and is related to the electric susceptibility, er: 1 + )Z, and therefore

the dielectric constant is also anisotropic and can be further written as

€ 0 0

<~

&= 0 ¢ O (2.7)
0 0 e

We can now determine the dielectric free-energy density by substi-
tuting equations and parameters mentioned above into the following LC di-

electric energy density equation,

fdielectric =—-D-E

N =

- 1 00 0 0 Ey (2.8)
— Jeler|o1o|+loo o E, |-E
0 01 0 Ae E,
1, o1 o o
= —zeo(eLEE + A¢E;#i - E) = —ieo[EJ_E + Ae(7i - E)it] - E

1 - impli 1 -
= —5eole E? + Ae(ii - E)?] Py _ —5¢obe(ii - E)?
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0

where the 7i = | 0 | along the z-axis. In Equation 2.8, for a LC, only the sec-

1
ond term contains # which is important for director orientation evaluation,

thus the first term is discarded. With a positive Ae the director tends to align
parallel with the direction of E, in order to reach an equilibrium state where
the free-energy is minimum; for a LC material which possesses a negative

Ag, the director will rotate to be perpendicular to E for the same reason.

2.3.2 Dielectric Coupling in Chiral Nematic LCs

In a chiral nematic LC, the dielectric interaction can be used to reorient the
helicoidal axis (Figure 2.5(b)), and dielectric coupling is also able to unwind

the helix completely at a larger electric field (Figure 2.5(c)).
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FIGURE 2.5: Schematics of chiral nematic LC phase when it is (a) at 0V, (b) reoriented
so that the helix aligns with the substrates and (c) unwound. The Ae of the chiral
nematic LC is positive and E; > E; > 0

For a chiral nematic LC with an electric field applied, there will be a
torque that makes the director reorient to align either parallel or perpendic-
ular to the field in the plane in which the director is uniform (depends on the
sign of Ae¢). In order to determine the amplitude of such in-plane distortion,
we firstly consider an ideal chiral nematic LC model, whose pitch is P=P,
where Dy is the natural pitch, and the helicoidal axis is parallel to the y-axis

at first when there is no electric field applied. After applying an electric field,
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because of Ae > 0, the helical axis will reorient to align parallel to the z-axis,

and the director (in Figure 2.5(b)) can then be written as [37]

Ny cos
ni=|n,|=|sin6 2.9)
Ny 0

the angle, 6, is defined as 6(z) = gz. Combining the elastic and dielectric
energy from Equation 2.2 and 2.8, respectively, if the applied field is parallel

to y-axis, E = Eyy, then the free-energy of the system is given by,

F(ﬁ) = felastic + fdielectric

2.10)
1 % \° 1. L, (

= EKZZ( 5 + I]o) — §A€€0Ey sin“ 6
because 6 is only a function of z (as can be seen in Figure 2.5(b)). If the am-

plitude of the applied electric field is low, we can assume that the dielectric

coupling causes a perturbation to 6 which can be described as,

6(z) = qoz + 6p sin 2qz (2.11)

where the 6 is the twist distortion perturbation amplitude. In order to know
the rotation of the director along the helix, we need to figure out an expres-
sion for 6y which we find by minimizing the total energy with respect to 6
over a pitch. By substituting g—g and using a double-angle identity as well as
taking the approximation that 6 is small, Eqaution 2.10 can be written as,

writing out the elastic and dielectric terms separately,

1
felastic = §K22(q(2]9%(1 + cos 4[]02)) (212)
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1
faielectric = —ZAssoEﬁ(l + 6y — cos 2qpz — cos4qoz) (2.13)

We then integrate the energy density over a half pitch repeating unit of the

structure, L = qﬂo Any cosine and sine terms integrate to zero, and the result

12
becomes,
/q0 7t/ q0 T 1 ,o 1 )
/ F(ii)dz = / (felastic + faiclectric)dz = — (5 K220y — ~Aeeg E=(1+469))
0 0 qo 2 4
(2.14)
By minimizing Equation 2.14 with respect to 6 it becomes,
Aeey
60(E) = ———E 2.15
o(E) Tkto (2.15)

Finally, substituting Equation 2.15 back into Equation 2.11, an ex-

pression for the equilibrium twist component of the director is derived as,

0(z) = qoz + ﬂEZ sin 2qoz (2.16)

In chiral nematic LCs formed from a negative Ae nematic LC host, the sam-
ple will tend to align with the helical axis parallel to the field as the spatially
rotating director will then always be perpendicular to the applied field. For
a positive Ae material, the director tends to align parallel with the electric
tield direction. At low field amplitudes, the helical axis will be aligned per-
pendicular to the field, and as the field amplitude is increased the director
is increasingly rotated to align parallel with the field in the way described
above. If the pitch is not “constrained” this will also result in a lengthening

of the pitch, which leads to unwinding of the helical structure above a certain
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threshold electric field. We introduce E. to describe the critical unwinding
field, above which the material enters a homeotropic nematic alignment. E;

can be expressed as [38, 39]

1
2 2
E.=T (ﬁ) (2.17)

Aeg

2.3.3 The Flexoelectric Effect

As mentioned above LC molecules have different components of a perma-
nent dipole parallel and perpendicular to the molecular axis, and with an
external E there can be additional electric induced polarisation. However, in
the absence of an applied electric field or bulk distortion, there is no net polar-
isation in the nematic phase. This is because the equilibrium thermodynamic
distribution of the director has rotational symmetry about the director and is
invariant under the inversion transformation #i = —#, which guarantees the
nematic uniaxial symmetry. A net polarisation will be induced and the equi-
librium distribution will be disturbed once there is an electric field applied
to the LC. The ‘dielectric effect” discussed in Section 2.3.2 is the reorient-
ing torque due to the anisotropy in the polarisability, which is a result of the
coupling to the induced polarisation and permanent dipole moment. How-
ever, the coupling between the electric field and director-reorienting torques

is further complicated by an effect called flexoelectricity [40].

If the LC molecules possess shape anisotropy, (such as banana-shaped
or pear-shaped, Figure 2.6(a) presents pear-shaped nematic flexoelectric LC
molecules), then a field-induced population bias in molecular orientations
reduces the molecular packing efficiency at a cost to the free-energy. This
cost in energy effectively reduces the material’s polarisability and the resul-

tant dielectric torque on the molecules [41, 42]. However, the LC molecules
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can mitigate the reduced packing efficiency by forming curvature distortion
spontaneously and thus form a coupling between electric field and director
curvature distortions which is shown in Figure 2.6(c). Usually, this distor-
tion is presented as a splay-bend distortion. The effect can also be applied in
reverse. If a curvature distortion is present, a spontaneous population bias in
the dipole orientations occurs that results in a net electric polarisation. This

polarisation produces an internal field at a free-energy cost [37].

E=0 E>0 E>0
1) ) - \\\\ )///

(a) (b) ()

FIGURE 2.6: Illustration of the flexoelectric-induced director distortion. (a) demon-

strates the orientation when there is no electric field applied; (b) shows an incorrect

director-reorientation for a nematic flexoelectric LC; (c) presents the correct reori-

entation of the director for flexoelectric coupling. Instead of pointing in the same

direction, the director will adopt a splay-bend structure to increase the packing effi-
ciency.

The free-energy related to the flexoelectric polarisation can be written

as,

fflexo(ﬁ) = _ﬁflexo : E (218)

where ﬁflexo is given by,

Pfiexo = e1ii(V - i) + e3(V x i) x ii (2.19)

where e; and e3 are the bend and splay flexoelectric coefficients in the origi-
nal Meyer sign convention for flexoelectric polarisation [40]. Equation 2.19

shows the relationship between bend and splay distortions and flexoelectric
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polarisation. Substituting the flexoelectric energy term into the elastic free-
energy and dielectric free-energy equations, then we can get an expression

for the total free-energy density,

F(ﬁ) = felastic + fdielectric + fflexo

1 1 1
= >Ku[V- i) + SKaalit - (V x i) + 0] + S Kaslfi x (V x i)]? (2.20)
_ %soAs(ﬁ B2 — [e1fi(V - 7) + e3(V x 7i) x 7] - E

This equation is sufficient to simulate the behaviour of a large variety
of devices. Note that the dielectric free-energy is proportional to E2 whilst the
flexoelectric contribution is proportional to E, which means that the dielectric
contribution is independent of the sign of the electric field. However, the
flexoelectric contribution is related to the sign of the applied electric field.
Finally, the flexoelectric effect can also be described as a result of the torque
on the director [43—46]. The flexoelectric torque can be expressed (i X h Flexo)

where,

ﬁflexo = (61 - 63)(E(v : ﬁ) - (v &® ﬁ)]:j) — (61 + 63)(ﬁ . V)E (2.21)

Flexoelectricity in chiral nematic LCs couples to electric field components
perpendicular to the helicoidal axis and can produce a rotation of the direc-
tor about the field direction. When a chiral nematic LC is in equilibrium
with no applied electric field or polarisation, there is a natural twist structure
that results in a periodic helicoidal director structure, as illustrated in Figure

2.7(a)
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FIGURE 2.7: Illustration of the flexoelectro-optic effect in a chiral nematic LC (a)
without and (b) with an applied electric field.

The planes perpendicular to the helicoidal axis contain a uniform di-
rector orientation. However, if there is an applied electric field perpendicu-
lar to the helix axis and the director is tilted by ¢, which is shown in Figure
2.7(b), then the director in the plane exhibits a periodic splay-bend struc-
ture where the flexoelectric polarisation becomes greatest. The period of the

splay-bend deformation [47] can be written as,

Vsplay = o (2.22)

where P is the chiral pitch and ¢ is the director tilt angle as defined in Figure
2.7(b). When ¢ =

NI

, the structure will be purely a splay-bend deformation
with no twist at all. In practice, the resultant tilt angle ¢ is a balance between
the elastic and flexoelectric free-energy. A full analytical treatment of this ef-
fect was first developed by Patel and Meyer [48-50] and further expanded by
Rudquist to include the dynamics [51]. Following the approach developed
by Rudquist of the tilt in the director of a chiral nematic LC due to flexoelec-
tricity [51], consider the axis and director field in Figure 2.7. The method
describes the director in terms of a spherical coordinate system, and uses this

director in the free-energy expression from Equation 2.20, and then averages
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this energy over a repeating unit of the chiral nematic LC structure to deter-
mine the relative total energy. The total free-energy is then minimized with
respect to the flexoelectric tilt angle, ¢. The ¢ rotates as shown in Figure 2.7
and the applied electric field is E = (0, E,,0). Then we can determine the

value of ¢ that minimizes the total energy, which is given by

a—e, K-2K+K

tan¢ = 2.23
T 2K, n¢ @2)

For small angles, we can apply the approximation sin¢ ~ tan¢ ~ ¢ and

simplify the expression as,

p(E) = S b

- o 2.24
Ky + Kz g0 ( )

Sometimes, researchers replace e; — e3 with e = %(el — e3) and replace K +

K3 with K = %(Kl + K3). The resulting £ is then called the flexoelastic ratio
and is considered as a figure of merit in the production of materials with

optimal flexoelectro-optic switching properties.

As LCs are liquid-like materials, they, therefore, take time for the di-
rector to realign from an undistorted state to a distorted state with the appli-
cation of the electric field. Here we define the time it takes for the tilt angle
to reach within % of the equilibrium value as the characteristic time 7. Con-
sidering the chiral nematic LC as a viscous system, the characteristic time
is dependent upon the viscosity, the elastic constants, and the characteristic
length scale of the distortion, which depends on the pitch in chiral nematic
LCs or depends on the device thickness for achiral nematic LCs. Based on
the derivation by Rudquist for the dynamic change of the flexoelectro-optic

effect, the expression for the characteristic time is
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- (2.25)
(K1 + K3)q5

where 7 is viscosity and 7 is proportional to P (P = %), and thus depends
on pitch. For a material in which nP < A, the director rotation about the
field direction manifests as a rotation of the optic axis of the material, which
means if the pitch is shorter than the wavelength of light, then the macro-
scopic optic axis tilts with the flexoelectric tilt angle. As a result, electro-optic
technologies that exploit fast-switching chiral nematic LCs have been hotly
researched and developed, especially from a display engineering perspective

[52-57].

2.3.4 Conductivity

An ideal pure LC material should be an insulating dielectric material. How-
ever, in practice, in real applications, there are always impurities and usually,
these are in the form of ions[20]. Additionally, the physical anisotropy of typ-
ical nematic LC molecules may influence the circulation of the ion movement
when there is an external electric field. The conductivity along the director
and the other two axes are different. For a uniaxial anisotropy nematic LC,
the conductivity parallel to the director is defined as oy while the conduc-
tivities for the other two axes perpendicular to the director are written as
0, . The value of this parameter is rather small, ranging from 10712 t0 1078
/Qcm[58]. In some applications, such impurities are useful and can be in-
troduced on purpose by doping ionic dopants in the mixtures. As a result
of this anisotropy, the ionic mobility is different along different directions.
By adjusting the frequency and amplitude of the applied electric field, the

motion of ions through the LC can cause continuous turbulence.
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2.4 Optical Properties of Liquid Crystals

The optical birefringence of LCs allows them to be used in optical phase mod-
ulation, polarisation modulation and coherence control because of the unique
electric response. LCs have already been widely used in liquid crystal dis-
plays (LCDs) [59] and LC-SLMs [60]. This thesis involves the development of
LC technologies for phase and coherence control, and thus the fundamental

optical properties of LCs are outlined here.

Light, or more specifically visible light, covers a wavelength range
from 400 nm to 700 nm [61]. In the context of the research presented here,
the wavelength is considered to be between 400 nm to 700 nm which is rele-
vant for human perception. Light is an electromagnetic wave which has two
perpendicular electric and magnetic field components oscillating perpendic-
ularly to the direction of the propagating direction. For that reason, when
investigating and explaining how LCs interact and change the various prop-
erties of light, and perform different kinds of optical properties, the best way

is to consider this from the perspective of the refractive index.

2.4.1 Birefringence and Optical Retardation Manipulation

As an electromagnetic wave, light can travel in different materials and me-
dia and in a vacuum the light travels with a velocity of ¢ = 3 x 10® m/s and
the relevant repeat spatial period is called the wavelength and is denoted as
Ap. The relation between those two parameters is c = Ao f, where fis the fre-
quency of the photon from the source. The direct impact that a material can
have on the light passing through is the decrease in the velocity and the factor
by which it decreases is called the refractive index. Based on Maxwell equa-

tions, in non-magnetic materials, the velocity of the electromagnetic wave in

<

a material is described as v = ——. Comparing this with the velocity of light

S
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travelling in a material, we can easily obtain an equation that can define the
refractive index which is n = /e, which is also related to the frequency of the
light. With the introduction of the refractive index, the change in the velocity,
wavelength and the phase of an incident light travelling through a medium

is given by the following equations

C
v=—
n
PR (2.26)

n

27

A = nd="

p = nd=

where d is the path of the light propagating through the material and nd is

the so-called optical path length.

As calamitic nematic LCs are uniaxially anisotropic, the relative di-
electric permittivity ¢, has a different value for electric field in different di-
rections, so therefore does the 1 for light with different polarisation directions
and this is what we call birefringence. For the refractive index along the di-
rector, this is called n|| and for the perpendicular one, this is denoted as 1 .
Birefringence is a property shared by all anisotropic materials and the refrac-
tive index is different between one and the other two directions for uniaxially
material (LCs). The refractive index for light polarised parallel to the director
is called the extraordinary refractive index, 7, and for light polarised in the
other two directions (perpendicular to the previous direction) we have the
ordinary refractive index, n,. For nematic LCs that are uniformly aligned,
the n, and n are the same things and the n, and n, are the same things.

Thus we can quantify the birefringence as

An =n, —ny (2.27)
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which varies for different temperatures and wavelengths. Because the or-
der parameter changes with temperature so too does the birefringence. The
higher the order parameter is, the higher the birefringence. Additionally, as
the relative dielectric constant of the LC molecules changes with wavelength,
as a result of the different interactions with the medium, so too does the re-
fractive index vary with wavelength. The relationship between refractive

index and wavelength is governed by Cauchy’s equation.

Consider light propagating along the y-axis and the director of the
LC material is aligned with the z-axis. Furthermore, consider that the electric
tield of the electromagnetic wave is oscillating along z = x which is illus-

trated in Figure 2.8.

FIGURE 2.8: Light polarised at 45° relative to the x and z axes.

Eo is the x and z components of the maximum amplitude of E, the formula-

tion of E can then be decomposed into

j 27
E; = Epcoswt refardafion Ey cos (noyA— — wt)
0

| - (2.28)
E, = Eycoswt """ Eo cos (ngyA— — wt)
0
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where the E( cos wt represents the waveform right before interacting with the

LC molecules at y=0. Substituting Equation 2.27 into Equation 2.28,we get,

2
E. = Egcos (nod—7T — wt)
Ao

2 2
E, = Eycos (nod—ﬂ —wt + And—ﬂ)
Ao Ao

(2.29)

and this set of equations represents the light wave at the y = d position. The
phase difference between the E, and E, components is because of the optical
retardation phenomenon, and the phase difference between the two compo-
nents is represented by Agp = And % This effect will result in a polarisation
change after the light passes through the material and for different values of

A the exit light can be linearly, circularly or elliptically polarised.

Before moving on, it is also interesting to consider the optical prop-
erties of chiral nematic LCs. Because of the dielectric coupling, the twist dis-
tortion induces optical biaxiality which means breaking the uniaxial optical
symmetry of the chiral nematic LC such that the material has three refractive
indices corresponding to three orthogonal directions. This can be described
by considering the average of the perpendicular and parallel components of
the permittivity and the corresponding local ordinary and extraordinary re-
fractive indices, 1, and n,, averaged over one pitch. Thus, we have effective

biaxial refractive index components,

" /(12 cos 62 + n2 sin 62)
ny | = | /(n2sin 62 + n2 cos 62) (2.30)
n3 Mo

where n1, ny and n3 are the refractive indices corresponding to x-, y- and z-

axes, respectively, (Figure 2.5(b)). By substituting the following equations
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into Equation 2.30 we obtain,

2sin’f = 1 — cos 26
=1 — cos[2gz + 26y sin(24z)]
=1 — {cos(24qz) cos[26) sin(2qz)] — sin(2gz) sin[26) sin(2gz)] }
0o is small
=

~ 1 — cos(2gz) + 26 sin(2gz)

~ 14 60y — cos(2gz) — cos(44z)

(sin?6) ~ %([1 + 6p — cos(2gz) — cos(44z)])
d
% E/o 1+ 6g — cos(2g9z) — cos(4qz)dz}
1 sin(2gd) = sin(4qd)
”2[1 6 2qd * 4qd }

d equals half pitch, P/Z:Tr/q\

—_

5(1 + 90)

(sin?0) ~ = (1 + )

(2.31)

(cos?0) ~ =(1 —6)

NI DN -

and thus,

" / ng +7’lo 1— Ze +Zo
\/ ”eJFno 1+ 90 ne no) (232)

where ) is defined by Equation 2.15.
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2.4.2 Unique Optical Effects in Chiral Nematic LCs

In addition to the birefringence of a distorted chiral nematic LC system, there
are other unique optical properties that can only be observed in a chiral ne-
matic LC material but not in a nematic LC system, as described briefly in

Section 2.1.2.

Consider a bulk chiral nematic LC with the helix parallel to the z-
axis. The whole material can be dived into "slices” and the average director of
individual slices changes gradually from the bottom slice to the top slice. If
the pitch of the chiral nematic LC is significantly smaller than the wavelength
of the light, say P < Ay, then the chiral nematic LC "units” are similar to a
discotic nematic phase. For light polarised in the plane perpendicular to the
helical axis, the refractive index is the same for any direction and this shows

an isotropic, transparent appearance.

An interesting phenomenon of chiral nematic LCs to consider is when
the pitch is smaller than the wavelength of the incident light. In this case it
falls into the optical activity (optical rotation) regime. The chiral nematic
LCs now has two different refractive index values for right or left handed
circularly polarised light and this is called circular birefringence and the
anisotropy is defined as ny and np, respectively. The consequence of such cir-
cular birefringence is that linearly polarised light will rotate either clockwise
or anti-clockwise but not change the amplitude. The rotated angle relative

21

—ny )kod . .
M, where ky = 5 is the wave vector in

to the x-axis is given by 6 =
vacuum. Another interesting regime is when the chiral pitch is around the
same order as the wavelength of visible light. Under such conditions, the

chiral nematic LCs fall into the Bragg reflection regime.

Now, a more normal situation where the light incidents the chiral

nematic LC at an angle 6 away from the helical axis and with a reflected light
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at an angle of ¢ because of the Bragg reflection. The repeating plane distance

here is £ and the constructive interference can only occur when
2

nP

0=
= ool [1+ cos (6 +¢)] = A = nPcos® (2.33)

mA

where m is an integer and m > 1. A is the wavelength of the incident light
in LCs and 7 is the effective refractive index of the LCs. Apparently, one
can only receive a specific band of wavelength reflected by the chiral nematic
LCs when observing the sample under a white light source as a result of con-
structive interference. With the viewing angle changing from left to right, the
colour of the sample will change as well. Such an effect is also called selec-
tive reflection. This might appear contradictory to the property introduced in
the previous paragraph. It should be pointed out that for linearly polarised
light such selective reflection can only occur if the wavelength is between n,P
and n,P, and for wavelength out of this regime, both right- and left-handed

circularly light can propagate through but with different velocities.

It is also interesting to consider when the pitch is much longer, and
significantly exceeds the wavelength of light, say P > Ay, in this case, an-
other special optical property will occur which is called the waveguide regime.
In this case, the average director of each slice changes very little and the light
can be considered as travelling through slices of nematic LCs. After propa-
gating through each ’slice’, linearly polarised light will be retarded and be-
come elliptically polarised light with its semi-major axis parallel to the direc-
tor orientation in the second slice. Since P > A, and the slices are considered
infinitesimally thin which means d < A, the induced phase difference in the
x and y components of the incident linear polarised light, Ankod, is extremely
small. As a result, the emergent light is still linearly polarised but has rotated

a small angle. The direction of the polarisation of the light will gradually
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rotate, following the director orientation while still maintaining linear polar-

isation.

2.5 Laser Speckle and Optical Coherence Control

Laser speckle is a phenomenon that occurs in laser light and has been inves-
tigated since the invention of the laser. Numerous bright and dark spots are
typical of the grainy speckle pattern that can be observed in an image, or
perceived image, which is a key issue limiting imaging quality [15]. The de-
gree of speckle present in, for example, a projected laser image with uniform
average intensity is quantified by the speckle contrast, C, of the interference

pattern [15]. To calculate C, we use the equation as follows:

g1
I

~

C= (2.34)

where 07 is the standard deviation of intensity values and I is the average
intensity value. The equation is actually the reciprocal of the signal-to-noise

ratio.

Historically, several methods for reducing C have been implemented,
most of which rely on the superposition of multiple uncorrelated speckle
patterns [15]. Methods of reducing C are based on the principle that when
two or more statistically independent (or partially decorrelated) speckle pat-
terns are superimposed, the random intensity fluctuations will be ‘averaged
out’ across the image. Speckle reduction techniques can be separated ac-
cording to whether the statistically independent speckle patterns are created
instantaneously or time sequentially. Time sequential methods take advan-
tage of the finite integration time of the observer, thus reducing speckle to

zero for a human viewer. The reduction techniques can be further separated
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into four different ways by which these speckle patterns are mutually decor-
related: spectral decorrelation, spatial decorrelation, angular decorrelation,
and polarisation decorrelation. However, many of these methods have no-
table drawbacks when put into practice, such as the requirement for bulky
mechanical parts, vibrations, or expensive components. To overcome these
issues, previous work has studied a method [16] that takes advantage of the
rapid, random movement of a local LC director to construct a compact dif-

fuser device that is capable of reducing speckle.

In the ideal case when N completely uncorrelated speckle patterns

are superimposed, the speckle contrast is given by [15]

N 1_2
¢ Vil (2.35)

Yt In

If the intensities of all speckle patterns have the same mean intensity, the min-
imum speckle contrast becomes \/LN Depending on whether the statistically
independent speckle patterns are created instantaneously or time sequen-
tially, the categories of speckle reduction technologies can be further sepa-
rated into two classes. For example, the human eye can be modelled to have
an integration time of approximately 50 ms [62], and then the time sequential

methods take advantage of the finite integration time of the observer.

Spectral decorrelation uses two or more independent monochromatic
sources with wavelength A1 and A, which illuminate a rough screen from the
same position and angle leading to form two speckle patterns which will be
decorrelated because of the wavelength variation AA. The decorrelation in-
creases when AA increases. Speckle reduction using spectral decorrelation
techniques can also be achieved through wavelength chirping, changing the

wavelength of laser emission within the integration time of the detector (such
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as the eye). For the spatial decorrelation methods, the key is to make the spa-
tial resolution larger than the size of the coherence area so that the spots of
speckle patterns will be blurred together. To make this possible, researchers
use a light source with low spatial coherence and therefore very small coher-
ence areas at the screen. For example, B. Reading realized this through using

a random laser [63].

Speckle contrast can also be reduced instantaneously by illuminating
the screen with multiple light sources that vary in illumination angle. The
greater the variation in angle between sources, the more decorrelated the re-
sulting speckle patterns will be. A time sequential variation in angle can be
achieved by passing light through a moving diffuser, for example, the most
common way to reduce speckle contrast is to place a rotating glass diffuser
in front of the light source [64-66]. A typical polarisation decorrelation tech-
nique is to use a projection screen which exhibits volume scattering of light so
that when linearly polarised light is shone at such a screen the reflected light
is shown to be depolarised because of the light being diffusely scattered from
the surface and some light undergoing multiple scattering as it penetrates a

short distance into the surface.

Considering these speckle reduction techniques and comparing them
with the optical properties of LCs, the possibility of using LC thin film de-
vices and other optical elements to reduce speckle contrast has been investi-
gated by a number of researchers. The birefringence of LCs and the ability
to reorient the director when applying external stimulus has made LCs of
significant interest for technological applications, especially in the display

industry, and the properties can also be used to control laser speckle.
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For example, a planar-aligned nematic LC device can easily modu-
late the polarisation of incident light because the two orthogonal polarisa-
tion components of light in a LC experience different refractive indices, i.e.,
they travel through the device at different speeds and therefore exit with an
added phase difference. An electric field can be used to reorient the bulk into
homeotropic alignment, such that the orthogonal polarisation components
of light experience the same refractive index rny, causing no change to the
polarisation state of the light. Varying the electric field amplitude to allow
alignment between these extremes also allows for variable added phase dif-
ference for the propagating light. This is the fundamental effect used in most
LC-based displays to control the amount of light transmitted for each pri-
mary colour at each pixel, but could also be used to add polarisation decor-
relation to reduce speckle. Additionally, for a chiral nematic LC material, if
the helical axis orientation varies randomly through a sample then a highly

scattering state is observed.

LCs appear to be an ideal medium for reducing speckle contrast as it
is possible to change the optical properties externally with an electric field.
This can be used to apply a phase, polarisation or intensity variation to in-
cident light that varies in time and space. This in turn can potentially create
multiple statistically independent speckle patterns, reducing the appearance
of speckle contrast. Furthermore, this can be achieved vibration free, and LC
devices are small, light and relatively simple to make, and the power con-

sumption is low due to the small conductivity.

The first research in this area used a nematic LC device with a gap
of 15pm [43, 67]. One substrate was coated in PVA to form an alignment
layer, the other was coated in a mixture of PVA and azo dye molecules to
form a controllable alignment layer. The application of UV light of wave-

length close to the absorption maximum of the dye causes a rotation in the
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double bond to transform the cell from its stable trans form to its unstable cis
form. When this light is removed, the molecule will fall back into the trans
form with either its original molecular shape, or one that differs by approxi-
mately 90°, preferring the direction that matches the polarisation of UV light.
By exposing this layer to UV light with a checkerboard pattern of orthog-
onal polarisations, the alignment layer forms a related checkboard pattern
of orthogonal alignment properties. When filled with nematic LC this cre-

ates a cell that aligns itself according to the alignment surface. A reduction

1
V2

a stationary diffuser plate, as a result of the two simultaneous orthogonal

in speckle contrast of —= has been reported when used in conjunction with
polarisation states present in the transmitted light [15]. In this case, speckle
contrast was measured with a CCD directly in the path of the laser, instead
of in reflection from a screen. This approach cannot be improved without
introducing movement to the diffuser or LC cell, as there are only two dis-
tinct polarisation states, and this does not reduce speckle any further than a

depolarising screen used in applications such as laser projection.

The field induced turbulence in LC was mentioned above, and EHDI
(electrohydrodynamic instability) is a phenomenon that we take advantage
of in speckle reduction. Conductivity and dielectric anisotropy can be used
to apply competing torques to the LC director that then create instability in
the macroscopic alignment of a device. If a thin layer (approximately 10-50
pm) of nematic LC with negative Ae and positive Ac is exposed to a DC or
low-frequency AC electric field perpendicular to the device substrates, the
director will tend to orient perpendicular to this field but the ionic impurities
will try to move through the material towards the oppositely charged elec-
trodes, applying a torque on the director back in the direction of the field.
The instabilities caused by these competing torques lead to a range of in-

duced patterns that change with field amplitude and frequency [20].
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When the voltage is increased above a threshold voltage, then a pe-
riodic distortion of the alignment is seen that appears as a series of parallel
lines perpendicular to the director which are called Williams domains. This
is because of a convective instability in the LC that results in ions flowing
in a closed circle. The circle’s diameter is approximately the cell thickness
d. The observation of parallel lines is due to the convective flow causing a
reorientation of the director to be perpendicular to the substrates where flow

is perpendicular, and parallel where the flow is parallel.

As the voltage is further increased these Williams domains become
more agitated by the increasing flow velocity until, above a larger threshold
voltage, the flow becomes turbulent and completely disordered. In this state,
the director is randomly aligned both in space and time. This causes the
material to become highly scattering, appearing opaque and with a milky
white appearance to the eye. This is known as the dynamic scattering mode

(DSM) [68].

EHDI has been observed not only in nematics but also in chiral ne-
matics and smectic LCs and all of them have DSM phenomena. Chiral ne-
matics are known to exhibit a highly scattering, stationary focal conic state,
which is used for optical storage of information. For this reason, our work
aims to use EHDI effects in chiral nematic mixtures to provide maximum

scattering and optimum speckle reduction.

To help induce instability of the LC, it is possible to dope the LCs
with ionic dopants such as Cetyltrimethylammonium bromide (CTAB) [16],
nanoparticles [69], polymer structure [70], fine particles [71] or redox dopants
[72]. The ultimate goal of this thesis is to reduce the speckle contrast to close
to C = 0.04, below which the human eye cannot perceive speckle any more

[15].
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2.6 Optical Phase Modulation and LC-SLMs

To recap, Sections 2.3.1 and 2.4 have introduced the properties of nematic
and chiral nematic LCs in electric field and how they can manipulate the
phase, polarisation, colour and the intensity of the light. The birefringence
and dielectric anisotropy provides a solution for optical phase modulation
and this forms the basic idea of LC-SLMs. Based on these fundamental LC
properties, we can say that not only nematic but also chiral nematic LCs
could be promising materials in modulating the optical phase of light. Electro-
optic technologies that exploit fast-switching chiral nematic LCs have been
researched and developed, especially from a display engineering perspec-
tive [52-57]. Optical phase modulation is important in many aspects of opti-
cal and optoelectronic technology. Phase modulation can be obtained either
by changing the refractive index (or effective refractive index) of a material
through which light is propagating, or by physically changing the optical
path-length for the light. As mentioned in the previous chapter, LC materials
are not suitable for integrated optics technology where a fundamental high
modulation speed is required. However, LC materials are of importance for

SLM technology to shape the wave-front of propagating light.

As discussed in Chapter 1, LC-SLM technology can be classified into
two categories, which are either providing a digital, binary, or quantised
phase modulation (0 and 7t phase states are commonly chosen) or provid-
ing analogue phase modulation (a phase range of 0 to 27t is commonly used).
Binary SLM typically exhibits substantially less than 1 ms switching times,
however, analogue SLM technology has a long switching time, commonly
being many milliseconds. Of course, there are some alternatives which are
based on electro-mechanical technology, but they suffer from various disad-

vantages which have been listed in Chapter 1.
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Improving the switching speed, whilst maintaining access to a full
range of phase states (from 0 to 27t) would allow SLM technology to be used
in a wider range of systems, such as in faster optical laser beam tracking and
steering [73], and in higher-speed optical aberration correction in imaging
systems [74]. There has been much work in this area, with a number of pro-
posals and demonstrations of configurations that can enhance the switching
speed (reduce the response time) in a useful way [75-77]. There also has
been work on incorporating polymer networks into LC layers to obtain sub-

millisecond switching times [14].

There is another approach demonstrated by using the flexoelectro-
optic effect in chiral nematic LC [48] which takes advantage of the character-
istic lengthscale of a chiral nematic LC. While the electro-optic effect offers
submillisecond switching times, the optical response is generally quite small
for most LC compounds and mixtures, with switching angles of just a few de-
grees. LC dimers (bimesogens), however, can show much larger switching
angles, allowing useful electro-optic effects to be exploited [78]. However,
the attempt demonstrated in [78] has other issues which is that the devices
have to operate at elevated temperatures over 100°C which is impractical
for most technological applications. Unfortunately, room-temperature ma-
terials showing a large and high-speed flexoelectro-optic effect are not yet
commonly available. A LC that shows substantial switching angles at room
temperature has recently been demonstrated, but it requires a large electric
tield (equivalent to 100 V across a 5-um-thick device to achieve a switching
angle of 40°) [78]. The ultimate goal of the work in this thesis is to over-
come the impracticality of elevated temperatures and large voltages as well
as achieve robust analogue full 2 7t phase modulation in a compact optical
system (Chapter 6). Additionally, a detailed exploration of the most suitable

cell configuration (Chapter 7) is also carried out in order to make the best
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use of the switching characteristics of the LC material. Simulations have also
been developed to guide the experiments so that the phase modulation is
maximized as well as eliminating unwanted intensity modulation (Chapter

8).

2.7 Summary

In this chapter, a detailed introduction of the most important properties of LC
materials relevant to this thesis has been presented. The discussion is further
divided into four parts, which starts with an introduction to the nematic and
chiral nematic LC phases, then describes the elastic energy before moving
on to a discussion about the dielectric and flexoelectric effects. The optical
properties of both nematic and chiral nematic LCs are then considered before
a comprehensive summary of previous related research on laser speckle and

phase modulation is provided.
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Chapter 3

Experimental Techniques

3.1 Liquid Crystal Mixtures

In this thesis, the liquid crystal (LC) mixtures prepared can be divided into
two categories: one set of mixtures was developed for the speckle reduction
and one set of mixtures was developed for the optical phase modulation.
For the speckle reduction devices, chiral nematic LC mixtures have been pre-
pared that have been doped with an ionic additive. On the other hand, for the
optical phase modulation studies (Chapters 6, 7 and 8), both nematic and
chiral nematic LC mixtures have been considered. The nematic LC materials
used in this thesis are either commercially-available from suppliers such as
Synthon Chemicals Ltd or bespoke materials that have been synthesised by
research collaborators, such as the group of Prof. Georg Mehl at the Univer-
sity of Hull. One of the nematic mixtures used in this thesis was the eutectic
nematic LC mixture E7, which was sourced from Synthon Chemicals and
used without further purification. E7 contains four different compounds, the
chemical structures of which are shown in Figure 3.1, with their correspond-
ing concentration by weight. Each LC mixture was then capillary filled into

a glass cell for characterisation of their electro-optic properties.

The glass cells used to obtain the results presented in the following
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FIGURE 3.1: An illustration of E7 composition and the concentration of each of the
components by weight. The mixture is filled into the glass cell by capillary action.

chapters were either sourced commercially from Instec or were fabricated
in-house. Some of the studies also employed the use of glass cells that had
been kindly provided by Samsung. In all cases, a cell is constructed with two
glass substrates separated by a small distance, d, such that a thin film of LC is
formed, as illustrated in Figure 3.1. The cell shown in Figure 3.1 is a typical
cell configuration from INSTEC [79]. The cell thickness determines the film
thickness, which is typically between 2 ym and 20 pm. There are spacer
beads or spacer thin films between the alignment layers to control the cell
gap. The substrate surfaces are usually treated with a variety of additional
functional layers. For example, in order to apply an electric field across the
LC layer, transparent electrodes are coated onto the inner substrates in the

form of indium tin oxide (ITO).

Alignment layers can be used to control the director orientation at
each surface interface to set the initial overall average director orientation
inside the LC thin film. For the glass cells that were fabricated in-house,
this was achieved by using a rubbing machine to align spin-coated polyvinyl

alcohol (PVA) polymer layers. With different alignment layer pretreatment,
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the cells can have different pretilts. In the case of anti-parallel rubbing, we
can obtain a so-called Fréedericksz cell. Conventional Fréedericksz cells have
a uniform alignment of the director with a pretilt angle in the same direction
on the two substrates, which is resultant from anti-parallel rubbing. After
the electric field is switched on and then off, the director starts to relax back
to the original state, causing a flow. Another kind of cell that is of relevance
to this work is the so-called Pi-cell. In the Pi-cell, the pretilt angles on both
substrates are in opposite directions, which is because of the parallel rubbing
on the top and bottom substrates, and this is called parallel alignment. An
alternative configuration that is considered in this thesis involves coating one
substrate with a homeotropic alighment layer and the other substrate with a
planar alignment. This results in the so-called hybrid aligned nematic (HAN)
cell. The homeotropic alignment layer is often lecithin [80]. Diagrams for

each cell are shown in Figure 3.2.

Rub Rub Lecithin$Coated
Tilt © >~ S~ === = Tjt I | | | .Lift
S3III S3:=3 Y
-_——- L —
Tilt'\\:: o ~ ~ -~ Tilt “‘5"]1“
Rub Rub Rub

(a) (b) (©)

FIGURE 3.2: The initial orientation of the director inside (a) conventional Fréeder-
icksz cell, (b)Pi-cell and (c) HAN cell without an applied electric field.

Chiral nematic mixtures for the speckle reduction and optical phase
modulation studies were prepared by weighing the LC and the dopants us-
ing a precision microbalance which has an accuracy of 0.1 mg (Mettler Toledo
AB104-S) [81]. The liquid materials are extracted by a pipette whereas the
solid materials are extracted by a spatula. For illustration purposes, a chiral
nematic LC mixture prepared for the speckle reduction studies involved a

sample of BL006 (Merck KGaA), 3 wt.% R5011 (Merck KGaA) right-handed
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chiral dopant, and 0.1 wt.% ionic dopant. The nematic LC phase of BL006
is between -20°C and 113°C thus at room temperature the host nematic LC
is in a liquid crystalline state and the other two are in powder form. After
weighing the appropriate amount of these three materials, they are placed in
a vial (Wheaton sample vials). The samples are usually prepared in a batch
of more than 100 mg or 200 mg to match the accuracy of the analytic balance.
The process is depicted in Figure 3.3(a) and the temperature used for ther-
mal mixing is typically around 10°C above the clearing point of the host LC.
Figure 3.3(b) shows the process of filling a cell via capillary action, the mix-
ture again is heated above the clearing point when filling the cell, following
which a slow and gentle annealing and cooling process allows the material

to form a uniform Grandjean texture.

3.2 Polarisation Optical Microscopy

Observing the texture and colour of an LC cell under polarised optical mi-
croscopy is of great importance in understanding and investigating some of
the physical and optical properties of an LC device. In this study, all mi-
croscope images, unless otherwise indicated, are taken on the polarised mi-
croscope shown in Figure 3.4. The microscope is an Olympus BX51 model
with a QImaging camera, model 'Retiga R6 6.0 megapixel CCD camera’. The
light coming out of the halogen bulb first passes through a polariser and
then is formed by the condenser. An optical bandpass filter can be inserted
after the condenser if the specimen on the mechanical stage is sensitive to
certain wavelengths of light. After passing through all of these elements,
the incident light finally illuminates the LC device. The objective lens tur-
ret, which covers a wide selection of lenses, including a magnification of 4x,
10x, 20x, 40x and 50x, is positioned directly above the cell. A second lin-

ear polariser is the next element, which acts as an analyser. The analyser is
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FIGURE 3.3: Schematic of the cell-filling procedure from (a) mixture preparation to
(b) fill a cell. In (a), the vial is first filled with BL006 and 3 wt.% of R5011 on DAY 1
and placed in an oven set at 123°C for 12 hours. On DAY 2 the selected ionic dopant
is added to the completely-mixed chiral nematic LC host and placed in the oven,
mixing at the temperature where the LC material is isotropic, for another 12 hours.
(b) The well-mixed sample after two days of preparation is transferred to a hot-plate
set at the same temperature as the mixing process and the cell is placed next to it
on the same hot-plate, filled via capillary action. The cell here is an anti-parallel
Fréedericksz cell. The RPM on the hot-plate represents the revolutions per minute.
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Condenser
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FIGURE 3.4: A photograph of the BX51 Olympus microscope and QImaging camera
used in this thesis.

usually set perpendicular to the first linear polariser so that we can differ-

entiate an anisotropic material from an isotropic material. For a nematic LC

device, when rotating the microscope stage by 27, under single-wavelength

illumination, it will show four cycles of light transmission increasing from

zero to maximum and falling back to zero. If the device is illuminated by a
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white light source in Figure 3.4, then still the device demonstrates different
intensity when the sample stage is rotated by different angles relative to the
polarisers. In this case, the colour also fades and the intensity of the trans-
mitted light drops to zero when the optic axis of the LC is parallel to the

polarisers.

A hot-stage (Linkam Scientific Instruments LTD, LinkPad, LTS420,
temperature range < -195°C to 420°C, stability <0.1°C) and a combination of
a waveform generator (dual-channel, Tektronix AFG 3022 [82]) and an am-
plifier (dual-channel, 10x, FLC Electronics F10AD [83] were used during the
inspection on the polarised microscope. The hot-stage was placed directly
on the microscope rotation stage and was used to investigate the phase tran-
sition temperatures of the mixtures. The waveform generator together with
the amplifier was able to supply up to =200 V which allows us to characterise

the device for different applied voltages.

3.3 UV-Vis Spectroscopy

In this thesis, the cell gap and the pitch of the chiral nematic LCs are critical
for the resulting performance of the devices, and thus a quantitative anal-
ysis is employed via an ultra-violet-visible (UV-Vis) spectrometer, Agilent
Cary 8454 UV-Visible Spectroscopy System [84]. The spectrometer provides
a transmission spectrum from 190 nm to 1100 nm with an interval of 0.9 nm
[84]. The spectrum is realised by combining a deuterium gas lamp and a
tungsten lamp. The light is firstly collimated by the source lens and then
passed through the sample. A spectrograph lens and a slit placed after the
sample make sure each proportion of wavelength is projected onto the ap-
propriate photodiode only [84]. The spectrometer has an array of 1024 in-

dividual photodiodes. A blank measurement was always taken before any
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measurements of device parameters in order to remove ambient light or ex-

traneous reflections.

The method of measuring the thickness of an empty cell is based on
the theory of a Fabry-Pérot interferometer in which light undergoes multiple
reflections between two parallel glass substrates and the transmitted light
forms an interference pattern. The intensity of the transmitted light is shown
as transmission on the plot in Figure 3.5 and the peaks of the interference

wave are highlighted by the blue dots. We can write:

1
1+ Fsinz(zq’d)

I =| E; = Iy (3.1)

where F is the coefficient of finesse, Ij is the intensity of the incident light, n
is the refractive index of the air which is equal to 1, and d represents the cell
gap. By analysing Equation 3.1, we can see that only when %\Ld =im, (i € N)
then I; reaches a maxima. Accordingly, a Matlab script was written and the

cell gap can be calculated by the following equation

__1Ax
2 Ay
1 1
Ay = — — —— (3.2)
4 A1 AAN
Ax = —AN

where definitions for Ay, Ax, and AN are illustrated in Figure 3.5(b).

In a practical measurement, we select as many peaks as possible pro-
vided the waveform is not distorted. Such a case could happen because of
the defects on the films coated on the glass substrates, which is not common
for commercial devices, but can be easily seen for home-made devices. The
reason why we didn’t select all the peaks in Figure 3.5 is to demonstrate that

the MATLAB script written for this thesis is able to select preferred peaks out
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FIGURE 3.5: Example transmission spectrum of an anti-parallel rubbed 20 pm-thick
Instec glass cell. (a) is the spectrum obtained via the Agilent Cary 8454 UV-Visible
spectrometer, because of the natural attenuation of the glass material, the spectrum
starts from 350 nm. The peaks in the interference pattern are highlighted by the blue
dots and the selected successive peaks (highlighted by the yellow block in (a)) are
plotted in (b) as a function of —-AN where AN is the peak number. The gradient
of the plot in (b) is related to the cell gap and is found to be 20.65 pm which is within
5% of the standard value of 20 pm given by the manufacturer.



Chapter 3. Experimental Techniques 54

of all detected peaks.

UV-Vis spectroscopy was also used to determine the pitch of a chi-
ral nematic LC mixture/device. After filling the anti-parallel device with the
chiral nematic LC material and carefully annealing to obtain a Grandjean tex-
ture (confirmed by inspecting the structure under the polarised microscope),
the cell was placed after the light source and before the spectrograph lens.
According to the theory mentioned in Section 2.4.2, the selective reflection
is related to the pitch, P, and the refractive index of the LC material. Here
the refractive index of BL006 is quoted as n, = 1.7988 and n, = 1.5249 [85].

According to Equation 2.33, we can find that

Alow + Anigh Ne + 1) P
Acentml =7 B 8= ( ° > 0) (3-3)

which is clearly demonstrated in Figure 3.6. In the real calculation, we use
a fixed refractive index for both the extraordinary and ordinary refractive
indices which are measured at A=633 nm. Because over the commonly seen
band-gap in this thesis (the A4 is around 400 nm to 700 nm), the refractive
index does not change very much, so we always use a fixed value for the

refractive indices to estimate the pitch.

3.4 Speckle Contrast Characterisation

In order to quantify the exact speckle contrast value a dedicated character-
isation experiment was developed by D. H. Hansford [36], which has been

further developed and adapted in this thesis.

As mentioned previously in Equation 2.34, to evaluate the degree

of speckle noise, it is important to obtain the profile of the intensity on the



Chapter 3. Experimental Techniques 55

50
407 A =690 nm
central P
e\° /’///
B / f
: e
g 20 ’ -~ \\\ //// 4
; /// X A :" )
/ /‘[(mz():')z nm Lhiih=748 nm
10+ ’f" ' N
Jlj
0 /J L I L L I
400 500 600 700 800 900 1000

Wavelength, nm

FIGURE 3.6: An example transmission spectrum of a chiral nematic LC device show-

ing Bragg reflection. The bandgap is confined by the A, and Ay, while the central

wavelength is highlighted by the red solid line. In this case, the chiral nematic LC
mixture was BL006+2.5 wt.%R5011 and the pitch was found to be 415 nm.

imaging plane. There are two ways to capture this, as introduced by Good-
man [15]; it can be either taken in a subjective way or in an objective way.
Considering real applications, such as a laser projector or a HUD, human
vision tends to perceive the granular noise subjectively. As a result, the ex-
perimental system employed in this work focused exclusively on subjective
speckle to best relate the results of the speckle contrast value to human per-
ception. The experimental configuration is shown in Figure 3.7, which is the
same as that used in previous work except for the use of two ground glass

diffusers (GGDs) and a light-pipe (LP) (MKS Instruments, Inc., LPH-PIP-4).

In previous work, conditioning optics as well as settings for the CCD-
camera were investigated and subsequently chosen to mimic the response of
the human eye [36]. Here, we will only introduce some of the salient features
that both Figure 3.7(a) and Figure 3.7(b) share. The light source is a coher-
ent laser, JDS Uniphase 1122P, emitting at a wavelength of A = 632.8 nm. The

output light beam has a diameter of 0.63 mm and the beam divergence is only
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FIGURE 3.7: The illustration of the speckle characterisation setup (a) built previously
[36] and (b) the enhanced version used in this thesis. In (a), the coherent light coming
out of the Helium-Neon laser (He-Ne) first passes through the small hole in the
middle of Hot-Stage (HS) and is then modulated by the LC device at the Diffuser
Plane (DP). The modulated light is collected by the 10x Objective (Obj) and then
projected onto the screen after being attenuated by the Neutral Density Filter (NDF).
A monochrome, CCD camera is put next to the screen with an angle of 25° subjective
to the optic axis. In (b), the system is composed of the He-Ne laser, a shutter for laser
safety, and a NDF to attenuate the light at the very beginning of the system. The
light pass through a Ground Glass Diffuser (GGD) before being incident on the LC
device. The blue-dashed line represents the DP. A Light-Pipe (LP) is put afterwards
and another GGD is attached closely to the other end of the LP. The light is collected
by the 10x Obj and then projected to the screen and observed by the same CCD
camera as the one used in (a). A wooden box, enclosed on all sides covers the setup
acting as an enclosure.
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1.3 mrad [86]. The system includes a compact and thin ceramic heating ele-
ment which was purchased from Thorlabs, HT19R (with an inner diameter
of 4mm, the maximum temperature is 400°C) and it is controlled by a Thor-
labs TC200 Temperature Controller (with a temperature range from 20°C to

200°C and an accuracy of 0.1°C).

The LC devices were operated under an AC electric field, provided
by a waveform generator (dual-channel, Tektronix AFG 3022 [82]) and an
amplifier (dual-channel, 10x, FLC Electronics F10AD [83]) is introduced in
Section 3.2. The objective was produced by Olympus (UPlanFL N) and the
NA is 0.3 [87]. It was previously used to restrict the beam divergence after
passing through the LC device so that the camera can receive enough light

for the determination of the speckle contrast.

The camera is especially important in this characterisation setup. The
monochrome CCD camera is from QImaging Co. (QICAM 12/16-bit). The
resolution of the pixels is 1392 x 1040, and the dimension of each pixel is 4.65
pm x 4.65 pm. The CCD camera was selected because of its cooling function
which is beneficial for reducing the dark noise during the measurement. The
camera measures the intensity of light without interpolating the data. To best
imitate human perception, the position of the camera relative to the imaging
plane (screen), the imaging lens attached to the front of the camera, as well

as the integration time of the sensor were carefully adjusted.

The camera lens with an inappropriate f-number can artificially re-
duce the granular noise due to either spatial averaging or spatial decorrela-
tion [15, 36]. Specifically, reducing the speckle contrast through spatial aver-
aging could happen when the average speckle size Ac observed by the CCD
detector after passing through the camera imaging lens is smaller than the

pixel’s spatial resolution Ap. The following equations show the Ac and the
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relative reduction rate N7 can be written as [15]:

/\2
Ar = — 4
c=q (3.4)
_Ap
Ny = A (3.5)

where (), is the solid angle subtended by the exit pupil of the camera imaging

7T

lens as seen by the CCD detector and it is equal to () = JF for a circular

f

aperture imaging lens where F = 1 is the f-number of the lens (the ratio of

the focal length to the diameter of the lens aperture).

Alternatively, for an artificial reduction in the speckle due to spatial

decorrelation, the reduction rate can be defined as

Qp

N>, =
2 Qp

(3.6)

where the Op = /75 is the solid angle subtended by the exit pupil of the pro-
jection system to the screen and the ()p is the solid angle subtended by the
entrance pupil of the detector to the screen. The ()p relates to the dimension
of the coherence area on the projection screen. For a fixed size (p, Qp rep-
resents the angular resolution of the detector. When the ()p increases while

Q)p is fixed, then the coherent areas increase in size and overlap, leading to a

measured decrease of the speckle contrast.

Now Nj « %, while N, « F2. Thus, for an accurate speckle contrast
measurement, the f —number cannot be either too large or too small. The
distance between the sensor plane and the screen is also important because

of the same reason as the f number and it should be the same among all
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measurements. It is important to note that the refocusing effect while mov-
ing the camera around relative to the screen while adjusting the distance is
negligible considering the distance between the screen and the camera is ex-
tremely large compared to the spot size. It has been shown that the closer
the camera is to the screen, the higher the speckle contrast. As a result, the
camera is placed at a distance such that the distance between the camera and
the screen is as short as possible while the laser light path is not blocked [36].
The integration time of the camera was set as 50 ms which has been shown

to be a suitable value for comparison with human perception of speckle.

The aperture of the imaging lens was selected to match the pupil di-
ameter when the eyes are perceiving the luminance for an indoor cinema

based on the equation [88].

d=5-3 tanh(0.4log10L) (3.7)

where d represents the pupil diameter and L represents the luminance.

For an indoor cinema scenario, when the light is switched off, the lu-
minance L is around 48 cd /m? [89] thus the diameter of the camera imaging
lens in this characterisation system was determined to be d= 3.2 mm. The fo-
cal length of the eye is reported to be 22.8 mm [90]. However, in our system,
the distance between the entrance pupil and the CCD sensor of the camera
and the resolution of the sensor are fixed and larger than the human eye-
ball, the focal length of the camera lens should be adjusted by matching the
N, parameter. For the case of a human eye, under the luminance consid-
ered in this work, the cones dominate over the rods at the retina and it is
reported to have a density of at least 100,000 cones/mm? [88] at the foveal
centralis. Thus, Ap = 10 um?, Ac =~ 25.82 um? and N; =~ 0.387. To match
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Nj of the system to 0.387, the focal length of the imaging length equals to

(4.6x10-3 2><7'r><32 -
f \/4>< 632. 8><10 2><O 387 33.14 mm.

In summary, the focal length of the imaging lens was selected as 35
mm which is close to the ideal value of 33.14 mm. The CCD camera is set 160
mm away from the screen with an angle of 25° such that it is close enough
without inducing spatial decorrelation or blocking the light. The camera was
set at a bit depth of 16 which is above the threshold for accurately measuring

speckle.

It was also found that the profile of the laser light is a Gaussian distri-
bution and because of that, the measurement area is very crucial in eliminat-
ing an artificial increase in the speckle contrast. A uniform intensity is impor-
tant to accurately determine speckle contrast. For this reason, we include two
GGDs and a LP in the system shown in Figure 3.7(b). The first GGD slightly
scatters the light so that more light can be modulated by the effective area of
the LC device. The LP immediately follows, acting as a "Thomogenizer’, this
guarantees a much more uniform intensity distribution compared with the
one obtained in Figure 3.7(a). The rear GGD further enhances the uniformity
and conveys the light to the objective. Additionally, the impact of ambient
light is reduced by enclosing the setup and it was ensured that the camera
was not saturated during any measurement by installing a suitable NDF in
front of the laser. The value of the filter was carefully selected so that the full

dynamic range of the camera was used.

The whole characterisation system was calibrated every time before
carrying out measurements. Additionally, the system was bench-marked by
testing with a standard rotating GGD and a depolarising diffusing screen and
the resulting measurements were found to be consistent with the literature.

Specifically, for laser light without attenuation by an active LC device but
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just depolarised by the diffusing screen was found to be C=0.68+0.01 which
is close to the expected value of % [15]. A fundamental error analysis has
been carried out while designing the system by D. Hansford [36]. The laser
and the hot-stage were switched on 30 minutes in advance to avoid intensity
fluctuation and the temperature drifting. A fully automated code written in
MATLAB was connected to the system so that a remote control was available

to avoid mechanical vibration [36].

3.5 Summary

This chapter details the experimental methods used in this thesis includ-
ing LC device assembly, mixture preparation, and device characterisation in
terms of configuration and performance. The chapter describes the funda-
mentals of these methods and it emphasizes the function and the novelty of
the speckle characterisation system developed previously [36]. The camera
has a bit depth of 16 which is above the threshold for accurately measuring
speckle. Additionally, the camera is cooled to minimize the impact of noise
on the measurements and it is operated with unity gamma correction to pro-
vide a linear relationship between the pixel value and the incident optical
intensity. The focal length of the lens and the aperture for the camera were
selected to ensure speckle values determined closely match human percep-
tion. The impact of ambient light is considered and decreased by setting up
an enclosure and it was ensured that the histogram of the projected image is
neither dim nor saturated for the camera by putting a suitable NDF in front

of the laser.
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Chapter 4

Redox Doped-Liquid Crystals for

Laser Speckle Reduction

In this chapter, two different redox dopants are investigated for a wide range
of concentrations in short-pitch chiral nematic LCs, and the improvements in
the speckle contrast are considered and compared with previous studies. The
results show that the speckle contrast can be reduced to C = 0.11 £ 0.02 at a
temperature of 30°C. Finally, an improvement in the quality of an image gen-
erated using a modified commercial projector fitted with a monochromatic
laser source is then presented. The work presented in this chapter forms the
basis of a publication in the journal article, Advanced Photonics Research, 2,

2000184 (2021) [17].

4.1 Introduction

The degree of speckle can be quantified by the speckle contrast parameter, C,
that was originally introduced by Goodman [91-94] and has been introduced
in Equation 2.34. Another relevant quantity is the signal-to-noise ratio % =
U—TI, which is the reciprocal of the speckle contrast C. In other words, the lower

the speckle contrast value C is, the more uniform the image intensity is. For
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tully developed speckle, where the most severe speckle pattern is present, the
speckle contrast parameter C and the signal-to-noise ratio % are both equal
to 1. It has been reported that the speckle pattern is not typically perceivable

to the human eye when C is lower than a value of 0.04 [95].

Different methods of eliminating speckle have been investigated pre-
viously in both coherent imaging and high-brightness imaging. These can
be loosely divided into four separate categories: polarisation decorrelation
[15], angular decorrelation [64—66], wavelength decorrelation [64], and spa-
tial decorrelation [63]. All of these methods aim to reduce the spatial co-
herence and/or temporal coherence of the laser. Each method can reduce
the speckle to a certain degree instantaneously or over an integration time.
With an active speckle reducing element placed in the propagation path of

the light source, the speckle contrast can be described by Equation 2.35.

Generating decorrelated speckle patterns can be realized by using a
range of different practical implementations such as the introduction of a de-
polarising screen [15], the use of an array of lasers aligned at different angles
relative to the receiver [96], an array of lasers emitting at different wave-
lengths, the use of a low spatial coherence light source such as a random
laser [63], or the use of a rotating ground glass diffuser [97]. In recent reports,
there are many approaches taken into consideration to improve the imaging
quality, which can be classified as either by introducing the optical elements
to optimise the laser source and optical system physically or by employing
numerical methods in the post-imaging processing procedure, such as neu-
ral networks [4], so that the objective information can be reconstructed. The
former has the advantage that it fundamentally improves the % ratio of the

optical system.
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The most common approach to introducing a physical optical ele-
ment to combat speckle is to place a rotating ground glass diffuser (RGGD)
before the collection optics in a wide field-of-view imaging system [97]. Pre-
vious research has shown that the speckle can be decreased to an acceptable
level if the rotation speed of the diffuser is higher than 27t rad /s [98]. While
this approach can mitigate the appearance of speckle, it has some consider-
able drawbacks such as the presence of mechanical vibrations caused by the
system with the motor, which is not desirable for measurements/experiments

requiring a high degree of sensitivity.

Another approach is to use a mechanically rotating ball lens in a laser
projection system, where it was shown that the speckle contrast could be re-
duced by 54.12%. However, the motor-driven ball lens has a rotating shaft
which can deviate from the centre of the ball lens, a series of light spots shifts
while the lens is rotating. To obtain a stable light spot on the projection screen
while the ball lens is rotating, the speed of rotation must be fast [99]. Addi-
tionally, the aberration caused by the deliberate deviation distance from the
ball centre to the rotation axis would be a problem when the projection area
is large. Again, even though this approach is effective at reducing speckle it

comes at the price of mechanically moving components.

An alternative approach is to employ electro-optic materials that can
be made compact and free from moving parts which can generate a series
of statistically independent speckle patterns within a finite period of time
when a voltage is applied. Towards this end, liquid crystalline materials have
been shown to be promising candidates [16, 17, 100]. The combination of the
birefringence and the reorientation of the director when an external electric
field is applied make it particularly appealing for the generation of random

phase or polarisation states that can lead to decorrelated speckle patterns.
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Numerous works have been published to demonstrate the potential
of LC devices and materials for speckle reduction. The first work on this was
published by K. Sueda et al. where they used a 15 micron-sandwiched-photo-
aligned cell and reduced the speckle down to \% [67]. Inspired by that, other
groups started to investigate LCs in speckle reduction. One example is the
work by Zhaomin Tong et al. who demonstrated a 55% reduction by using
a polymer dispersed nematic LC (PDLC) diffuser [101]. Separately, Hayato
Ishikawa et al. have shown that ferroelectric LCs (FLC) dispersed with fine
SiO, particles can reduce the speckle noise by more than 40% when volt-
ages of the order of 150 V were used [71]. A more significant reduction was
demonstrated by Andreev et al., who manipulated the spatially and tempo-
rally random refractive index across the FLC resulting in a 50% reduction
in speckle [102]. These findings were also supported in studies conducted
by Furue et al. where they were able to show successful speckle reduction
using polymerized FLCs or surface stabilized FLCs as well as using pho-
tocurable monomer dispersed nematic LCs [103, 104]. Additionally, LC-SLM
can be used to generate cyclic random phase masks corresponding to the
Hadamard orthogonal functions. This method has been shown to reduce the
speckle contract by \/%»4 when the SLM was programmed to generate 64 sep-
arate phase patterns [105]. The performance of the SLM in speckle reduction
is impressive, but their sheer cost and size make these impractical for many

applications.

Our technique is based on electrohydrodynamic instabilities (EHDI)
whereby the application of a low-frequency AC electric field results in com-
peting torques between the conductivity from charged particle impurities

and the dielectric coupling to the macroscopic helices in a chiral material.
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This can create a dynamic scattering state, after breaking up the William do-
main structure, for light that can then be used to generate a series of time-
sequentially angular decorrelated speckle patterns that average out over the
integration time of the detector (e.g., the human observer), which in turn

leads to a significant reduction in the speckle.

4.2 Chiral Nematic LCs for Laser Speckle Reduc-

tion

4.2.1 Selection of Nematic LCs

In this project, the compositions of the material are a host chiral nematic LC,
which forms the base and an ionic/redox dopant supplying cation and anion
components. A series of base nematic LCs were considered with different di-
electric constants, anisotropy and conductivity. Table 4.1 lists their important

physical properties. All materials listed are provided by Merck KGaA.

Nematic LC 7, 1o An g &L Ae  y(mPas) T.(°C)
BLO006 1.8148 1.5296 0.2852 20.0 4.7 15.3 426 113
MLC-2172 1.8139 1.52 0.2939 17.8 44 134 334 111
MLC-7022-000 1.5618 1.4745 0.0873 11.8 3.3 84 100 81
MDA-19-3138 1.6695 1.4967 0.1728 44.6 6.1 385 242 88

TABLE 4.1: Key physical properties of the nematic LCs considered. Birefringence

was obtained at 589.3 nm at 20°C. The dielectric anisotropy is measured under 1

kHz, 20°C. The rotational viscosities for each nematic used in this section are quoted
at 20°C as well. Values were taken from the literature [106, 107]

The properties listed in Table 4.1 can potentially influence the per-
formance of the speckle reduction in different ways and it is a balance in
selecting the material. According to a previous study [36], as the birefrin-
gence values increase the minimum speckle contrast is found to be reduced.

However, when the An is larger than 0.2, the correlation between the C,,;,
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and An becomes weaker. Above that value, there is no significant difference
for mixtures with different birefringence values. However, a higher birefrin-
gence value leads to a decrease in transmission of the device [36]. For these

reasons, the nematic LC mixture BL006 was chosen for this work.

4.2.2 Influence of Physical Properties

The speckle reduction is achieved via the EHDI effect which means our de-
vices are operating in the conductive regime, instead of the dielectric regime.
The relation between the EHDI regime and the frequency is as follows: for a
lower frequency ac electric field, the EHDI forms and the cells turn into a tur-
bid scattering state. While increasing the frequency, the regime will change
into a dielectric mode and the change over point is close to the space-charge

4“8(;1—1”) [41]. Without charge injection from the electrodes or

relaxation f =
deliberately added ionic dopants, f is relatively small. However, with either
redox dopants (or zwitterion dopants mentioned in Chapter 5), the f can be

rather high.

Another important parameter is the amplitude of the electric field.
The amplitude should be controlled above the periodic perturbation thresh-
old E;; and below the critical unwinding threshold E.. It has been verified
[36] that the minimum speckle contrast is achieved around the E; and it is al-
ways above Ey;, and falls in the DSM regime [58, 68]. To conclude, the dielec-
tric constant and the conductivity anisotropy mainly affect the range of the
EHDI regime and the electric field condition for the best speckle reduction.
This is because E., according to Equation 2.17, is proportional to (Aseo)_%.
Meanwhile, the threshold for the formation of the periodic perturbation is

related to E”j% as well as ; fIres [108].

7'[((7H+Ul)

The aim of this project is to decrease the speckle contrast within the
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EHDI regime as much as possible. According to Reference [100], the pitch is
of great importance for achieving minimum speckle contrast. The minimum
speckle contrast decreases as the pitch decreases until a certain length Py. For
pitches smaller than Py will not bring a significant reduction of the minimum
speckle contrast but will increase the transmission of the light. This is bene-
ticial for display applications, however, one should notice that the optimum
condition of the electric field E. « P,"!. For a shorter pitch, the energy con-
sumption will increase significantly and the required voltage might exceed
the maximum amplitude that a setup can supply. Also, when mixing the host
nematic LCs with a higher concentration of chiral dopants (for high twisting
power dopants > 0.5 wt.% and for low twisting power dopants >20 wt.%),
the LC properties relative to the speckle reduction might change because of
the large amount of additives. Thus, in the following project, the pitch is not
selected as the minimum measurable length of 209 nm but selected as the
pitch for which the optimum amplitude of the electric field is below E= 20

V/um for a 20 pm cell.

4.3 Redox Dopants

According to the research carried out by Herich and Rondelez, in order to
boost the EHDI, charge injection is effective and necessary for any mate-
rial with extremely low conductivities. The motion of these ions through
the LC can cause turbulence. To encourage instability in the LC, researchers
have investigated different approaches such as the use of ionic dopants in the
form of CTAB or redox dopants [16, 72]. In the previous work, even though
the reduction in the speckle contrast was encouraging, the degradation of
the CTAB-doped thin-films at high electric field amplitudes, due to the ir-
reversible electro-chemical reactions that occur at the electrodes, limits their

use in practical applications [109].
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FIGURE 4.1: The chemical structures of the redox dopants considered in this study;,
7,7,8,8-tetracyanoquinodimethane (TCNQ) and p-phenylenediamine (PPD).

The purpose of the study in this chapter, therefore, is to consider the
impact of using redox dopants instead of conventional ionic dopants such
as CTAB, and to demonstrate an improvement in the operating lifetime of
the LC diffuser when subjected to a range of electric field conditions. In
order to enhance the conductivity properties and avoid permanent electo-
chemical deterioration in the diffuser, a redox dopant in the form of 7,7,8,8-
tetracyanoquinodimethane (TCNQ) or p-phenylenediamine (PPD) (see Fig-
ure 4.1) was added at different concentrations by weight to a chiral nematic
LC mixture [110, 111]. TCNQ and PPD are examples of electron acceptor
and donor species, respectively, that can effectively increase the density of

current carriers (ionic charges) [72].

4.4 LC Speckle Reducer Without Dopants

To characterize the speckle reducer, we have developed an automated sys-
tem that records the speckle contrast in real-time and is configured in accor-
dance with the recommended practice for the measurement of speckle in lab-

oratory conditions as defined by the Laser Illuminated Projector Association
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(this was introduced in Chapter 3, Figure 3.7(b)) [112]. An electric field was
applied to the LC devices using a dual-channel function generator (Tektronix
AFG 3022) and a voltage amplifier (FLC Electronics FI0AD). To identify the
optimum operating conditions where the speckle contrast would be reduced
to a minimum value, each LC device was subjected to three separate tests.
First, the speckle contrast was recorded by sweeping through a range of elec-
tric field amplitudes (10-20 V/um in increments of 2 V/um) and frequencies
(20-100 Hz in increments of 10 Hz). This coarse sweep of the field parameters
provided an estimation of the electric field conditions and frequency require-
ments required to achieve maximum speckle reduction. Based on this quick
scan test assessment, the next step was to subject each device to a higher
resolution scan to identify precisely the field parameters required for peak
speckle reduction. In this peak scan test, the increments of the electric field
and frequency were 0.2 V/pm and 1.0 Hz, respectively. Finally, each LC
device was subjected to a steady-state response test. For this, the signal gen-
erator was set to apply the electric field conditions corresponding to peak
speckle reduction and the speckle contrast was recorded every 1 s continu-
ously to determine the variation of the speckle contrast over a period of time.
All of the tests mentioned above were carried out at 30 °C. For the extended
lifetime measurements, devices were operated at their peak speckle reduc-
tion electric field conditions, and the speckle contrast measurement system

was set to record at regular intervals.

An example of the speckle patterns captured on the CCD camera
without and with the LC diffuser is presented in Figure 4.2(a) and 4.2(b).
For this example, the mixture consisted of the nematic LC (BL006, Merck)
and 3.0 wt.% of the high-twisting power chiral dopant, R5011 (Merck). The
mixture was found to have a pitch of Py ~ 310 nm at 30°C and the peak

speckle reduction electric field conditions were found to occur at E, = 15.3
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V/um and f,= 38 Hz, where E, and f, are respectively the electric field and
frequency at which peak speckle reduction is obtained. A variety of ampli-
tudes and frequencies were experimented with to identify the ideal electric
tield conditions, and the condition that resulted in the least amount of speckle
contrast was considered the best. The process consisted of a quick scan test
with larger steps, followed by a peak scan test with finer scans. The output
for each test is a colour map with the bluest blocks indicating the minimum
speckle contrast, as shown in Figure 4.2(c) and 4.2(d). The corresponding
electric field conditions were identified as the optimal control conditions for

the device under test using these colour maps as a reference.

To illustrate how the speckle contrast varies with the electric field
parameters (i.e., amplitude and frequency) applied to the LC diffuser, Fig-
ure 4.2(c) and 4.2(d) shows the results for our base mixture (without redox
dopants) in the form of colour maps. Figure 4.2(c) shows the result for a low-
resolution test used to identify (approximately) the field parameters where
the maximum reduction in the speckle contrast is observed. Results are pre-
sented for electric field amplitudes ranging from 10 V/pm to 20 V/um and
frequencies from 20 to 100 Hz. The range of the frequency and the amplitude
are selected in order to trigger DSM in the device. If the amplitude of the elec-
tric field is too low then the scattering state is too weak to break up coherence
and reduce speckle. However, if the electric field amplitude is too high the
helix will unwind preventing the formation of a scattering state. Meanwhile,
the frequency has to be neither too low that the observer perceives flicker-
ing of the scattering state, nor too high that the device enters the dielectric
regime. In this case, no notable change was observed at field amplitudes be-
low 10 V/pm. It can be seen that the greatest reduction in the speckle contrast
is observed for amplitudes around 15 V/pm across frequencies from 20 to 80

Hz. The black boxed region in 4.2(c) and 4.2(d) identifies the electric field
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parameters for which the lowest speckle contrast was recorded. Across the
range of frequencies shown here, the speckle contrast is found to reduce with
increasing electric field amplitude up to the point when the helical structure
unwinds, at which point all dynamic scattering ceases, as shown by the dark
red regions in Figure 4.2(c) at field amplitudes above ~ 15 V/pm. At higher
tields, the alignment transforms to a homeotropic state, so EHDI ceases and

no speckle reduction is observed in this state [100].

Figure 4.2(d) is an example of a high-resolution scan conducted to
find the precise field conditions at which the speckle contrast was minimized;
in this case, the results show that the lowest speckle contrast was observed
for an amplitude of E = 15.3 V/um and a frequency of f = 38 Hz. This field
is quite large because of the relatively short pitch of the chiral material used
(hence a large unwinding field), and the frequency optimises turbulence in
the conductive EHDI regime whilst ensuring that any associated flicker is not
visible to the human eye. (Note: the results shown in Figure 4.2, and sub-
sequent results discussed in this chapter, are generally obtained at a temper-
ature of 30 °C. This slightly elevated stabilised temperature is used because

the actual room temperature fluctuates somewhat.)

4.5 LC Speckle Reducer With Redox Dopants

To determine the impact of the redox dopant on the speckle contrast and
the electric field conditions for maximum speckle reduction, sweeps of the
electric field amplitude and frequency were carried out for the base mixture
consisting of BL006 +3.0 wt.% R5011 and 1.0 wt.% of either redox dopant,
TCNQ or PPD. For the purposes of comparison, measurements were also
conducted for a sample consisting of 1.0 wt.% of the ionic dopant, CTAB.

For these comparisons, the base chiral nematic LC mixture was doped with
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FIGURE 4.2: Examples of the speckle pattern recorded by the CCD camera when (a)
there isno LC diffuser (C = 0.65 + 0.02) or (b)with a LC diffuser inserted in the system
(filled with BLO06 + 3.0 wt.% R5011; C = 0.26 + 0.02). (c) and (d) are examples of a
speckle contrast colour map for the base mixture (BL0O06 + 3.0 wt.% R5011) used in
this study, which shows the speckle contrast as a function of electric field amplitude
and frequency under (c) a low-resolution test and (d) a high-resolution peak scan
test. The black boxes in (c) and (d) highlight the minimum speckle contrast for each
test which are C=0.29 +0.02atE, =15V /pm, f =40 Hzand C = 0.26 £ 0.02 at E, =
15.3 V/pum, f = 38 Hz, respectively. The experiments were taken at a temperature of
30 °C and the cell gap was 20 um. The colour bar on the right represents the legend
for the speckle contrast. To be clear, (b) shows the speckle pattern observed from the
region indicated by the black box in (d).
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different concentrations (0.5 wt.%, 1.0 wt.%, 1.5 wt.%, 2.0 wt.%) of either the
redox dopant or ionic dopant. It was noted that the ionic doped mixture
tended to degrade rapidly during testing if a concentration higher than 1.0
wt.% was used. Therefore, 1.0 wt.% of dopant was used for the initial com-
parisons. (Note: data showing behaviour at various concentrations of redox

dopant are shown later in Figure 4.6, and discussed in the associated text).

The results for a concentration of 1.0 wt.% of the different dopants
are presented in Figure 4.3, where it can be seen that the addition of ei-
ther a redox or ionic dopant greatly increases the range of frequencies and
tield amplitudes over which speckle reduction is observed. In addition, for
the samples including either the redox dopant, TCNQ, or the ionic dopant,
CTAB, the field amplitudes required to observe the maximum reduction in
the speckle contrast are found to occur at lower values. For example, the
sample consisting of the 1.0 wt.% TCNQ dopant, in particular, exhibits a re-
duction in the speckle contrast across almost all of the range of frequencies
and field amplitudes considered here, with the minimum speckle contrast
(maximum speckle reduction) of C = 0.14 + 0.02 being observed for an elec-
tric field amplitude of E = 15 V/um and a frequency of f = 30 Hz. In com-
parison, for the base mixture, the minimum speckle contrast recorded was C
= 0.26 + 0.02, which is noticeably higher than that observed for the sample
doped with TCNQ. The sample containing the ionic dopant was found to ex-
hibit an even lower speckle contrast of C = 0.11 + 0.02 at a frequency of 100
Hz and a comparable electric field amplitude. However, it should be noted

that this sample was rather unstable, as will be discussed further.

Once the minimum speckle contrast and corresponding electric field
conditions had been determined for each sample, each one was then sub-
jected to a 5-minute steady-state response test every day for a period of two

weeks. A plot of the minimum speckle contrast measured (at the peak field
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FIGURE 4.3: Colourmaps of the speckle contrast as a function of the electric field
amplitude and frequency for the samples: (a) Base mixture (BL006 + 3 wt.% R5011)
(repeated here from Figure 4.2(b) for the purposes of comparison); (b) Base mixture
+ 1.0 wt.% CTAB; (c) Base mixture + 1.0 wt.% PPD; (d) Base mixture + 1.0 wt.%
TCNQ. Measurements were conducted at a temperature of 30°C and each sample
was 20 pm-thick.
conditions) over this two week period can be seen in Figure 4.4, which shows
the variation in the measured speckle contrast for the base chiral nematic
LC sample as well as those consisting of either the acceptor or donor redox
dopants, PPD and TCNQ. Despite starting from a lower value of the speckle
contrast, it is clear that the sample containing the ionic dopant, CTAB, de-
teriorates over time as the speckle contrast increases notably. By the end of
the second week, the speckle contrast approaches the value recorded as if
no LC diffuser was present in the experimental system (i.e., C ~ 0.6). At

this point, due to the irreversible processes taking place, there is substantial

degradation and oxidation of the LC material inside the cell. The resultant
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significant changes in the composition of the LC mixture in the cell means
that EHDI no longer takes place under these conditions, so the dynamic pro-
cesses cease. Hence, the cell no longer functions as a speckle reducer, and
so, the speckle level returns to the “un-reduced” value of around C = 0.6.
In contrast, for the base mixture and the two samples containing the redox
dopants, there was very little change in the speckle suppression performance
over time. Furthermore, the speckle contrast for the redox dopants shows a
very flat response over the two-week period and the low value of C = 0.14 +

0.02 was maintained throughout the sample with the TCNQ redox dopant.
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FIGURE 4.4: The speckle contrast as a function of day number over a two week.

Data points represent the results for a 5-minute steady-state response on each day

for the following LC mixtures: BL006 + 3 wt.% R5011 (black squares); BL006 + 3

wt.% R5011 + 1.0 wt.% CTAB (green diamonds); BLO06+ 3 wt.% R5011 + 1.0 wt.%

PPD (blue triangles); BL006 + 3wt.% R5011 + 1.0 wt.% TCNQ (red circles). The pitch

of the chiral nematic samples were Py ~ 310 nm and the measurements were carried
out at a temperature of 30 °C.

It is clear that with the addition of redox dopants to the base mixtures,
the speckle contrast can be significantly reduced. Additionally, due to the re-
versible electro-chemical reactions, devices containing redox dopants were

able to perform better over time, especially compared with the CTAB-doped
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FIGURE 4.5: Polarising optical microscope images of the optical texture of the CTAB-

doped mixture recorded in Figure 4.4 on the 1st day (a) and 14th day (b) of testing

are also shown. Polarising optical microscope images of the optical texture of the

TCNQ-doped mixture recorded on the 1st day (c) and 14th day (d) of testing are also
shown. Scale bars on the images are 500 pum.

mixture. The CTAB-doped mixture did allow a reduction of the speckle con-
trast to values closer to C = 0.10 at room temperature where the speckle pat-
tern becomes almost imperceivable to the human eye; however, it is clear
from the microscope images in Figure 4.5(a) and 4.5(b) that the sample de-
graded significantly within a short period of time. In comparison, it is evi-

dent from the microscope images in Figure 4.5(c) and 4.5(d) that the TCNQ-

doped sample did not show significant degradation.

Having demonstrated an improvement in the device performance
with the addition of the redox dopants to the chiral nematic LC host, the
next steps were to determine: 1) the optimal concentration for the two differ-
ent redox dopants; 2) to identify which redox dopant was able to reduce the

speckle contrast to the lowest value at room temperature, and 3) how these
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mixtures performed over a period of continuous use. Towards this end, Fig-
ure 4.6 shows the measured speckle contrast for mixtures consisting of either
redox dopant (PPD or TCNQ) at concentrations by weight ranging from 0.2
—2 wt.%. Itis clear from the figure, and in accordance with Figure 4.3 and
4.4, that the addition of either redox dopant results in a dramatic decrease in
the speckle contrast, with the lowest values observed for mixtures consisting
of <0.5wt.% redox dopant. Specifically, at concentrations by weight of 0.2
wt.%, the speckle contrast was found to be as low as C = 0.11 + 0.02 for the
sample containing the TCNQ dopant (which represents an approximately
60% reduction in the speckle contrast compared to that observed for the base
mixtures and an approximately 88% reduction compared to that observed for

no LC diffuser).

For higher concentrations of dopant, irrespective of whether it is an
acceptor or donor redox dopant, the speckle contrast was found to increase,
but was still lower than that observed for devices fabricated using just the
base mixture. This trend is both reasonable and expected. It appears that
without the injection of cations or anions, the instability caused solely by
inherent impurities is limited, resulting in limited scattering and speckle re-
duction. However, the concentration of dopants that can participate in redox
reactions is also limited by two factors: E. and f, where f should be big-
ger than 20 Hz (based on average human eye integration time) and smaller
than the frequency threshold of the dielectric switching regime. Take the
acceptor redox dopant for example, the concentration of the available elec-
tron generated by the negative electrodes within one period is limited by the
amplitude of the applied voltage and the frequency will influence the time
of the reversible reactions and the transition time between two electrodes.
Thus, there will be a saturation point where increasing the concentration of

the redox dopant has no improvement on the speckle reduction performance.
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A more refined concentration exploration could be conducted in the future.

Here a proof of concept and general verification are the main objectives.
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FIGURE 4.6: Plot of the speckle contrast, C, as a function of the concentration by
weight of the redox dopant for samples consisting of BL006+3 wt.%R5011+PPD
(red open symbols) and BL006+3wt%R5011+TCNQ (black solid symbols). Measure-
ments conducted immediately after fabrication of each device are represented with
square symbols whereas measurements conducted 7 days after fabrication are rep-
resented with triangular symbols. Colourmaps of the speckle contrast in (b) and (c)
show the quick-scan result for the concentrations of redox dopant as labelled in (a).
These represent the worst-case scenario with just the base mixture (b) and the best-
case scenario with the 0.2 wt.% TCNQ in the base mixture (c). The experiments were
taken at a temperature of 30 °C and the cell gap in each case was nominally 20 pum.

Figures 4.7 and 4.8. show the variation in the speckle contrast, C, as
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a function of electric field amplitude and frequency recorded for each con-
centration of redox dopant immediately after fabrication. The colourmaps
make it clear that following fabrication the mixtures containing 0.2wt% of
either redox dopant are more desirable in terms of peak speckle reduction,
although the range of field parameters over which speckle reduction is ob-
served is found to increase with the concentration of dopant. Moreover, for
all concentrations, it can be seen that the mixtures with the TCNQ dopant
consistently outperform those containing PPD, both in terms of the mini-
mum speckle contrast and the range of field parameters over which speckle
reduction is observed. A possible explanation for this phenomenon is that
the chiral nematic LC base mixture used in this work has a certain preference
to the category of the redox dopant. Here the PPD is an acceptor whereas the
TCNQ is a donor, and by analyzing the results, it appears that the chiral ne-
matic LC mixture (BL006+3 wt.% R5011) is more compatible with the donor

than the acceptor.

For the sample that exhibited the lowest speckle contrast (BL006 + 3.0
wt.% R5011 + 0.2 wt.% TCNQ), we also investigated whether this low value
for the speckle contrast could be maintained when the device was operated
continuously over a period of time. For this experiment, a 20 um-thick device
containing the above mixture was connected to a signal generator and volt-
age amplifier to apply an amplitude and frequency that matched the peak
operating conditions (E, and f,) for a continuous period of 7 days. A mea-
surement of the speckle contrast was then recorded each day, which involved
conducting a high resolution peak-scan test first to verify whether the E, and
fp had drifted. It can be seen in Figure 4.9 that the speckle contrast for both
the base mixture (BLO06 + 3.0 wt.% R5011) and the best-performing redox-

doped mixture (Base mixture + 0.2 wt.% TCNQ) increased with time but that
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the redox-doped mixture plateaued at around C ~0.13. In all cases, the val-
ues for the base mixture were much higher than that recorded for the redox-

doped mixture.
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FIGURE 4.7: Colourmaps of the speckle contrast (tested on Day 0 — immediately

after fabrication) for a range of electric field amplitude and frequency conditions for

samples consisting of the base mixture (BL006 + 3 wt.%R5011) and (a) 0 wt.% PPD;

(b) 0.2 wt.% PPD; (c) 0.5 wt.% PPD; (d) 1.0 wt.% PPD; (e) 1.5 wt.% PPD; and (f) 2.0

wt.% PPD. Measurements were carried out at a temperature of 30°C and for cell gaps
of 20 pm.
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FIGURE 4.8: Colourmaps of the speckle contrast (tested on Day 0 —immediately after

fabrication) as a function of the electric field amplitude and frequency for samples

consisting of the base mixture (BL006 + 3 wt.%R5011) and (a) 0 wt.% TCNQ; (b) 0.2

wt.% TCNQ; (c) 0.5 wt.% TCNQ; (d) 1.0 wt.% TCNQ; (e) 1.5 wt.% TCNQ; and (f) 2.0

wt.% TCNQ. Measurements were carried out at a temperature of 30°C and for cell
gaps of 20 um.
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FIGURE 4.9: Plot of the speckle contrast as a function of the day number when the

optimum mixture formulation (BL006 + 3.0 wt.% R5011 + 0.2 wt.%TCNQ, black

points) was operated continuously over a period of 7 days. For the purposes of

comparison, the red data points are data for the base mixture: BL006 + 3.0 wt.%

R5011 when operated continuously over the same period of time. The sample was

held at a constant temperature of 30°C for the duration of the 7 days and the sample
thickness in each case was 20 pm.
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4.6 Deployment in a Prototype Projector

To verify the performance of this LC speckle reducer technology in the set-
ting of a practical application, photographs of images generated using a pro-
totype projector system (modelled on a HITACHI CP-X250 Multimedia LCD
Projector ) with and without our LC technology were recorded. In this pro-
jector setup, the light source was a Coherent Genesis MX 561 SLM fibre laser
with a wavelength of A = 561+3 nm and the resultant image was projected
onto a white screen using the set-up presented in Figure 4.10. In this case,
the LC diffuser consists of the mixture (BL006 + 3.0 wt.% R5011 + 0.2 wt.%
TCNQ) and the operating electric field conditions were E, = 14.8 V/pm and
fp = 64 Hz. Figure 4.11 shows the images observed on the screen with and
without the LC diffuser. It is obvious that with the insertion of the LC dif-
fuser, the resolution and features of the projected images are noticeably im-
proved. With the insertion of LC diffuser device, the speckle contrast was

reduced by as much as 84%.

Screen
Commercial projector

without light source Dume Coherent Genesis MX561 SLM Laser

LC Diifuser

Objective

|
Glass Diffuser
Light-Pipe
|
Hot-Stage
|
Glass Diffuser I
Mirror

FIGURE 4.10: Schematic of the laser projector demonstrator.
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Even lower values of the speckle contrast can be obtained by operat-
ing the LC diffuser consisting of the optimal mixture BL006 +3.0 wt.% R5011
+ 0.2 wt.% TCNQ at a higher temperature of T = 55 °C, Figure 4.12. The
results show that at this higher temperature, the speckle contrast could be
reduced to C = 0.08 + 0.02 and the performance was stable over a 60 min

steady-state response test.

FIGURE 4.11: Photographs of images generated using a prototype projector system

(modelled on a HITACHI CP-X250 Multimedia LCD Projector ) (a), (d) and (g) with-

out our LC technology; (b), (e), (h) with the LC diffuser operated under suboptimal

electric field conditions; (c), (f) and (i) with LC diffuser operated under optimal elec-

tric field conditions. The LC diffuser consisted of the mixture (BL006 + 3.0 wt.%

R5011 + 0.2 wt.% TCNQ) filled into a nominally 20 um-thick device. The LC diffuser
was operated at T = 55°C.
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FIGURE 4.12: Speckle contrast, C, as a function of time for the optimal mixture con-
sisting of BL0O06+3 wt.% R5011+0.2 wt.% TCNQ operated at a temperature of 55 °C.
The test was conducted on the 21st day after filling a 20 pm-thick cell.

4.7 Summary

To conclude, in this chapter, it has been demonstrated that the addition of a
redox dopant (0.2 wt.% TCNQ) to a chiral nematic LC (composed of BL006
+ 3.0 wt.% R5011) can significantly reduce the speckle contrast perceived in
a projected image from C = 0.65 + 0.02 to C = 0.11 + 0.02 at a temperature of
30°C when imaging with a CCD camera with an integration time of 50 ms,
chosen so as to emulate the response of the human eye. Two different redox
dopants were considered (TCNQ and PPD) in this study representing either
an electron acceptor or electron donor type dopant. The dependence of the
speckle noise reduction was investigated for chiral nematic mixtures contain-

ing these dopants at different concentrations by weight and were compared
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with devices that contained either an ionic dopant, such as CTAB, or no ad-

ditional dopants.

Overall, when considered over a period of time there appears to be
some dependence of the speckle reduction on the concentration of redox
dopant (for the range from 0.2 — 2 wt.%), with the best performance observed
for a concentration of 0.2wt%). Also, it was found that for all concentrations
considered the samples comprising the electron acceptor dopant exhibited
the lowest speckle contrast values. Furthermore, the speckle reduction was
considerably better with the addition of either redox dopant when compared
to the performance of a LC diffuser consisting of just the base chiral nematic
LC mixture. Unlike samples containing an ionic dopant, the performance
was consistent over time, both when run intermittently over two weeks or

when operated continuously for 7 days.

The LC diffuser device presented herein is compact, portable and
easy to integrate into existing commercial systems that currently suffer from
speckle noise. To highlight the ease with which the device can be integrated,
a notable improvement has been demonstrated for an image generated us-
ing a commercial projector that was retro-fitted with a monochromatic laser
source and our LC diffuser technology. The upcoming chapter will explore
the utilization of an alternative dopant that has a higher likelihood of mitigat-
ing permanent electrochemical degradation and offering improved speckle
reduction at room temperature. Furthermore, additional applications will be

showcased, extending beyond the realm of laser projection scenarios.
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Chapter 5

Zwitterion-doped LC Speckle
Reducers for Immersive Displays

and Vectorial Imaging

This chapter describes the use of zwitterionic dopants in chiral nematic liquid
crystal (LC) speckle reducers. To begin with, the chapter demonstrates how
the device’s performance depends upon a range of material and environ-
mental parameters. The results show that zwitterionic-doped LC speckle re-
ducers (LC-SRs) can substantially reduce the appearance of speckle and such
devices are then showcased in five different display and imaging scenarios.
The results presented in this chapter form the basis of a paper submitted for
publication entitled "Zwitterion-doped Liquid Crystal Speckle Reducers for

Head-Up Displays and Vectorial Imaging".

5.1 Introduction

In this study, I demonstrate a new device incarnation that involves the dis-
persion of zwitterions (in the form of Reichardt’s dye) into a chiral nematic

LC host and show how this device can reduce the speckle contrast in a range
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of different display and imaging applications. Zwitterions have been inves-
tigated in different applications previously including in luminescent per-
ovskite nanocrystals [113] and as the supplier of charges in self-targeting
nanocarriers for clinical applications [114]. Of relevance to LC-based devices,
recent research demonstrated a new smart window technology by doping a
negative dielectric anisotropy LC with zwitterions [115]. For the study pre-
sented in this chapter, the specific zwitterion dopant chosen was Reichardt’s

dye, which is an organic dye that was purchased from Sigma-Aldrich.

Commonly used electrolytes, such as ionic dopants suffer from elec-
tron accumulation at the surface layers and device degradation after repeated
usage because of their unbalanced anionic and cationic composition. Redox
dopants, investigated in the previous chapter, are another option that can
provide cations or anions while not suffering electrochemical degradation.
However, the speckle contrast can not be suppressed to a satisfactory de-
gree for direct human eye perception at room temperature with solely redox
dopants added. Zwitterions, with their equal amount of negatively and pos-
itively charged functional groups in one molecule, are considered as a great
alternative to overcome these issues. In this chapter, results show that these
zwitterionic-based LCs have great potential for speckle reduction and that
the speckle contrast can be reduced to a level that is imperceptible to the hu-
man eye while maintaining transmission of around 50%. This new speckle
reducer is then showcased in five different application scenarios: four are re-
lated to standard field illumination, which includes a wide-field microscope,
holography, Head-Up Display (HUD), and high-intensity laser projector. The
final demonstration is the applicability of these LC-SRs to vectorial illumina-

tion, in the form of a high resolution polarisation biopsy microscope.
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5.2 Speckle Contrast Characterisation

5.2.1 Mixture Preparation and Device Fabrication

The LC-SRs consisted of a short-pitch positive dielectric anisotropy chiral
nematic LC mixture dispersed with different concentrations of a zwitteri-
onic dopant (Reichardt’s dye) that were capillary filled into glass cells that
consisted of transparent conductors coated onto the inner surfaces of the
glass substrates to facilitate the application of an electric field. In this study,
the base chiral nematic LC was made up from BL006+3.0 wt.% R5011 (both
sourced from Merck Ltd) and, Reichardt’s dye (purchased from Sigma-Aldrich),
which enhances the electrohydrodynamic instabilities (EHDI) and generates
a dynamic scattering mode (DSM). Reichardt’s dye was chosen and the con-
centration of the dopant was carefully investigated in order to determine the
optimum concentration. Specifically, the dye was added to the base mixture

at different concentrations by weight (ranging from 0.1 wt.% to 0.8 wt.%).

These zwitterionic doped LC mixtures were capillary filled into ei-
ther commercially available INSTEC LC2 cells that have a nominal cell gap
of d = 20.0 pm, or home-made Fréedericksz cell with a gap of d = 40.0 pm.
The effective area of the device typically had dimensions of 5 mm x 5 mm,
The home-made thicker device (d = 40.0 pm) had an anti-parallel alignment
pre-treated on the top and bottom indium tin oxide (ITO)-coated glass sub-
strates. Each substrate was washed in acetone for a period of 10 min. The
two ITO glass substrates were then separated by 40 pm thick spacer films
and sandwiched together using UV polymerizable glue. To characterize the
LC-SRs, the experimental configuration described in Chapter 3 (Section 3.4)

was used.

As discussed in the previous chapter, the pitch of the chiral nematic

LC is an important parameter that influences the performance of the speckle
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reduction. Previous work has shown that the size of the scattering domains
at low voltage is about the same order of the helical pitch (P) which means
a shorter pitch should result in smaller scattering domains [36]. When the
pitch is longer than 4 um, the mixtures will only exhibit an electrically in-
duced fingerprint texture rather than a focal conic scattering state, leading
to little if any speckle reduction. Thus, to generate more scattering and un-
correlated speckle patterns, the concentration of the chiral dopant R5011 was
carefully selected to be between 2.5 wt.% and 5.0 wt.%. Measurements of the
pitch were carried out by determining the spectral location of the reflection
band using a UV-vis spectrometer, Agilent Cary 8454, which has been in-
troduced in Section 3.3. Additionally, shorter pitch based-speckle reducers
require higher driving voltages. Therefore, to balance the speckle reduction
requirements with the resulting power consumption, the pitch was selected

such that the voltage was accessible using the equipment available in the lab.

5.2.2 Experimental Methods

The method used to characterise the speckle contrast was exactly the same
as that employed in Chapter 4 and as described in Chapter 3. For the pur-
poses of completeness, the process is summarised here. Before testing the
devices in different imaging and display applications, the LC-SRs were first
characterized in terms of the amount of speckle reduction that was achiev-
able for different mixture compositions, device thicknesses, and operating
temperatures. For each mixture formulation, a scan of the speckle contrast
was performed for a range of electric field conditions (i.e., amplitude and
frequency) in order to identify what conditions were required to obtain the

maximum speckle reduction.
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FIGURE 5.1: The minimum speckle contrast obtained for different pitch of the host
chiral nematic LC and concentration of zwitterion dopant The optimum receipe is
highlighted by the yellow dashed circle.

5.2.3 Concentration of Zwitterionic Dopant

Figure 5.1 shows how the speckle contrast changes subject to the pitch as
well as the zwitterion dopant concentration. The coloured markers in Figure
5.1 represent the minimum speckle contrast after going through a quick scan
test and a peak scan test (Section 4.4). The colour of the marker indicates the
magnitude of the speckle contrast when the cell is operated under optimum
driving conditions for each set of physical parameters. The mixture for each
test was composed of a nematic LC, BL006, and a variation of chiral dopant
ranging from 2.5 wt.% to 5.0 wt.% so that a wide range of pitch tests could
be carried out. Each mixture was filled into a 20 pm device and operated
at room temperature. Figure 5.1 shows that the best speckle suppression
can be realized around P=310+10 nm where the concentration of the chiral
dopant R5011 is about 3.0 wt.%. The trend is consistent in the case of different
concentrations of the zwitterion dopant Reichardt’s dye. Thus, the recipe

used in this project is 96.5 wt.% nematic LC BL006, 3.0 wt.% R5011 and 0.5
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wt.% Reichardt’s dye.

As shown in Figure 5.2(a), the maximum reduction in the speckle
contrast that was observed was found to depend upon the concentration of
the zwitterionic dopant (Reichardt’s dye) dispersed into the chiral nematic
LC host. Figure 5.2(a) shows the minimum speckle contrast recorded as a
function of the concentration of Riechardt’s dye. At low concentrations of
dopant, EHDI were insufficient to generate enough light scattering so as to
reduce the speckle contrast to 0.1 or less. However, with an increase in the
concentration of the zwitterionic dopant, the turbulence and dynamic scat-
tering increased, resulting in a reduction in the speckle contrast. The opti-
mum concentration of the zwitterionic dopant (Reichardt’s dye) was found
to occur at 0.5 wt.% at which point the speckle contrast was reduced to C =
0.15 + 0.008 (for a cell gap = 20 pm and a temperature of 20 °C). Increasing
the concentration of Reichardt’s dye further resulted in a gradual increase in
the minimum speckle contrast value but this was still found to be lower than

that observed for the base chiral nematic LC mixture on its own.

The mixture that exhibited the lowest speckle contrast (BL006 + 3
wt.% R5011 + 0.5 wt.% Reichardt’s dye) was further tested in a glass cell
with a larger cell gap, the results of which are shown by the orange star in
Figure 5.2(a). The smallest value of the speckle contrast, C = 0.07, recorded
in this study was observed using a glass cell with a gap of 40 um at a temper-
ature of 50 °C. This corresponded to a very large speckle reduction of 90%.
Figure 5.2(b), 5.2(c) and 5.2(d) show example scans of the speckle contrast
over a range of electric field amplitudes and frequencies for the three data
points highlighted in Figure 5.2(a). As described in Chapter 4, each mixture
was characterized by first a low-resolution test followed by a high-resolution

scan that was concentrated around the electric field conditions relating to
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FIGURE 5.2: Reduction in the laser speckle contrast using a zwitterionic-doped chi-
ral nematic LC-SR. (a) The plot of the speckle contrast, C, as a function of the con-
centration of the zwitterionic dopant (by weight percentage) for LC-SRs that were 20
pm-thick at a temperature of 25 °C (purple dot symbols) and 40 um-thick devices at
a temperature of 50 °C (orange star). The dashed line in the figure is simply to guide
the eye and has no physical meaning. (b), (c), (d) Example colourmaps of the speckle
contrast for a range of electric field amplitudes and frequencies. These speckle con-
trast colourmaps correspond to the data points and concentrations of zwitterionic
dopant labelled in (a). The smallest speckle contrast value recorded (for a particular
combination of electric field amplitude and frequency — referred to as the optimum
electric field conditions) are encircled by a red dashed ellipse in each plot. (e) Po-
larising optical microscope (POM) images of LC-SRs with and without the optimum
electric field conditions applied. The devices were 20 pum thick and the images were
taken at 25 °C. Scale bars in the POM images are 50 pm.
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the largest reduction in the speckle contrast. The red dashed ellipses in Fig-
ure 5.2(b) and 5.2(c) show the peak field condition for the case of no zwitteri-
onic dopant (Figure 5.2(b)) and with 0.5 wt.% of zwitterionic dopant (Figure
5.2(c)). Both devices were 20 nm-thick and were operated at 20 °C. It can be
seen clearly that the addition of the zwitterionic dopant resulted in a sub-
stantial reduction in the speckle contrast (C = 0.15 for the 0.5 wt.% zwitterion
doped mixture compared with C = 0.3 for the mixture without zwitterionic
dopants) at lower electric field amplitudes. The colourmap in Figure 5.2(d),
on the other hand, is for the 0.5 wt.% mixture but in a 40 pm cell operated
at 50 °C. Evidently, increasing the thickness of the device as well as the op-
erating temperature can have a significant improvement on the device’s per-
formance, which is in accord with the results obtained in previous work [36].
It is important to emphasize that even though the best result in terms of re-
ducing the speckle to C = 0.07 was obtained at an elevated temperature, this
40 pm-thick device also exhibited a very low speckle contrast of C = 0.075
at a temperature of 20 °C, which is an improvement on LC-SRs reported in
the previous chapter as well as that reported in the literature (C ~ 0.09 at a

temperature of 55°C) [17].

Polarising optical microscope (POM) images of the LC mixtures with
different concentrations of the zwitterionic dopant with the same cell gap of
20 pm are shown in Figure 5.2(e). After removing the electric field from the
device, the chiral nematic LC adopted a stationary focal conic alignment as
can be seen in the optical texture in the POM image. Variants of this optical
texture were observed in cells with different concentrations of zwitterionic
dopant, and it is believed that this static configuration is largely governed
by the pitch of the chiral nematic LC host, the cell gap, and the alignment
layers. When the electric field was applied, on the other hand, the degree

of turbulence and the size of each dynamic scattering unit varied depending
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upon the concentration of the zwitterionic dopant. For the device without
a zwitterionic dopant, the optical structure observed when the electric field
was applied appeared to be a combination of the stationary focal conic state
and a dynamic scattering mode where only the areas in the dynamic scatter-
ing mode are able to introduce angular decorrelation whereas the stationary
focal conic states appear to contribute to no more than two decorrelated pat-
terns, substantially less than that the dynamic scattering areas can generate.
In this case, the dimension of the scattering area in an undoped device is not
as large as that in a zwitterionic-doped device and this results in less angular
decorrelation patterns generating per unit time which leads to an unsatisfac-
tory performance in terms of speckle reduction. However, upon the addition
of zwitterionic dopant, the dynamic scattering domains gradually became

dominant and maximized at a concentration of 0.5 wt.%.

5.2.4 Transmission of the LC-SR

The transmission of the LC-SR is also an important property. For volume
scattering devices, a large reduction in the speckle contrast often occurs with
a simultaneous reduction in the transmission of light. To investigate the
transmission properties, a series of speckle patterns were captured using
a monochrome CCD that imaged the speckle pattern displayed on a white
screen. Each speckle pattern was formed by placing the different LC-SR de-
vices (containing different concentrations of zwitterionic dopant) in the path

of a He-Ne laser.

The speckle patterns that were observed on a white screen for the dif-
ferent LC-SRs are presented in Figure 5.3(a) - 5.3(h). Figure 5.3(a) shows
the speckle pattern that was observed when the LC-SR with no zwitteri-

onic dopant (0 wt.%) was placed in the light path and was not switched on,
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FIGURE 5.3: Speckle patterns and percentage of transmission with a zwitterionic-
doped chiral nematic LC-SR. (a) speckle pattern recorded by the CCD camera when
the light from a He-Ne laser passed through an LC-SR that was not switched on. (b) -
(h) LC-SR speckle patterns recorded by the CCD camera for different concentrations
of zwitterionic dopant: (b) 0.1 wt.%, (c) 0.2 wt.%, (d) 0.3 wt.%, (e) 0.5 wt.%, (f) 0.6
wt.%, (g) 0.7 wt.%, and (h) 0.8 wt.%. The scale bar in the images represents a distance
of 2 mm. (i) The corresponding transmission of light after passing through the LC-
SR relative to the intensity recorded in (a). Allimages and data points were captured
at 25 °C and the device thicknesses were 20 pm.
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where it can be seen that there was a very clear and obvious granular inten-
sity speckle pattern. Figures 5.3(b) to 5.3(h), on the other hand, show the
different speckle patterns recorded when the LC-SRs were switched on and
as the concentration of zwitterionic dopant increased. Each speckle pattern
was obtained when the devices were driven at their respective optimum elec-
tric field conditions. The transmission of light after propagating through the
different devices was then calculated based on the intensity recorded in the
images in Figure 5.3(b) to 5.3(h) relative to the intensity recorded in Figure
5.3(a) when the LC-SR was not switched on. For each data point in Figure
5.3(i), the electric field amplitude and frequency applied to each sample cor-
responded to the conditions required for maximum speckle reduction. The
results show that there is a decrease in the transmittance with the addition
of the zwitterionic dopants, and that the lowest transmission was recorded
for the sample that also exhibited the lowest speckle contrast (i.e., 0.5 wt.%).
Nevertheless, the results presented in Figure 5.3(i) show that the relative
transmittance did not drop below 45%, which is important for practical ap-

plications.

5.3 LC-SRs in Microscopy and Display Applica-
tions

To illustrate the capability of the zwitterionic-doped chiral nematic LC-SR, I
now investigate the performance of the technology in five different applica-
tion scenarios. For what follows, the LC-SR consisting of the 0.5 wt.% zwit-

terionic dopant was used exclusively unless stated otherwise.
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5.3.1 Laser Microscopy Imaging System

Figure 5.4 demonstrates the performance of the LC-SR when it was deployed
in a laser microscope imaging system. The continuous wave (CW), He-Ne
laser light first passed through a variable attenuator (VA) to adjust the inten-
sity so that the CCD camera was not saturated. The LC-SR device was put
right behind the VA so that the laser light could be directly modulated by
the LC-SR. The modulated light then propagated through a positive lens and
then expanded to a dimension such that the intensity of the laser light was
uniform over the area of interest on the target. A mirror was put between the
lens and the target to fold the system. The target is composed of a 220-grit
ground glass diffuser (GGD) and a O1" 1951 USAF Target to mimic a thick,
rough tissue with fine details. A universal 10x objective magnified the pat-
terns on the target. The enlarged pattern was collected by another positive
lens and finally captured by a CCD camera. It is immediately discernible that
the imaging quality significantly improved when the LC-SR was integrated
into the microscope and run at the optimum electric field conditions. The
compact size of the diffuser and the absence of any moving mechanical com-
ponents means that it could be easily integrated into the laser microscope

assembly:.

As can be seen by comparing Figure 5.4(b) with Figure 5.4(c), the
sharpness of the fringes and the visibility of the numbers adjacent to the
fringes were significantly improved because of the presence of the LC-SR.
Using an edge detection algorithm (Laplacian of Gaussian (LoG) operator)
the key features (shapes/numbers) from Figure 5.4(b) and 5.4(c) were ex-
tracted. The results for alternative edge detection algorithms are presented

in Figure 5.5and 5.6.
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FIGURE 5.4: Zwitterionic-doped chiral nematic LC-SR in a laser microscope imaging
system. (a) Schematic of the laser microscope assembly used to demonstrate the LC-
SR. The best performing LC-SR was employed for this demonstration (BLO06 + 3.0
wt.% R5011 + 0.5wt.% Reichardt’s dye, d = 40.0 pm ). An objective (Obj) was used
to collect the light from the USAF 1951 target before it was directed to the CCD
camera by a focusing lens. The target was a combination of a 220-grit ground glass
diffuser and a 1" 1951 USAF Target. (b) The image captured by the CCD camera
without the LC-SR. (c) Image captured when the LC-SR was switched on. (d) The
corresponding image after an edge detection algorithm (Laplacian of Gaussian) had
been applied to (b). (e) The corresponding image when an edge detection algorithm
had been applied to (c). (f) The normalized intensity extracted along a line defined
by Z in (b). (g) The normalized intensity extracted along a line defined by Z in (c).
The z-axis starts from group 7 element 1 to group 7 element 6.

The results from the edge detection emphasise clearly the adverse im-
pact of speckle noise on the laser microscope imaging capability as shown in
Figure 5.4(d) and 5.4(e). When the device was not activated (Figure 5.4(b))
the speckle noise corrupted the images making it difficult for the edge detec-

tion algorithm to correctly identify both the shapes and the numbers (Figure

5.4(d)). However, when the LC-SR was switched on (Figure 5.4(c)), the edge
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(a) Sobel Operator (b) Roberts Operator

(d) LoG Operator (e) Canny Operator (f) Gaussian & Canny Oper-
ator

FIGURE 5.5: The edge detection (for different algorithms employed in Matlab) of the
target in Figure 5.4 when the illumination is only the laser.

detection correctly extracted and identified both the shapes and the num-
bers. Line scans along the images in Figure 5.4(b) and 5.4(c) (leading to
Figure 5.4(f) and 5.4(g), respectively) show the improvement in uniformity
in the intensity distribution when the LC-SR was turned on, as can be seen by
the three fringes that are equally separated with the same thicknesses (Figure
5.4(g)). The intensity of the light was also uniform across the same group of
elements, and we can see this from the flat and uniform profile of the plot.
These results demonstrate that with the inclusion of the LC-SR, the signal-to-

noise ratio of the laser microscope system had noticeably increased.
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FIGURE 5.6: The edge detection (for different algorithms employed in Matlab) of the
target in Figure 5.4 when the laser is the light source, and the LC-SR is inserted and
turned on.
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5.3.2 Head-Up Display

Another application where lasers are desirable illumination sources, but the
presence of speckle noise can corrupt images, is a HUD [116]. For this in-
vestigation, a system was assembled and shown in Figure 5.7(a) where a
curved piece of plastic (coated with reflective film) was used to mimic an
automotive windscreen (this work was conducted in collaboration with an-
other D.Phil student, Nathan Spiller). The laser light from a Helium-Neon
laser passed through a variable attenuator (to control the intensity) before it
propagated through a ground glass diffuser (GGD) and then the LC-SR. Af-
ter exiting the LC device, the light propagated through a light pipe (LP) and
second GGD before being imaged onto a target mask. The illuminated mask
was imaged by a lens and the HUD screen which formed a virtual image 120
mm behind the HUD screen. This image along with background objects was
then captured by a CCD placed at the viewing point (VP). A bowl of fruit
and other objects were placed behind the windscreen so that they would be
visible to the observer. At the same time, labels and signage were displayed
on the windscreen that appeared overlaid on the objects in order to simulate
augmented reality (in this case the observer was provided with details about

what the object is, e.g., an orange).

As can be seen from the CCD camera images in Figure 5.7(b)- 5.7(g),
the LC-SR significantly improved the quality of the images. The granular
noise was suppressed in accordance with the reduction in the speckle con-
trast and the intensity distribution across the image became more uniform
when the electric field conditions approached those that corresponded to the
lowest speckle contrast. This resulted in the content of the display being
more intelligible against the background objects for the same average image
intensities. For a practical use of a HUD, either in the automotive industry or

for an augmented reality headset, the accurate transfer of information from
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FIGURE 5.7: Zwitterionic-doped chiral nematic LC speckle diffuser in a Head-up
Display (HUD). (a) Schematic of the HUD demonstrator. The assembly consisted
of a variable attenuator (VA), two ground glass diffusers (GGD), a light pipe (LP),
the LC-SR, lenses and a windscreen (WS). A CCD was positioned at the location
of the viewer to capture images of the objects behind the WS as well as the labels
that are projected onto the WS. (b)-(d) Colour CCD images of the HUD when there
was no LC-SR (left image), with the LC-SR but not operated at the optimum electric
field conditions (middle image), and with the LC-SR operated at the electric field
conditions corresponding to the lowest speckle contrast value (right image). (e)-
(g) Monochrome and enlarged images of the HUD when there was no LC-SR (left
image), with the LC-SR but not operated at the optimum electric field conditions
(middle image), and with the LC-SR operated at the electric field conditions corre-
sponding to the lowest speckle contrast value (right image). The scale bars in (b)-(g)
represent a distance of 5 cm.
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the display to the observer is of paramount importance. Speckle present in
the images can cause a loss of information and make the projection uncom-
fortable to view. Therefore, the reduction of speckle plays a crucial role in

enabling laser illumination within these devices.

5.3.3 Holography

Another important immersive display that is used to reconstruct 3D infor-
mation of an object is holography [117]. Holography records not only the
intensity information of the objects but also the phase information of the ob-
jects. Traditionally, holography is realised by sending a reference plane wave
generated by a laser light source, with known-intensity and phase profile, to
the camera. As the light-wave reflected by the object (which is illuminated
by another laser light source with the same wavelength) also propagates to-
wards the camera sensor, the interference between these two light-waves is
recorded by a CCD camera or photosensitive media. Illuminating the holo-
graphic film with the laser source that possesses the same wavelength as the
one used during fabrication, the intensity and phase information of the object

will be reconstructed through diffraction.

Speckle can also be an issue in the formation of images in holography
[4, 118], here I demonstrate the performance of the LC-SR when it was used
to reduce the presence of speckle in the laser illumination of a multi-level
phase hologram, the results of which are presented in Figure 5.8 (this work
was carried out in collaboration with another D.Phil student, Nathan Spiller).
Figure 5.8(a) displays the system employed to demonstrate speckle reduc-
tion in a thin-film hologram. The He-Ne laser first passed through a variable
ND filter to control the illumination intensity. Following the filter the beam
passed through a ground-glass diffuser immediately before the LC-SR. A sin-

gle lens was used to expand the output beam from the LC-SR to illuminate a
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large area of the hologram. A CCD camera was then placed in two positions
(VP1 and VP2) to capture images of the hologram at two different angles in
order to verify that the speckle reducer performance is not affected by the

viewing angle.

VA GGD Lens

FIGURE 5.8: A zwitterionic-doped chiral nematic LC-SR for holography. (a)
Schematic of the experimental assembly used to test the LC-SR with the laser illu-
mination of a thin-film hologram. The system consisted of a He-Ne laser, a variable
attenuator (VA), a ground glass diffuser (GGD), the LC-SR and a combination of
lenses to expand the beam to illuminate the hologram. the beam is then transported
through a positive lens and then projected on a hologram. A CCD camera was po-
sitioned at the locations of the two heads so that the mug and the eraser could be
viewed from different angles. (b) Image of the hologram when no LC-SR was in-
cluded in the system and when the CCD camera was placed at location 1 (positioned
high up and relatively far away from the hologram). (c) Image taken from location 1
when the LC-SR was inserted and operated at the optimum electric field conditions.
(d) Image captured on the CCD when it was located at position 2 (positioned low
down and close to the hologram) with no LC-SR included in the system. (e) Image
captured from position 2 when the LC-SR was inserted and run at the optimum elec-
tric field conditions.
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5.3.4 Laser Projection Displays

Laser projectors are particularly desirable for cinema and home entertain-
ment systems as they can provide a high brightness with a potentially high
colour gamut [119]. For the demonstration of laser projection, the system is
the same one used in Chapter 4. As mentioned previously, the lamp from
a HITACHI CP-X250 Multimedia LCD Projector has been removed and re-
placed with a green laser (Quantel ELBAC-L-559-2-P-M-5-2.0 laser) which
emitted at a wavelength of A = 559.6 nm and had a maximum output power

of 2W. A schematic of the laser projector system is presented in Figure 5.9.

For demonstrating the use of a LC-SR in a projection display the
standard illumination system (a bulb) was stripped out of a commercial HI-
TACHI projector and replaced with a laser illumination system. This con-
sisted of a homogenisation system similar to the one in the speckle character-
isation system. The first GGD was followed by the LC-SR mounted on a hot
stage. The beam then propagates through a light pipe before a second GGD.
The two GGDs and LP diffuse the light so that the intensity distribution on
the projected screen is uniform. The output from this illumination system
was passed into the projector and used to display full motion video. A VA
was placed at the very beginning of the system to avoid intensity saturation.
Examples of the projected image, when the laser was operated at its maxi-
mum output, are shown in Figures 5.9(b) and 5.9(c) when the LC-SR was
either not switched on or was run at its peak electric field conditions. When
the LC-SR was not switched on, it can be seen clearly that the image quality
of the white fur on the cat was very grainy. Features such as the whiskers
were also more difficult to make out because of the presence of the speckle.
On the other hand, when the LC-SR was switched on, the image quality im-
proved dramatically, and the smooth white fur could be seen clearly without

being corrupted by a grainy speckle pattern.
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FIGURE 5.9: Laser projection with a zwitterionic-doped chiral nematic LC-SR. (a)
Illustration of the laser projector demonstrator. The demonstrator consisted of a
HITACHI CP-X250 Multimedia LCD Projector that was illuminated by a Quantel
laser. Also included were ground glass diffusers (GGD), the LC-SR, and a light pipe
(LP). (b) A still from the video of the cat when the LC-SR was not switched on. (c)
A still from the video when the LC-SR was operated at the optimum electric field
conditions. The video of the cat was downloaded from a copyright-free website

(pixabay).


https://pixabay.com
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5.3.5 Laser-Based Vectorial Imaging

The previous sections have demonstrated the performance of the LC-SR in
scalar field illumination systems. However, we have also considered how the
LC-SR performs when measurements of the vectorial information of light are
needed [120-122]. In the following, we consider a transmissive geometry (for
thin samples under investigation) and then a back-scattering geometry (for
a bulk sample) (this work was carried out in collaboration with a research
fellow, Dr Chao He). For the transmissive geometry, using Mueller Matrix
(MM) imaging, vectorial information of light passing through a thin bire-
fringence crystal was extracted enabling properties such as the retardance
and fast axis orientation to be determined [120, 123]. The results are also
benchmarked with that obtained using an LED illumination source. For the
back-scattering geometry, we have validated the vectorial information recon-
struction of a bulk porcine liver sample, which is a highly scattering medium,
via back-scattering illumination. The MMs and their transformation parame-
ters [103, 120] are taken from previous work, through which we successfully

retrieved the fine liver polygon structure.

Numerous MM imaging polarimeters have already been proposed in
previous studies [120, 124]. Meanwhile, many MM interpretation methods
have been put forward to extract useful polarization parameters to character-
ize sample information. The widely used decomposition methods [125, 126]
— which include Mueller matrix polar decomposition (MMPD) and Mueller
matrix transformation (MMT) — interpret the MM in terms of different physi-
cal parameters such as diattenuation, depolarization, retardance, linear aniso-
tropy level and so on, have been widely used and validated for both forward
and backward geometry detections via a series of Monte Carlo simulations

and related experiments [125]. More details can be found in Refs [120, 127].
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Figure 5.10 shows the MM polarimeter geometries that were adopted
in the vectorial imaging experiments in this chapter, via a dual-rotating wave
plate configuration (previously described by Azzam, Goldstein and Chipma
[121-123, 126, 128]). Figure 5.10(a) includes an illustration of the transmis-
sive vectorial measurement systems, and an image of the target birefringence
crystal sample; Figure 5.10(b) includes an illustration of the back-scattering

configuration and an image of the target bulk porcine liver tissue sample.
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FIGURE 5.10: (a) Transmissive and (b) back-scattering geometries for MM polarime-
try used in this work. (a) The beam comes from the LED (1 W, 633 nm) or He-Ne
laser (4 mW, 633 nm) and passes through the polarizer (P1, Thorlabs) and quarter
wave plate (QW1, Thorlabs). Then the beam from the sample passes through the
analyzing quarter-wave plate (QW2, Thorlabs) and polarizer (P2, Thorlabs), and are
recorded by a 10-bit CCD camera (Thorlabs). (b) The beam comes from the LED (1 W,
633 nm) or He-Ne laser (4 mW, 633 nm) and passes through the polarizer (P1, Thor-
labs) and quarter wave plate (QW1, Thorlabs). Then the beam is backscattered from
the sample and passes through the analyzing quarter-wave plate (QW2, Thorlabs)
and polarizer (P2, Thorlabs), and are recorded by a 10-bit CCD camera (Thorlabs).
The LC-SR and the lens are inserted and taken out according to the experimental
requirements during the measurement process.

Figures 5.11 and 5.12 showcase the performance of the LC-SR in
transmissive and back-scattering vectorial imaging applications, respectively.
These figures include the experimental results in the form of the MMs, polar-
isation parameters for three different scenarios: a) laser illumination without

the LC-SR (normal coherence light-based imaging); b) laser illumination with
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the LC-SR (speckle reduced coherence light-based imaging); and c) LED illu-

mination (standard measurement approach).

For the transmissive configuration (Figure 5.11), one region of the
sample was chosen to illustrate the performance of the imaging system for
the different illumination scenarios. These birefringent samples consist of
crystals with different shapes and orientations of the fast-axes. Measure-
ments of the vectorial information of light upon passing through the bire-
fringent sample enable the retardance values and orientation of the fast axis
to be determined. These results are presented as colourmaps where the leg-
end on the righthand side of the images shows the relationship between the
colour and the value of either the fast axis orientation (middle image) or the
retardance (right image). Considering the data for the MM (first image in
Figure 5.11(d)) for LED illumination as an example, it can be seen that the
bottom right 3x3 sub-matrix includes information about the spatial variation
of the birefringent properties of the sample, which demonstrates that the tar-
get sample exhibits a strong optical anisotropy [125]. After implementing
a polar decomposition method [126], a quantitative value for the fast axis
orientation (middle image in Figure 5.11(d)) and the spatially varying retar-

dance (right image in Figure 5.11(d)) could be extracted.

In contrast, when a CW He-Ne laser was used as the illumination
source, we can see clearly that the speckle noise severely affects the intensity
distribution leading to significant measurement errors. The MM polarimetry
requires multiple intensity measurements to enable the vectorial information
to be extracted. If there is significant noise in the intensity then this degrades
the precision of the MM polarimetry [120]. It can be seen from Figure 5.11(b)
that the MM images (left image) are very blurred, with lower values in the

bottom right 3x3 sub-matrix, as well as unwanted noise appearing in the first
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FIGURE 5.11: (a) An enlarged image of the fast axis orientation of the crystal defined
as P extracted from the LED illumination case and a plot of the fast axis orientation
as a function of pixel number for all three illumination scenarios over the distance
represented by the white solid line in the crystal region defined as P. (b) Mueller
matrix (left image), fast axis orientation (middle image) and retardance (right image)
of the sample for the laser illumination case without the LC-SR. (c) Mueller matrix
image (left image), fast axis orientation (middle image) and retardance (right image)
of the sample for the laser illumination case with the LC-SR operated at the optimum
electric field conditions. (d) Mueller matrix image (left image), fast axis orientation
(middle image) and retardance (right image) of the sample for the case when an LED

(incoherent) is used as the illumination source.
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row and column of the MM. In addition, the quality and accuracy of the de-
constructed fast axis orientation (middle image) and retardance (right image)
are in turn corrupted by the noise present in the intensity, which results from

the presence of speckle.

From these images an identified crystal region (defined by P) that has
a very distinguishable fast axis orientation relative to the surrounding back-
ground and have used this to enable a quantitative comparison of the per-
formance for the three different illumination cases. The crystal defined by P
clearly has a very different orientation (which appears red in the colourmap)
compared with the surrounding region (which appears blue in the colourmap).
When using just the laser as an illumination source the region defined by P
cannot be readily identified (Figure 5.11(b) — middle image). In contrast,
however, with the assistance of the LC-SR device, the full MM images (Fig-
ure 5.11(c) — left image) as well as the fast axis orientation (Figure 5.11(c) -
middle image) and retardance (Figure 5.11(c) — right image) are accurately
recovered and are in good agreement with the standard incoherent (LED) il-
lumination case (Figure 5.11(d)). Figure 5.11(a) plots a value for the fast axis
orientation across the region defined by the white line in the image where it
can be seen that using laser illumination the fast-axis value (dashed orange
curve) oscillates dramatically across the sample showing no clear signs of a
crystal structure. This is in contradiction to the actual sample properties as
reflected in the results for the standard LED illumination (blue solid line) and
when the LC-SR is combined with the laser source (solid red line). Encour-
agingly, the results obtained for the LC-SR agree extremely well with those
obtained for the LED illumination scenario. Considering the unique prop-
erties of a laser light source, such as 1) high intensity, 2) narrow bandwidth
and 3) compatibility with the illumination of the fluorescence microscope, a

laser light source would be beneficial over an LED, especially with speckle
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suppression.

For the back-scattering configuration (Figure 5.10(b)), a porcine liver
tissue sample was selected for this demonstration (Figure 5.10(b)). The liver
is a very important organ, which performs hundreds of different functions
including lymph production, protein metabolism and hormone production
[129]. These complicated physiological functions are closely related to the
intrinsic microstructure of the liver tissue and the abundance of organelles
within cells [130]. MM imaging is an excellent label-free technique for dis-
tinguishing the microstructural variations in the surface layer of the liver
in order to help diagnose hepatic diseases [131, 132]. Previous studies have
shown that the porcine liver is almost isotropic [131, 132]. However, there ex-
ist polygonal structures distributed around the isotropic liver tissues, which
are highly birefringent connective tissues and are considered to be the bound-
aries of hepatic lobules [133]. Monitoring such anisotropic structures is bene-

ficial in terms of the detection and diagnosis of the liver condition [131, 132].

As before, results are presented (Figure 5.12) for the three illumina-
tion scenarios: laser on its own, laser with LC-SR, and incoherent illumina-
tion using an LED. The latter represents the traditional approach and helps
to benchmark the performance of the speckle reducing technology presented
herein. The use of a MM polarimeter allows each point of the sample cap-
tured by the CCD camera and the measurement outputs are the correspond-
ing MMs. Arranging these MMs according to the positions of the sample
pixels, and representing them using a colourmap, we can get Figure 5.12(a).
Based on the MMs for each point of the sample, a set of MM for each pixel
the level of optical anisotropy (Figure 5.12(b)) as well as the fast axis ori-
entation (Figure 5.12(c)) can be determined. It is worth noting that here
the back-scattered bulk tissue is an intense light scattering media, and pre-

vious laser-based full MM vectorial imaging has not been able to retrieve
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FIGURE 5.12: Improving laser-based vectorial imaging of thin-film samples us-
ing a zwitterionic-doped chiral nematic LC-SR (back-scattering configuration). (a)
Mueller matrices for the laser illumination case (left image), the laser with LC-SR
(middle image) and the LED (right image). (b) The level of anisotropy for the laser
illumination case (left image), the laser with LC-SR (middle image) and the LED
(right image). (c) The orientation of the fast axis across the sample for the laser illu-
mination case (left image), the laser with LC-SR (middle image) and the LED (right
image).
the fine polygonal structures shown here (for the laser illumination similar
cases have been considered in Reference [66]). Using the LC-SR device, the
influence of laser speckle can be significantly reduced enabling accurate re-
construction of the intricate polygonal structures of the liver tissue (see the
middle images in Figure 5.12(a), 5.12(b) and 5.12(c)). To the best of my
knowledge, this is the first time the image quality as well as the vector infor-

mation obtained from back-scattering MM polarimetry has been recovered

with laser illumination and low speckle C = 0.07.
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54 Summary

The above observations show that the zwitterion doped LC-SR device made
a significant improvement for laser-based scalar imaging and vectorial imag-
ing — in both image resolution and the vectorial information correctness — via
the significant speckle-reduction. The results demonstrated that upon the
addition of 0.5 wt.% Reichardt’s dye to a chiral nematic LC (BL006+3.0 wt.%
R5011), the speckle noise can be reduced from C=0.7+0.02 to C=0.07+0.01 at
best at a temperature of 50°C with a 40 pm cell. These 40 pm-thick devices
also exhibited a very low speckle contrast of C=0.075 at a temperature of 20
°C enabling applications requiring lower operating temperature. The perfor-
mance of the LC-SR is not narrowed by the application scenarios, and has
been proven that the ability of the device is not dependent on the specific ap-
plications but can be simply inserted into various optical systems including
light-field microscopy, HUD, holography to laser projector and still provides

a significant improvement of the imaging quality.

In addition to the demonstrations with the scalar field, this is the first
time that the LC-SR has been used in a vectorial imaging system and pre-
sented promising results. The exciting results shown in Figure 5.11 and 5.12
provides the possibility of improving the resolution of fluorescence polari-
sation microscopy (FPM) [134, 135] that suffered from the speckle noise due
to the coherent nature of the laser light. With this LC-SR, the partially co-
herent laser light is perfect to provide narrow bandwidth as well as high
intensity. Image resolution and the vector information correctness are sig-
nificantly enhanced in the vectorial domain. The LC-SR device shows good
performance for different microscopy configurations encompassing scenar-
ios ranging from the analysis of birefringent materials to the characterisation

of thick tissue biopsy.
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The LC-SR demonstrated in this chapter is compact, portable and has
alow form factor. The tiny dimension of the device makes integration into ex-
isting commercial and custom-built systems currently suffering from speckle
noise straightforward. The applications presented here cover a range of com-
monly used imaging systems and also explore its possibility further to a new
area of vectorial imaging. The notable change and suppression of the granu-
lar noise resulting from the LC-SR make this work of interest for the improve-
ment of laser microscopy, HUD, holography, laser projectors and polarisation

microscopy.
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Chapter 6

Millisecond Optical Phase
Modulation using Multi-pass
Configurations with Liquid Crystal

Devices

As mentioned in the introductory chapter, the second key part of the thesis
focuses on developing analogue phase modulators that have the potential
to operate at faster switching speeds than conventional technologies. The
following chapters will discuss my work in this area. In this chapter, two
configurations have been considered for analogue 0 to 27t optical phase mod-
ulation using LC devices, each of which achieves switching times that are
1 ms or less. One configuration is based on the switching behaviour of the
so-called nematic pi cell and the other is based on the flexoelectro-optic ef-
fect in chiral nematic LCs when operated in the uniform lying helix geome-
try. Both configurations exploit a multi-pass optical arrangement to enhance
the available optical phase range, while maintaining a fast-switching speed.
Moreover, these devices can be operated at or close to room temperature. Ex-

perimental data were found to be in good agreement with results predicted



Chapter 6. Millisecond Optical Phase Modulation via Multi-pass Config 119

from theory for these multi-pass phase-modulation configurations. The re-
sults presented in this chapter have been published in part or in their entirety

in the journal article Physical Review Applied 14, 024007 (2020) [18].

6.1 Introduction

Optical phase modulation is important in many aspects of optical and op-
toelectronic technology [136]. Phase modulation can be obtained either by
changing the refractive index (or effective refractive index) of a material through
which light is propagating, or by physically changing the optical path-length
for the light. For applications requiring a spatially structured phase modula-
tion of a propagating optical wavefront, a LC spatial light modulator (SLM)
is often desirable and has been employed in applications such as microma-
nipulation and beam-shaping [137-142]. Commercial SLM technology based
upon LCs broadly breaks down into two categories: those that provide a
digital, binary, or quantized phase modulation with a very limited number
of states (e.g. 0 and 7t phase states are commonly chosen) and those that pro-
vide analogue (or at least, multi-level) phase modulation (e.g. a phase range

of 0 to 27t is commonly used).

As an example, binary SLM technology [143-145] is often based on
the bi-stable switching of ferroelectric LCs (FLCs) and can achieve switching
times that are substantially less than 1 ms. A high-speed technology based
on anti-FLCs has recently been demonstrated, but this uses rather thick LC
layers, thus limiting the potential pixel pitch [146]. Analogue SLM technol-
ogy, on the other hand, typically involves switching a layer of nematic LC,
but the switching times are generally much longer, often being many mil-
liseconds [147, 148], although with careful material and device optimisation

2 ms response times have been obtained in the laboratory [149].
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Improving the switching speed, whilst maintaining access to a full
range of phase states (from 0 to 27) enables SLM technology to be used in a
wider range of systems, such as in faster optical laser beam tracking/steering
[73], and in higher-speed optical aberration correction in imaging systems
[74]. There has been much interesting work in this area, with a number
of very interesting proposals and demonstrations of configurations which
can enhance the switching speed (reduce the response time) in a useful way.
For example, work using two-photon techniques to engineer advanced struc-
tures inside of LC devices in order to optimise switching times [75-77], and
work incorporating polymer networks into LC layers in order to obtain sub-

millisecond switching times [14].

An alternative approach has been demonstrated using the flexoelectro-
optic effect in chiral nematic LCs as a promising candidate [48]. The electro-
optic effect, which was discussed in Chapter 2, Section 2.3.3, can be ob-
served when an electric field is applied perpendicular to the helical axis of
the chiral nematic LC, and can exhibit fast electro-optic properties because
the characteristic length scale is the helical pitch (which can be of the order of
100s nm) rather than the device thickness. While the electro-optic effect of-
fers sub-millisecond switching times, the optical response is generally quite
small for most LC compounds and mixtures, with switching angles of just
a few degrees. Bimesogenic LCs, however, can show much larger switching
angles, allowing useful electro-optic effects to be exploited [78]. Using a con-
tiguration based upon the flexoelectro-optic effect in combination with wave-
plates and a reflecting element, work carried out by JAJFells and XWang has
shown that it is possible to achieve 0 to 27t optical phase modulation at tem-

peratures of around 108°C [150].

A drawback with the approach demonstrated in Reference [150] is

that the devices had to be operated at somewhat elevated temperatures (in
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excess of 100°C), which is impractical for most technological applications.
Unfortunately, room-temperature materials showing a large and high-speed
flexoelectro-optic effect are not yet commonly available. An LC which shows
substantial switching angles at room temperature has recently been demon-
strated, but it requires large electric fields (equivalent to 100 V across a 5
pm-thick device to achieve a switching angle of 40°) [78]. Therefore, there is
still considerable value in identifying new modes and configurations that can
lead to fast switching and full 27t phase modulation. The focus of the work
presented in this chapter, therefore, is to report on two alternative approaches
that potentially address the shortcomings that are present in existing tech-
nologies. The objective is to achieve, full 27t phase modulation operating at

switching frequencies much greater than 100 Hz at room temperature.

6.2 Alternative Configurations

6.2.1 Pi-Cell Configuration

In the first configuration, a nematic electro-optic mode is used in a high-
speed regime. For nematic LCs the “switch-oft” speed is typically the lim-
iting factor in engineering a high-speed optical response. This is because
the “switch-on” is driven by an applied voltage and the resulting switch-
ing speed is primarily controlled by the corresponding electric field and the
viscosity of the LC. Therefore, by ensuring that the field is sufficiently large,
high-speed switching can be obtained. However, the “switch-off” speed [151]
is primarily controlled by the elasticity and viscosity of the LC, and therefore
this is harder to control, other than through material parameter optimisation
[152]. Alternatively, the switching speed can be improved through the use
of polymer stabilization [153] or by making the device thinner. Polymer sta-

bilization, while it can be effective often leads to larger driving voltages and
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increased light scattering, both of which are unwanted side effects. Mak-

ing the device thinner is a possible solution as the thickness of a nematic LC

layer strongly influences the switching speed. In general, the characteristic
7

“switch-oft” time constant, 7, is given by T ~ e [151], where 7y is the rota-

tional viscosity, K is an elastic constant, and d is the layer thickness.

There are, however, two problems with the approach of reducing the
layer thickness: (i) thin uniform layers are more difficult to engineer, and
the devices become difficult to capillary fill; (ii) thin layers show a reduced
electro-optic effect, so the degree of phase modulation available may be in-
sufficient. In this chapter, I aim to address these two issues. Firstly, I use an
LC layer with a conventional device thickness of 5 microns but exploit the
switching of a thin region near the surfaces of the device. Secondly, I use a
multi-pass optical arrangement to enhance the electro-optic effect at the sur-

faces of the device to obtain a full 0 to 27t optical phase modulation.

6.2.2 Flexoelectro-Optic Device Configuration

For the second configuration, a room temperature flexoelectro-optic device
is employed that exhibits small tilt angles, but the electro-optic response is
enhanced (or amplified) through a multi-pass configuration. Previous work
using the flexoelectro-optic effect has shown that by integrating the LC layer
between quarter-wave plates and a mirror it is possible to obtain full 0 to 27t
optical phase modulation in a device with a switching angle of +45° [150]
which was carried out at temperatures close to 108°C. The rather high tem-
perature is not desirable and therefore the goal is to obtain sufficient phase
modulation at much lower temperatures. However, as noted, fast-switching
materials that operate at room temperature tend to show reduced switching
angles. In the work presented in this chapter, a bimesogenic-doped eutectic

mixture was employed that exhibits switching angles in the range of +15°
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to £20° at room temperature. Results are presented that demonstrate that
enhanced optical phase modulation can be obtained by using a multi-pass

geometry in combination with such materials

6.3 Theoretical Considerations

6.3.1 Phase Modulation with a Nematic Pi-Cell

In a layer of nematic LC with positive dielectric anisotropy the application of
an electric field across the layer causes the reorientation of the director from
a planar state towards a state with the director oriented perpendicular to the
device surfaces, as described in Chapter 2. At high voltages, the bulk of the
layer is reoriented to the perpendicular state, and small transition regions (or
boundary layers) remain near the device surfaces which are shown in Figure

6.1

In a conventional anti-parallel rubbed device that exhibits the well-
known Fréedericksz threshold, the director tilt in the boundary layers is in
the same sense near the two surfaces. On the other hand, in the so-called pi-
cell (parallel rubbed surfaces) [154], introduced in Chapter 2, the tilt is in the
opposite sense in the two boundary layers. In the limit of very high voltages,
and if the tilt of the director out of the cell surface plane is given by the angle 6
(the tilt angle 6 and coordinate z are defined as Figure 6.1(a) and 6.1(b)), then
for understanding the difference of these two device configurations, these

states can be simplified as

z=0:0=0°
0<z<d:0=090°

z=d :0 =180°
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FIGURE 6.1: The orientation of the nematic LC director with an applied electric field

in a pi-cell: (a) The side view of the pi-cell device at lower voltage; (b) The side view

of the pi-cell device at higher voltage. The yellow highlighted areas are boundary
layers.
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for the Fréedericksz device and

z=0:0=0°
0<z<d:0=090°

z=d :0 =0°

for the pi-cell device, where z measures the position through the LC layer.

In each case, when the electric field is removed, the relaxation of the
director from the switched state back towards the planar state begins from
the surfaces. Using a one-elastic-constant-approximation (i.e., Kj; = Ky =
K33 = K to model the LC behaviour then the initial response of the boundary
layers at each surface has an analytic solution in terms of the error-function

(erf) of the form

6(z,t) = 6 + (eb—es)erf{z\z/\gﬂ} 6.1)

where z is now a coordinate measured from the surface, 6; and 6, are the
initial surface and bulk director orientations, respectively, and K is the LC

elastic constant. This solution is valid at each surface for short timescales

provided that the er f { 2\2/\? \/E} term remains close to unity for z = %.

To determine the magnitude of the optical phase change (modula-
tion) available through this boundary layer behaviour we need to determine

the phase, ¢, of the light propagating through the LC,

2 (4

¢ = 2 s nefr(z)dz (6.2)
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where

Netlp

n, (Z) = (6.3)
g \/ng sin(6) + n2 cos2(6)

Here A is the wavelength of light, and n, and n, are the extraordinary and
ordinary refractive indices of the LC, respectively. Further analytic progress
is challenging because the integration of the trigonometric function of the
error function is non-trivial. However, further progress can be made if: (a)
a piecewise linear approximation to the error function is introduced of the

following form:

erf(u) ~ ul s u < g (6.4)
0
erf(u) =1 :u>u (6.5)

where ug is chosen such that the integral of the approximation to the error
function is compatible with the experimental results (leading to 1o =1.12838);

and (b) n.¢f(z) is expanded for small An.

Assuming that 6; = 0° and 6, = 90°, 6(z, t) can now be written as

! VAl VY 10838 6.6)

0(z,t) ~90° - . or
(z4) 1.12838 2\/K\/Ef 2KVt

0(z,t) =~ 90° for Z\Z/%T/f > 1.12838 (6.7)
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and expand Equation 6.3 in series around v/A cos(8)=0, we can get

2 2

gy (2) = mano{ % sin(0) + cos(6)) |

ng

=n{1+A sinz(())}_%

4 n? —n?
g
p = Asin?(6)

_ [0 ,
_HZ:O n! P
_1 _l._§2 1 _§._§3
T s - 2

I=aptgr

neff(2) = ne- f(p)

2

epf(z) = me (1 - ésinz(e) + % sin*(6) — - - ) (6.8)

where

_me—mg

A=
g

(6.9)

Substituting these into Equation 6.2 allows ¢ to be determined as
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2 d 2
¢ = —T[ne (d -, ésilr12(9) — %sin‘L(Q) + - t:lz)

A 2 8
_27'[ Zerit A .9 3A2 4
_Tne<d_/0 5511‘1 (9)—7511‘1 (0)—1’—...dz
d A 2
[ Dsint(e) - 2 sint(6) + - -dZ)
Zerit 2 8
Zerit A 5 3A2 4
/0 5 S (6) — — sn 0)+---dz
_ 2zt 7 A? ) 3A? . 4
=5 ), (0) g sin (0) +---db

d 2 2
4

27 A 3A2 A 15A2
¢_7ne{<1—§+T—---)d+(Z— i +--->zm-t} (6.10)

where

2VKVE
NG

Zerit = 1.12838 - (6.11)

In Equation 6.10, the first term in the curly brackets (the n, <1 — % + % —

e > d term) represents a fixed phase term whereas the other terms represent
a change in the phase. Setting the phase change to 7 and using light of wave-

length A = 632.8 nm (He-Ne laser), together with the physical parameters for
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the nematic LC, E7, allows for the determination of a time that represents a
response for a 7 phase modulation, which is then estimated to be t ~ 1ms.
(There is some variation in the published parameters for E7. Based on the
elastic constants published in [155] a one-constant approximation of K ~
15pN is used. The rotational viscosity published in [155] is v ~ 0. 08Pa.s, but
values published elsewhere are typically higher. Here I used a value of v ~
0.15Pa.s. I use n, = 1.52, n, = 1.74 from [156]. (All values are quoted at room
temperature.) Note that the response time is independent of the thickness of
the LC device provided that its thickness is substantially greater than twice

Zqrit at this point time, which is 0.7 um for the above case.

The implication of these findings is that 7 phase modulation is avail-
able on a millisecond timescale in the “switch-off” (relaxation) of individual
nematic boundary layers provided that they are switched on at high voltage.
In Section 6.4 this behaviour is demonstrated using a pi-cell device. By using
a multi-pass configuration, the phase modulation is then enhanced to give a

full 0 to 27 range.

6.3.2 Phase Modulation with Flexoelectro-Optic Switching

In the flexoelectro-optic effect, the applied electric field leads to an in-plane
rotation of the effective optic axis of the helical structure by an angle, x (the
definition is shown in Figure 6.2(b)), which to first order is given by the

equation in Section 2.3.3 [157]

€1 —é3 E

= — 6.12
A Ki1 +Ksz g (612

where ¢; and e3 are the splay and bend flexoelectric coefficients, respectively,
Kj1 and Ks3 are the splay and bend elastic constants, respectively, E is the

applied electric field, and g = 2?”, where P is the pitch of the chiral nematic
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helix. The orientation of the chiral nematic LCs without and with imposed

electric field are shown in Figure 6.2.

Polarisation
direction of the light

Optical axis

(a)

Optical axis

QU >

Polarisation < @ E
direction of the light

\A

e\

(b)

FIGURE 6.2: The geometrical quantities (tilt angle ), optical axis orientation, polari-

sation direction of the light and coordinate x, y and z) definition for the configuration

based on the flexoelectro-optic effect and the top view of this device: (a) Device with-
out applied electric field; (b) Device with an applied electric field.

If the layer of LC is placed between quarter-wave plates, there is a
modulation in the phase of the transmitted light. The magnitude of this
phase modulation can be determined using a Jones matrix [158] approach

via
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o= 0( - §)EC00( + 5 )
A
4

12/ 450}{)2‘1;(}{ z+45°}*
1 (147 i—-1 cos2y sin2y 1(14+i 1—1 g
= 5 Y *Lin
21ic1 1+1 sin2y —cos2x 21— 1+
0 12)(
e 1
:eiZX 1
0
(6.13)

_ A ) (A A .
o = {himas) (R} R}
{M}{ /- 450}{)2‘1;(} {%z+45°}1§,-n

{M} = -
B (6.14)
z 0 e 1 0 0 el2x 0
out —
e2x 0 0 —1 e~ i2X 1
:ei47( 0
-1

where E;,, is the incoming light field, Q("’%) are quarter-wave plates at +45°,

Lt( X) is the flexoelectro-optic LC layer switched to an angle x, and Eout is
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the outgoing light field. Using Equation 6.13 it can be demonstrated that the
optical phase modulation is twice the switching angle of the effective optic
axis in the LC layer when the LC is effectively equal to a half-wave plate.
So, if the switching angle is +x;4x then the phase modulation obtained is
+2Xmax- Placing a reflector (mirror) behind this system of components, and
using the modulator in a reflective mode doubles this further, giving a phase
modulation of +4x,,.x. Therefore, with a switching range of +45° a phase

range of +7 is available (equivalent to a full optical phase range of 0 to 2m).

This principle can be extended further to a “multi-pass” concept. The
single-pass, as shown by Equation 6.13, leads to a phase modulation of
+2Xmax- The reflection configuration used in previous work [150] is effec-
tively a double-pass arrangement leading to twice this modulation, i.e., 4 X ax.
Therefore, a three-pass arrangement would lead to +6),4x, and a four-pass
arrangement would lead to +84x, and so on. In this chapter, I demonstrate
the enhancement of the phase modulation by increasing from a single, to a

double and finally a four-pass arrangement.

6.4 Experimental Results and Discussion

6.4.1 Pi-cell Phase Modulator

To begin with, the high-speed switching in a nematic pi-cell is demonstrated.
The pi-cell’s surfaces were treated so that they can provide a surface align-
ment that will create the opposite pretilt direction on both surfaces so that
the flow results in no torque being applied to the LC director in the centre of
the cell [154]. When the cell is switched off after applying a voltage, the flow
during the relaxing process near the centre of the LC layer is in the same
direction making it favourable for the LC director to realign, resulting in a

faster switch-off speed. This is in contrast to the common anti-parallel cell
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where there will be a "backwards’ torque on the local director near the centre
of the cell. The next chapter (Chapter 7) considers the backflow of the pi-cell
in more detail. For this chapter, the nematic eutectic mixture, E7 (Synthon
Ltd), was capillary filled into a pi-cell, which consisted of glass substrates
that were coated in indium tin oxide (ITO) electrodes and parallel rubbed
polyimide alignment layers. The thickness of the device was nominally 5
pm. Placing such a device between crossed polarisers, with the alignment
direction at 45° to the polariser axis, the transmission tends to zero at high
voltage. When the voltage is removed the transmission increases. At the
point where the transmission reaches 50%, the phase retardation of the de-
vice is equivalent to a quarter-wave plate, which is where the phase for light
polarised along the alignment direction has changed by 7. This is where the
boundary layers have grown to a thickness of z.,;; at each surface as outlined

in Section 6.3.1.

The behaviour described here is shown in Figure 6.3 where the wave-
length of light used was A = 632.8 nm (He-Ne laser). The switching voltage
waveform was a 5 kHz square-wave modulated to give a sequence of 50 Vp,
(drive voltage), 0 V (relax voltage), and 6 Vpp (hold voltage) (The waveform
generator was a Tektronix AFG 3022). Firstly, the 50 V;,, switches the device
on before the 0 V then allows the boundary layers to grow from the surface.
At the point where the transmission reaches 50% a holding voltage of 6 V,,
was applied so that the LC director can be held at a position providing a 5
phase modulation in a single pass. The sequence was then repeated. Impor-
tantly, the time to “relax” to a transmission of 50% was found to be 0.75ms.
This is actually slightly less than the equivalent time for 7 phase modulation
estimated in Section 6.3.1, but it should be remembered that this was based

on a simplified analytic approach.
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FIGURE 6.3: Transmission as a function of time (blue solid line) for a pi-cell between
crossed polarisers when the device was driven by the waveform sequence described
in the main text. Modulation of the transmission by 50% corresponds to a phase
change of 7 in the extraordinary wave. The orange solid line shows the voltage
waveform applied to the device.

Next, the pi-cell device was placed in a Mach-Zehnder interferom-
eter [159]. The experimental arrangement was as shown in Figure 6.4(a).
The resulting fringes were recorded using a CCD camera as the device was
switched through the sequence described previously. The CCD camera had
an exposure time of Ims and in order to capture the position change of the
interference fringes (which have a similar frequency as the frame rate of the
camera), the frequency of the applied voltage was set to 1 Hz higher than it
should be (say for just an experiment consisting of two states, 1 ms for "drive
voltage" and 1 ms for "relax voltage", the frequency that was actually ap-
plied was 501 Hz). The method of frequency drift for better perception of the
change in the interference patterns has little impact on the real phase modula-
tion achieved for each device so in the following discussion, the time of each

part is still considered as 1 ms. The time for "drive voltage", "hold voltage",

and "relax voltage" of the modulated 5 kHz waveform was now set to be 1
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ms (i.e., 1 ms at drive voltage, 1 ms at relax voltage, 1 ms at hold voltage, re-
peated). The recorded fringes were then analyzed to track the phase-change
of the wavefront of the light passing through the pi-cell device. To demon-
strate control of the resulting phase of the transmitted light the modulation
of the 50 Vpp,, 0V, 6 Vpp sequence was then adjusted, and the phase-change
tracked for each case. (Note: as the modulation of the waveform was de-
creased the drive voltage reduced and the relaxation voltage increased, but
the overall rms voltage remained sufficient to retain the pi-state in the de-
vice.)
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FIGURE 6.4: Schematic diagrams of the experimental arrangements. (a) The one-

pass setup (Mach-Zehnder interferometer); (b) The two-pass setup (Michelson con-

figuration); (c) The four-pass setup (“folded” Michelson configuration); (d) The two

different device geometries used: a pi-cell and a flexoelectro-optic device between
quarter-wave plates.
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The results are shown in Figure 6.5 where the x-axis shows the dif-
ference between the drive voltage and the relaxation voltage (AV), and the
duration for each state is 1 ms. In the figure, we can see that a maximum
phase modulation of slightly in excess of 90° was obtained and that this var-
ied smoothly as the modulation was changed. This response was obtained in
1 ms. The amplitude (or intensity) modulation in this configuration is min-
imal because the nematic director is switching in the plane of the incident
polarised light. There are small losses due to the reflections at the device sur-
faces, and the small amount of optical scattering in the nematic LC, but the

overall arrangement is very optically efficient.

140

p—
[y
o
|
-

—
(]
(]
—
—— *
-~
[

60

I
g
.

40

Phase Modulation (°)
=2

1
-
3

h 3

20

O ‘ *q l. . 1 . 1 x 1 M 1
0 10 20 30 40 50
Voltage Difference, AV (Vpp)

FIGURE 6.5: Phase modulation obtained using a pi-cell, driven by the waveform

sequence as described in the main text. The data points (blue circles) are from the

experiments and the dashed orange line represents the results from the numerical
model. The dotted black line shows the results from a simplified analytic model.

Figure 6.5 also shows the results from modelling the phase behaviour.
An analytic model can be developed based on the ideas introduced in Sec-
tion 6.3.1. In this case, a piecewise linear form was again used, but now the

boundary layer thickness, z.;;, was determined by minimising the energy
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for the driving and holding voltages (this leads to the dotted black line in
Figure 6.5). Alternatively, rather than using the analytic estimation outlined
in Section 6.3.1, a model can be based on a finite-difference numerical so-
lution to the Euler-Lagrange equations for nematic continuum theory. Only
the splay and bend elastic constants are relevant in this model (values of Kj;
=11.1 pN and K33 = 17.1 pN were used for E7 [155], this leads to the dashed
line in Figure 6.5). The device thickness was 5 microns, Ae = 14.0, and An
= 0.22. The analytic model is reasonable at lower modulation levels but di-
verges substantially at higher modulation levels. This may be because the
dynamic behaviour becomes more important in these cases. For the numeri-
cal model it can be seen that whilst the overall trend is reasonable, the model
talls slightly outside of the error bars associated with the experimental data
(measurement of optical phase from the interferometer). It is not entirely
clear why this is so, although it may be due to the lack of inclusion of flow in
the model, this being generally considered to enhance the switching speeds
in pi-cells [160]. (Some allowance for this effect was included by reducing the
rotational viscosity for the fit, where a value of oy = 0.07 Pa-s was used, which
is very similar to the value quoted in [155]). In subsequent figures, only the

results from the numerical modelling need to be considered.

For the geometry considered here, light only passed through the de-
vice once (i.e., it is a one-pass configuration). Next, the interferometer was
reconfigured into a Michelson configuration [161] and the device was placed
in one arm to give a two-pass arrangement. The diagram of the two-pass
set-up is shown in Figure 6.4(b). The light then passed through the device
twice, and an enhanced optical phase modulation effect was obtained. The
results, for the same driving conditions used previously, are shown in Figure
6.6(a). We can see from the figure that the behaviour follows the same trend

as that shown in Figure 6.5, but the optical phase modulation is now twice
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as much, reaching a maximum in excess of 180° (7).

L __L—”i—“

3

0

10 20 30 40
Voltage Difference, AV (V)

(a)

200 400
- -4
, e
~ 180 i 350
>~ 160 | 7% & .
= ¥ = 300 ¥
S 140 g
= / = S e
= 120 i” < 250 ',,
] - 3
2 100 } i 2 200 4
< . 4 .
- 80 } 3 o~ 3
S - 2 150 .
» ’ <9 ’
Z 60 } [ 3
= B . £ 100 g
A £ o= »-
t -

10 20 30 40
Voltage Difference, AV (V)

(b)

FIGURE 6.6: Phase modulation obtained using a pi-cell. The points are the experi-
mental data and the dashed lines are based on the results from the model. (a) Two-
pass configuration; (b) Four-pass configuration.

To increase the modulation depth further, the arrangement of the in-
terferometer was modified to pass the light through the device four times;
this was done by adding an additional mirror into the signal arm of the
Michelson arrangement; the diagram is shown in Figure 6.4(c). The result
for this four-pass configuration is shown in Figure 6.6(b). Here we can see
that an optical phase modulation in excess of 360° (2m) is obtained. Again,
the experimental data lie slightly off the line of the model. However, impor-
tantly, this configuration has demonstrated a full phase modulation of the
light (i.e., a phase range of greater than 0 to 27) with a 1 ms switching time.
Even faster switching times would be available using more optimised mate-
rials, such as that used in the work by Huang et al. [149]. Such development
would be very helpful and wanted in beam steering, free-space communi-
cation, adaptive optics and any other that requires fast phase modulation to

encode the information into light or SLMs.
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6.4.2 Phase modulation with multi-pass flexoelectro-optic switch-
ing
The multi-pass phase modulator configuration was also considered for use
with the flexoelectro-optic devices. For the flexoelectro-optic effect, I first in-
vestigate the switching behaviour of a mixture, consisting of a base chiral
nematic mixture comprising E7 + 3 wt.% BDH1281 (Merck) that was doped
with 20 wt.% of the bimesogenic (dimer) material 4’,4’-(nonane-1,7-diyl)bis-
[(1”,1”biphenyl)-4”-carbo-nitrile] (CBICB) [162, 163]. The chiral nematic mix-
ture, which formed a right-handed helical structure with a pitch of about 520
nm, was capillary filled into a nominally 5 pm thick device that consisted
of glass substrates that were coated with ITO electrodes (to facilitate the ap-
plication of an electric field along the normal to the device substrates) and
anti-parallel rubbed polyimide alignment layers. To ensure that the electric
tield was orthogonal to the helical axis (a necessary requirement to observe
flexoelectro-optic switching) a uniform lying helix (ULH) geometry was re-
quired. To form the ULH alignment, the device was heated up to 50°C in the
presence of a 500 Hz, 25 V,,, square waveform and then cooled down to room
temperature in the presence of an applied electric field. After going through
such a process, the helical axis of the ULH structure is aligned perpendicular
to the rubbing direction of the cell’s pretreatment layer. All measurements

were carried out at room temperature.

The resulting mixture shows enhanced flexoelectro-optic switching
when compared to the base E7 + 3 wt.% BDH1281 mixture, but in contrast
to the neat bimesogenic material which exhibits a nematic phase that is at
substantially elevated temperatures (>100 °C), this mixture can still be op-
erated at room temperature. The electro-optic properties were investigated
by applying a 500 Hz (ensure a 1 ms switching time for optic axis switch-

ing) square wave voltage waveform using a Tektronix AFG 3022 waveform
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generator and measuring the switching angle using a combination of a BX51
polarising microscope, a Tektronix TBS1154 oscilloscope and high-speed Si
photodiode [164]. This measurement method is used further in Chapter 8
and discussed in more detail in Section 8.4. The results are shown in Figure

6.7(a).
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FIGURE 6.7: Flexoelectro-optic switching in the chiral nematic phase of the mixture
E7+3 wt.% BDH1281 + 20 wt.% CB9CB in a 5pm thick device. The applied voltage
was a 500 Hz square wave. (a) The flexoelectro-optic switching angle (peak-to-peak,
as measured on a polarising optical microscope) is shown as a function of the applied
voltage (peak-to-peak) and the dashed line represents a cubic series expansion fit
based upon theoretical considerations. (b) The resulting optical phase modulation
in transmission for the same range of flexoelectro-optic switching angles when the
device was placed between a pair of quarter-wave plates.

In Figure 6.7(a) we can see that a peak switching angle of around 35°
(£17.5°) was obtained at a switching voltage of 50 V, (+25 V). However, at
this voltage, the helix of the chiral nematic LC begins to unwind and there is
some change in the alignment texture; therefore, operation at slightly lower
voltages may be preferred. Due to the dielectric anisotropy of the material,
and the resulting helix distortion under electric field application, the overall
flexoelectro-optic switching behaviour is complex. However, the switching
angle can be approximated in terms of a cubic series expansion [165]-this is
the dashed line in Figure 6.7(a). This cubic series can be written in terms of

the expression for flexoelectric tilt introduced earlier in Section 6.3.2, plus a
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correcting cubic term:

€1 — €3 E €1 —é€3 E 3
=0+ —_— 6.15
X K1+ Ksz g ﬁ{Kl1+K33q} (6.15)

where f is treated as a fitting parameter, and is a complex combination of

elastic, dielectric and flexoelectric properties [165]. From the dashed line in

€1—€3

Xk can be determined, which is sometimes re-
11+K33

Figure 6.7(a) the ratio
ferred to as the flexo-elastic ratio for the material, to be 0.924 V-1 and the
value of the fitting parameter  which is B = -1.446, the negative value of
indicating that the dielectric coupling tends to suppress (reduce) the flexo-
electric tilt angle. To note that the E in Equation 6.15 refers to the ampli-

tude of the electric field and there is a conversion between Vpp to E which is

E = Vy,/d (d is the cell thickness, 5 pm).

The flexoelectro-optic device was then placed between quarter-wave
plates (Figure 6.4(d) Exp2) and inserted it into one arm of the Mach-Zehnder
interferometer for the purpose of phase modulation enhancement. The de-
vice was again driven with a 500 Hz square wave (so the switching response
to either polarity is taking place in 1 ms), and the interference fringes were
recorded on the CCD camera and tracked to extract the resulting optical
phase modulation. The resulting phase modulation is shown in Figure 6.7(b)
and a corresponding phase modulation simulation (dashed line in Figure
6.7(b)) was also carried out based on the simulated results in Figure 6.7(a)
and the Equation 6.13. We can see that, as expected, the resulting phase
modulation is twice the switching angle of the optic axis in the device — this
is because the light passes through the device a single time. However, this
optical phase modulation is still rather small, with a maximum range of 70°

at 50 Vpp. There are some losses in this arrangement due to imperfections in
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the alignment of the helical axis in the flexoelectro-optic device. These align-
ment imperfections lead to point defects in the LC structure, which in turn re-
sults in considerable optical scattering. The demonstration device is therefore
somewhat optically inefficient, although it is expected that improvements to
the alignment quality would considerably reduce this problem. By choosing
the orientation of the device appropriately there is minimal amplitude (or
intensity) modulation in this configuration. This is estimated to be less than

10% in amplitude (less than 1 dB).

The phase modulation depth can be enhanced if the device is instead
placed (still between quarter-wave plates) in one arm of the Michelson inter-
ferometer. In this case, the light now passes through the device twice. This
configuration has been considered previously using a different mixture that
exhibited large switching angles but at very high temperatures (108°C) [150].
The result for the present device is shown in Figure 6.8(a). It is immediately
noticeable in the figure that the phase modulation has a different curvature
from that shown in Figure 6.6 for the switching angle and single-pass phase
modulation behaviour, with the curvature being reversed at lower voltages.
Figure 6.8(b), which presents the result when the light passes through the
device four times, shows similar qualitative behaviour to the two-pass case.
This effect happens because of the change in retardation of the LC layer un-
der an applied voltage. The material used here has a significant dielectric
anisotropy (as noted earlier, for E7 only at room temperature Ae = 14), and
therefore under the application of the electric field there is a tendency for the

helix of the chiral nematic LC to distort.

In the configuration used here, with the electric field direction and
light propagation direction perpendicular to the helical axis, this leads to a

reduction in the effective optical anisotropy as the electric field amplitude
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was increased. To first order, this reduction is quadratic in the applied elec-
tric field [165]. When the flexoelectro-optic LC device was placed between
a pair of quarter-wave plates and the phase shift was measured using po-
larised light (the configuration for the one-pass transmission measurement
results shown in Figure 6.7(b)) then the phase modulation follows the tilt an-
gle of the optical axis, as can be seen by comparing Figure 6.7(a) and Figure
6.7(b). However, when a mirror is placed behind the second quarter-wave
plate the behaviour changes. The configuration experienced by the light path
is now: quarter-wave plate, LC device (first pass), quarter-wave plate, mir-
ror, quarter-wave plate, LC device (second pass), quarter-wave plate. Now,
changes in the effective birefringence of the LC layer under the application
of an electric field distort the optical phase change as a function of tilt an-
gle behaviour, making it non-linear, and resulting in the curves seen in Fig-
ure 6.8. The shape of these curves would be qualitatively similar to those
shown in Figure 6.6 if a polariser were placed between the second quarter-
wave plate and the mirror. More details regarding the retardance change of a
flexoelectro-optic LC device under an applied electric field will be discussed

further in Chapter 8.

In Figure 6.7(a) the switching angle of the flexoelectro-optic LC de-
vice for a voltage of 45 Vy,, (£22.5 V) at 500 Hz is over a range of 32.5° (i.e.,
+16.25°). The resulting optical phase change available in a one-pass con-
figuration is then twice this value, being 65° for 45 V,,;, as shown in Figure
6.7(b). Although the shapes of the curves are different, we can see that in the
two-pass case, the maximum optical phase modulation is again doubled (to
a range of 130° for 45 Vy,p in Figure 6.8(a). In the four-pass case, it is further
doubled to a maximum range of 260° for 45 Vp,;,, as seen in Figure 6.8(b). At

this point, the optical phase modulation is eight times the flexoelectro-optic
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FIGURE 6.8: Phase modulation as a function of the applied voltage (peak-to-peak)
for the flexoelectro-optic device consisting of the chiral nematic mixture E7+3 wt.%
BDH1281 + 20 wt.% CBI9CB for multi-pass geometries. The thickness of the device
was nominally 5 pm (a) two-pass and (b) four-pass configurations. The data points
represent the results from the experiments and the result from the model(s) are the
black dashed lines. The model is based on the derivation of the Jones matrix that
the phase modulation is twice the rotation angle of the optic axis x where x can
be simulated based on Equation 6.15. The precise form of the behaviour depends
on the orientation of the device, which, as mentioned above, has been chosen to
minimise the light intensity modulation and keep this below 10%.

switching angle range, which means that full 0 to 27t optical phase modula-

tion would be available in this arrangement using a flexoelectro-optic device

with a switching angle of 45° (£22.5°).

6.5 Summary

In summary, the results presented in this chapter have demonstrated two
different configurations that allow substantial optical phase modulation on
a millisecond timescale at room temperature. Using a pi-cell driven at high
voltages in a multi-pass optical arrangement has allowed a boundary layer
high-speed switching effect to be exploited, giving full 0 to 27t optical phase
modulation in 1 ms. It should be noted that this device used the well-characte-
rized nematic LC, E7, and therefore substantially faster switching times could
be obtained by using an optimised mixture (e.g. one with lower rotational

viscosity, higher optical birefringence, and larger elastic constants). This
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would therefore pave the way to full 0 to 27t optical phase modulation in

sub-millisecond time scales.

Using the flexoelectro-optic effect in chiral nematic LC devices, en-
hanced multi-pass optical phase modulation has been demonstrated. Mod-
ulation of 260° was achieved on a 1 ms time-scale using a material which
showed a switching angle of just over 32° at 45 Vy,;, (£16° at +-22.5 V). Full
0 to 27t optical phase modulation could be achieved either using a slightly
more optimised mixture (to give a switching angle of £22.5°) or by using a
six-pass optical arrangement. For example, a material developed by Varanyt-
sia and Chien based on the nematic material MLC-2048 (Merck) doped with
the bimesogenic (dimer) material CB7CB showed room-temperature switch-
ing angles of up to £40° [78], although this was at somewhat higher applied
fields.

A key application of the ideas proposed here is in the development
of SLM technology with sub-millisecond switching over a full phase range.
In order to implement the multi-pass configurations using such technology
it would be necessary to ensure that each modulating pixel is re-imaged
onto the same modulating pixel in subsequent passes. For two-pass oper-
ation, this can be achieved by integrating a mirror into the back-plane of
the device. For four-pass (and higher) arrangements there are two possi-
ble approaches. Firstly, Peng et al. have demonstrated a very interesting
integrated multi-pass configuration when optimising the phase modulation
available using blue-phase LC technology [166]. The material they used,
was a polymer-stabilized blue phase LC (PS-BPLC) that was polarisation in-
dependent and the material was sandwiched between a reflective polariser
(reflects s-wave but transmits p-wave), broadband quarter-wave plate (4/A
placed at 45° with respect to the direction of the reflective polariser), ITO

glass substrates and the aluminium (Al) multi-pixel electrode panel mirror.
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The linear polarised light changes into left/right-handed circular light when
it passes through the quarter-wave plate or is reflected by the Al electrode,
and the PS-BPLC adds the same phase shift to both the x and y components of
the circular light. After four times of accumulation, the outgoing light recov-
ers its original polarisation (s-wave) but has a 27 phase shift. This solution is
very elegant, but the integrated mirrors do substantially reduce the useable
mark-space ratio of the pixels in a device. Secondly, an alternative approach
to this would necessitate an imaging system, such as a four-f system. In
this arrangement light is incident on an SLM with an integrated Al mirror
back-plane. The reflected light from the Al mirror is then passed through a
lens, which is placed one focal length away from the back-plane, and another
lens is put two focal lengths away from the first lens. The mirror is then put
one focal length behind the second lens. The light is hence reflected and pre-
cisely imaged back through the two lenses onto the same pixel in the SLM.
The light, therefore, passes four times through each individual pixel. Further
higher-pass multi-pass configurations can be envisaged, although the imag-

ing arrangements would not be convenient to implement.

A further concern for the practical technological implementation of
the ideas presented in this chapter is the drive voltages used. These are up to
50 Vpp (25 V), which are somewhat higher than normally used in SLMs
with integrated silicon back-planes. However, it is anticipated that these
drive voltages could be reduced through material choice and/or optimisa-
tion. In the pi-cell demonstration, the work was undertaken with the stan-
dard nematic material E7. Choosing (or potentially developing) a material
with higher dielectric anisotropy and high optical birefringence would allow
the drive voltages to be substantially reduced. The flexoelectro-optic phase
modulator was constructed using an in-house developed mixture. Again,

optimisation of the material to enhance the flexoelastic ratio and increase its
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birefringence would allow the use of thinner layers at reduced voltages.
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Chapter 7

Backflow-assisted Time-resolved
Phase Modulation in Nematic

Liquid Crystal Devices

In this chapter, an experimental method is presented to extract the time-
resolved phase modulation of three different nematic liquid crystal (LC) de-
vices: pi-cell (parallel-rubbed alignment layers), Fréedericksz cell (anti-para-
llel rubbed alignment layers), and a hybrid aligned nematic (HAN) device.
Results are shown to be in good agreement with simulations of the phase
modulation for the three nematic devices when backflow is taken into con-
sideration. Results from this chapter have been published in the journal arti-

cle Optics&LaserTechnology156(2022) : 108596 [19].

7.1 Introduction

Like Chapter 6, the subject of this chapter is optical phase modulation in
LC devices. Here the focus is on the time-dependent phase modulation be-

haviour, with the aim of investigating and demonstrating the benefits of
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backflow on the phase modulation depth of nematic LC devices. As men-
tioned in the previous chapter and the introductory chapter, LC-SLMs have
become an enabling technology for shaping the wavefront of light in a range
of different applications including laser micromachining [167], optical com-
munications [168], and biomedical imaging [169]. A key reason why LC-
SLM technology is of significant value is that it enables direct control over
the structure of the optical illumination through the application of a voltage

to a thin pixelated LC layer.

There are various modes that an LC-SLM can be operated in, such as
only modulating intensity, only modulating the phase or modulating inten-
sity and phase simultaneously. In this chapter, the phase-only optical mod-
ulation was studied in particular, as phase-only optical modulation is found
to be important for augmented reality (AR) near-eye displays [149, 170-172]
and free-space optical beam steering [173-175]. When considering which LC
phase to use in LC-SLMs, the choice has historically been between nematic
[176] and ferroelectric [177] materials, although other LC phases have been

considered in recent years [178].

In terms of the technology requirements for current commercial ap-
plications, both the nematic and ferroelectric phases have their advantages
and disadvantages, such as depth of modulation versus speed, and the trade-
off between these properties depends upon the nature of the application. Fer-
roelectric LC (FLC) systems can be operated in a number of modes, but it is
common in SLM applications to use in a bi-stable arrangement. Depend-
ing on the choice of input and output optical polarisation states this then
allows either amplitude modulation or phase modulation or a combination
of both. For example, a previous study demonstrates a FLC device for opti-
cal modulators that can switch between two molecular aligned states using a

surface-stabilized FLC arrangement [179]. More recent work reports a free
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space adaptive optical interconnect with a vertical-cavity surface-emitting
laser transmitter module operating at 1.25 Gb/s and a bi-state FLC-SLM
which can provide a retardation of approximately 0.87 at 850 nm and a re-
fresh time of 192 ps for each 1280x768 frame [180]. A critical feature that is
essential for AR display applications as well as for optical communications is
the switching speed, which is determined by both the LC phase that is used
and the fundamental configuration of the LC layer (e.g., the alignment of the
director in the case of a nematic LC). In the case of nematic LC devices that
consist of anti-parallel rubbed planar alignment layers (e.g., rubbed poly-
imide), the result is a uniformly-aligned nematic LC layer with the direc-
tor aligned approximately parallel to the device substrates. When an elec-
tric field is applied, and for a positive dielectric anisotropy nematic LC, the
director rotates to align with the electric field (as discussed in Chapter 2).
The threshold voltage above which the LC director reorients is known as the
Fréedericksz transition voltage. Due to the two different principal refractive
indices along and perpendicular to the director, the result is a modification in
the effective birefringence (as discussed in Chapter 2), which in turn alters
the difference in the optical path length and consequently the phase differ-
ence, thus making optical phase modulation possible. If the LC layer is oper-
ated in a phase-only mode, then ideally the incident light should be polarised

along the n, direction.

Even though the ferroelectric phase has excellent fast switching speed
in a practical device application, analogue phase modulation is generally
much more useful than bi-state modulation, which in turn requires a contin-
uous rotation of the LC director under an applied electric field. The detailed
nematic LC device behaviour is complicated by the various physical pro-
cesses that take place during switching, which are influenced by both the ma-

terial and device behavioural properties such as the elasticity, viscosity, and
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backflow. Combined with the initial device configuration, these properties
determine the speed of the phase modulation and have significant impacts
on the switching speed of LC-SLMs [181]. For example, flow-reorientation
coupling in nematic director switching (commonly referred to as backflow)
tends to slow down the switch-off process in nematic LC-based device tech-
nology. This is because during switch-off the director reorientation induced
LC flow tends to work against the required reorientation process, slowing
down the behaviour. This is unfortunate because slow modulating LC-SLMs
impede higher information bandwidth and limit high-speed applications —
for example, this can result in a breakup in field sequential colour operation
[182]. Understanding the time-resolved response of the phase modulation is
therefore of crucial importance in terms of improving the response time and
selecting the best-performing configurations. This, in turn, requires a direct
measurement of the time-resolved response of the optical phase modulation

of these LC phase modulators.

Whilst in many of the practical applications involving LC phase mod-
ulation, such as in SLMs, it is the relative phase of the propagating wavefront
between different pixels which is important. In order to study phase modu-
lation behaviour directly it is beneficial to measure the induced phase change
relative to a reference wave. A convenient way to do this is, for example, to
use a Michelson interferometer whereby the LC device to be investigated is
placed in one “arm” of the interferometer. Other methods that have been
explored include Young’s double slit configuration [183] or by introducing a
Ronchi grating in the object plane and observing the variation in the diffrac-
tion pattern in the imaging plane so as to infer the phase modulation depth
[184]. Another approach is to use a Twyman-Green interferometer, which
can provide quantitative information about the phase shift [185, 186]. In pre-

vious work on LC phase measurement, a method of tracking the changes in
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the phase by imaging the interference fringes was adopted [18]. However,
this method is not ideal because for LC devices that reorient at millisecond
timescales, it is necessary to use either high-speed imaging of the fringes or
else to use a stroboscopic imaging approach. Additionally, the process of
phase modulation extraction from the data, through image processing and
titting of line samples from images, adds additional complexity and poten-
tial sources of error, particularly as highly uniform images of the fringes are

required.

To address these issues a more direct measurement of the phase as a
function of time is needed. Previous work has used a heterodyne interfer-
ometer to measure optical phase over time [187]. This manipulated a het-
erodyne interferometer and acousto-optic frequency shifters to measure the
phase shift of the light directly. The system can capture and measure the sig-
nal without time-averaging but needs rather complex signal processing and
expensive hardware support. In this chapter a variation on this approach
is used, such that a piezoelectric scanning mirror is placed in the reference
arm of a Michelson interferometer to provide a continuous phase shift in the
reference signal. The interference signal intensity is then recorded and the
phase modulation can be extracted directly. Using this technique, the time-
dependent phase modulation behaviour for three technologically-important

nematic LC alignments are presented, which are shown in Figure 7.1.
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FIGURE 7.1: Illustration of the three different configurations of the LC director for
the nematic LC devices considered studied in this chapter: (a) Fréedericksz device
(anti-parallel rubbed alignment layers); (b) Pi-cell (parallel-rubbed alignment lay-
ers); (c) HAN device. All configurations are shown with and without an applied
electric field. It is considered that the director only rotates within the x-z plane.
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Figure 7.1(a) illustrates anti-parallel rubbed planar aligned nematic
LC (this work refers to this as the Fréedericksz cell) [188] - this is actually
the most commonly used nematic alignment in phase modulation nematic
SLMs. Figure 7.1(b) illustrates parallel-rubbed planar alignment (the pi-cell
configuration) [188] — this has been shown to exhibit fast switching, and re-
sults for a multi-pass configuration were presented in the previous chapter.
Early work on this operating mode showed that the relaxation time from
the switched state to the bend state (shown as the E on and E off states
in Figure 7.1(b)) could take place on millisecond time scales [154]. Fur-
ther investigations showed that the unique geometry of the pi-cell config-
uration allows more favourable nematic director switching dynamics (flow-
reorientation coupling) than other switching modes, enhancing the switching
speed and making the mode potentially useful for high-speed applications
such as field-sequential colour displays [160, 189]. This mode is therefore
also interesting for current and future optical phase modulation technolo-
gies. In Figure 7.1(c) a hybrid aligned nematic (HAN) [190] cell arrangement

is shown.

In the work presented in this chapter, a comparison is made of the
experimental findings with simulations of the phase modulation behaviour
when backflow is taken into account, and the combined effect of backflow
with the elasticity and viscosity properties is typically discussed in the con-
text of response time studies. By modelling the influence of backflow for
these three different nematic LC device configurations, and making compar-
isons with experiments, it is possible to identify the optimum configurations
and understand their resultant behaviour. These dynamic phase response
measurements demonstrate that backflow hinders the response of the Fréed-
ericksz cell but not the response for the pi-cell. The findings and experimen-

tal technique presented would be of importance for commercial LC devices
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and could, in the future, lead to the development of faster, analogue phase-

only optical modulation.

7.2 Phase Measurement Configurations

7.2.1 Experiment Configuration

A schematic of the Michelson interferometer that is equipped with the piezo-

electric scan mirror arrangement used in this study is shown in Figure 7.2.

FIGURE 7.2: Pictorial representation of the Michelson interferometer with a piezo-
electric scan mirror placed in one arm of the interferometer.

A continuous wave He-Ne laser (Thorlabs, HNL505L) operating at
632.8 nm is passed through a 50:50 beam splitter (Thorlabs, BS016-50:50 Non-
Polarising Beamsplitter Cube, 400-700 nm, 20 mm) where the beam is split
into two: one beam passes through a linear polariser and then the LC device
under test before being reflected back by a mirror. The orientation of the LC
device is such that the surface alignment direction is parallel to the incident
polariser in order to lead to optimum phase modulation. The other beam,

on the other hand, propagates towards a second mirror that is mounted on a
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piezoelectric stage (Melles Griot, 17 TFJ001/D) that is controlled by a wave-
form generator (Multicomp PRO, MP750510) via a Melles Griot Piezoelectric
Controller (17 PCW002). The 0-10 V dc signal from the waveform generator
can drive the Melles Griot Piezoelectric Controller to output a signal from
0-to-75 V in order to control the Melles Griot piezoelectric stage. By carefully
adjusting the frequency, shape and amplitude of the control waveform, the
piezoelectric stage that is fitted with the mirror can move along the optical
axis back and forth smoothly. The piezoelectric stage is controlled by a trian-
gular waveform with a 10% symmetry, 30 mHz frequency so that the mirror
travels from 30 pm to 35 um (the total travel distance of the piezo stage is
50 pm and has a good linearity between 8 um and 45 um, here the control
output of the waveform generator is 6-7 V.) over a period of 30 seconds and

quickly moves back to the start position (30 pm) in 3.33 seconds.

The principle of this method is generally referred to as phase shifting
interferometry. This approach can be used in a range of applications, such
as in axial surface and position measurement and in high-resolution interfer-
ence microscopy [191-193]. The method is generally based on changing the
optical path length smoothly and continuously in the reference arm, resulting
in intensity in the interference pattern which will continuously change. The
resulting signal (or series of images in an imaging system) can then be anal-
ysed to extract the required phase information. For example, in this system,
this approach leads to a sine wave profile being captured for a fixed signal
beam phase. The frequency of this sine wave depends on the characteris-
tics of the movement of the scanning stage. The LC phase modulator under
investigation is then controlled by an external waveform signal. The phase
shift waveform from the signal arm will then effectively be overlaid on top
of the sine wave to form a new waveform with a different shape. By select-

ing, extracting, and analysing the new waveform at some key feature points,
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then the value of the phase shift can be extracted, as explained in the analysis
in the next section. The material chosen for this investigation is the widely
studied LC nematic mixture E7 (Synthon Chemicals Ltd.), which has been
used in the previous chapters. The clearing temperature of this mixture is
58°C [194] and the ordinary and extraordinary refractive indices are quoted
to be 1,=1.52 and n,=1.74 [195], respectively, at a wavelength of 632.8 nm
and room temperature. The dielectric anisotropy of E7 at room temperature

is reported to be Ae=14 [196].

7.2.2 Theoretical Considerations: Extraction of the Optical

Phase

In general, the single point intensity observed on an imaging plane resulting
from the interference between two light waves can be written as a short-term
average | = ({E1(t) + Ex(t)}?), where E;(t) and E,(t) are the instantaneous
electric fields generated by the waves from the two interfering light sources,
and the average is taken over a time which is large compared with the period
of alight wave, but small compared with the time-scale of modulating signals

of interest.

The light at the detector in this system is the sum of the light prop-
agating along the reference arm and the light propagating along the signal
arm of the interferometer as presented in Figure 7.2. Ignoring the phase
change due to the propagation of the light along its path, the light from the

reference arm can simply be expressed as

Eyef(t) = Acos(wt) (7.1)
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whereas the light for the signal arm is given by

Esig(t) = B(t) cos(wt + kt + A+ ¢(t)) (7.2)

where E,.r and Eg;q represent the electric field component of the reference and
signal arm light, respectively, f is time, A and B(t) are the amplitudes of the
reference and signal light beam, respectively (where the signal is shown as
time-dependent because the modulator may introduce amplitude/intensity
modulation as well as phase modulation), w is the angular frequency of the
light, kt is the term for the continuous phase change resulting from the piezo-
electric scan mirror, A is the system optical path difference which results from
the system construction process, and ¢(t) is the time-dependent phase mod-

ulation induced by the LC device.

Assuming that the photodiode is not responsive to the frequency of
the light, but has a sufficient bandwidth to respond to the modulating sig-
nals, then based on Equation 7.1 and Equation 7.2, the light intensity can be
determined by calculating the average over a short time of the square of the

sum of these two equations, which leads to the following:

I_A2 B(t)?
2 2

+ A - B(t) cos(kt + A+ ¢(t)) (7.3)

where the average is taken over a period that is much shorter than that of
the modulating signals. First, let us consider the case when there is no mod-
ulation. In this case, the signal will simply be an offset sine wave, as can be
seen in Figure 7.3(a) where the period is controlled by K and depends on
the mirror scan speed. Here four specific points are chosen where the phase
term, kt + A, is equal to nt and 7 + nm, labelled as Iy, I, I, and Ii in Figure

7.3(a).
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Around the corresponding four specific points labelled in Figure 7.3(a),

the intensity from Equation 7.3 becomes:

() = A=+ BOZ 4Bty cos(p(r) 7.4
() = 2+ BO% 4By sino(t) 75
Lt = 2+ B0 A B cos(o(t) 76
Lt = o+ B0 A B sin(p(r) 77

Subtracting Equation 7.5 from Equation 7.7 and Equation 7.6 from Equa-
tion 7.4 separately, and then dividing, we can obtain the value of the phase

modulation from:

1 (7.8)

It can also be noted that

A2+ B(t)* = Li(t) + L(t) (7.9)

In practice, it is necessary to identify and select the data around the points
labelled in Figure 7.3(a) when a modulating signal is applied to the device.
In order to do this, well-defined reference points are added to the modulat-

ing signal. In post-processing, these can then be identified, and the signals
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(shown in Figure 7.3(b)) can then be extracted from the points labelled and
can then be “processed” using Equation 7.8. The extracted and realigned
data subsets from around the points Iy, I, I, and I; are shown in Figure
7.3(b). The resulting extracted optical phase as a function of time is then of
the form shown in Figure 7.3(c), the details relating to its shape and val-
ues will be analysed and discussed in the following sections. The raw data
was collected by an A/D converter with a 200000-point-per-sec sample rate,

allowing sufficient resolution to study the LC phase modulation.

7.3 Modelling of the LC director

The number of LC molecules is enormous even in a device of a few mi-
crons thick. Therefore, simulation at an atomistic or molecular level is not
appropriate in this case. Thus, a macroscopic continuum method based on
Ericksen-Leslie-Parodi’s [33, 197, 198] theory has been used for the simula-
tions of the phase modulation. The LC director is thus treated as continuous
which allows gradients to be specified. In many simulations that are under-
taken for interpreting the switching behaviour of nematic LC devices, the
influence of backflow is not commonly discussed in detail. Some of the liter-
ature has discussed how backflow can influence the dynamics in nematic LC
disclinations [199] and twist cell configurations [200]. However, for a rigor-
ous understanding of the modulation, the backflow cannot be ignored, and
the flow gradients have a significant impact on the dynamic behaviour of
the system. Generally, backflow has a negative impact on switching times
in a Fréedericksz device due to the flow-reorientation coupling, but this can
have a more positive impact on pi-cell performance. H. G. Walton and M.
J. Towler’s work makes a direct comparison between pi-cell switching times

with and without the inclusion of flow-reorientation coupling in simulations
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FIGURE 7.3: (a) Example waveforms of the interference signal and the specific re-
gions of interest. The black solid line depicts the sine wave obtained when an LC
phase modulator is placed in the signal arm but not modulated by an external elec-
tric field and the light yellow is an example envelope of the signal modulated by the
LC device. (b) The realigned extracted signals from around the four specific points
highlighted in (a). The dark red solid line is the waveform around I; the orange
solid line represents the waveform around I;; the dark green solid line is the wave-
form around I,; and the purple line is the waveform around I;. (c) An example of
the time-resolved modulation of the optical phase of a 5 um E7 nematic pi-cell when
subjected to an applied voltage of V=10 V at room temperature. The device was
driven with a 5 kHz square wave, which is itself amplitude modulated with a sec-
ond lower frequency wave that results in 1 ms duration bursts of the 5 kHz signal,
followed by 1 ms spacings whereby V = 0 V. This data has been extracted according
to Equation 7.8. (The sample rate used for the data presented here is 200,000 per
second.)
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[160]. This shows that when the backflow effect is not included in simula-
tions, a slower switching response is observed in the pi-cell, emphasising
the importance, and positive benefit of back-flow effects in pi-cell switching.
Taking this into consideration, the modelling here simulates the Frank elastic
energy density function(s), as well as the effects of dielectric coupling and
backflow. A numerical approach is then employed to determine the phase

modulation behaviour.

The director profile of a volume of LC material is defined in this work
based on the coordinate system illustrated in Figure 7.4. Here the structures
under consideration are untwisted, and ¢ = 0 and the director remains in the

x — z plane.

Glass substrates

FIGURE 7.4: The geometry of the LC director in a glass cell. The two substrate
surfaces are in the x — y plane and are perpendicular to the z-axis.

The HAN cell is intrinsically untwisted due to the homeotropic an-
choring at one surface, therefore in such a device, when using an achiral
nematic LC, the director is confined to a single switching plane. The Fréed-
ericksz device has a small surface tilt angle of 4°, but is untwisted, although
in practical devices small errors in device assembly can lead to small twists
within the device. In this work devices are carefully chosen that show very

little residual twist. Additionally, relatively high amplitude electric fields are
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applied in this work, ensuring that the director is perpendicular to the sub-
strates in the centre of the cell, and hence effectively decoupling the top and
bottom halves of the cell — hence the assumption that the director remains in
the x — z plane is reasonable. The pi-cells studied in this chapter also have
small surface tilt angles of 4°, and in these devices, twisted states can oc-
cur when the electric field is removed. However, such states take time to
form and do not occur on the timescales of the modulation investigated here.
Again, the top and bottom halves of the device are effectively decoupled by
applying relatively high amplitude electric fields, and the assumption that
the director remains in the x — z plane is reasonable. The general Frank elas-

tic energy density equation is then given by Equation 2.2:

felastic(1) = fsplay(ﬁ) + frwist (1) + foena (17)
1

= 2K [V AP+ SKanlii - (V x ) 4 qo]? + 5Kl x (¥ x )
The materials used in this study are not chiral, so go= 0. The electric
tield is applied across the cell, parallel to the z-axis in Figure 7.4, and per-
pendicular to the substrates. The size of the active electrodes of the cells in
the x — y plane is around 2.5 cm? whereas the gaps of the cells are under 10
pm. Therefore, because of the large aspect ratio between the length scale in
the z-direction and the length scales in the x — y plane, the electric field E can

be considered as consisting of only the component E;, while Ey = E, = 0. The

electrostatic energy density of the device then takes the form

1= = 1 1
felectro = _ED -E = _EDzEz = —EEOEZ,ZE;E (7~10)

which is the z-component of the original Equation 2.8 and ¢, €., represent



Chapter 7. Backflow-assisted Time-resolved Phase Modulation 163

the free space permittivity and the z-component of the relative dielectric per-
mittivity tensor, respectively, D is the electric field displacement vector and

E is the electric field vector. In this system this becomes

1 .
felectro = _§E§€O(A€ Sln2 0 + EL) (7'11)

Considering the device contains barely any ions, there are no free charges in

the system, then V - D=0and VxE=0. Therefore, with the large pixel
0E;y JE, 9D,
dz 0z 0z
the electric displacement in the z direction are

=0, then the electric field along the z direction and

assumption

D, = epexE;

D
E, = —
€0€zz

d
V= / E.dz
0

d D
= 2 dz
0 €08zz
D, [1dz

€0 JO €&zz

then we can rearrange the equation above and we can get

—SoV

d dz
0 &z

780V
d dz

E, = 2= 7.12
© gEz ( )

The objective of the simulation is to determine how the LC alignment be-

haviour changes over time, so using a computational method which is based
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on the work of a previous group member, Dr Paul Brimicombe, [201], to solve
the rate of the change of the free-energy of the system is essential. The ap-
proach is to describe the rate of the energy dissipation (D) as equal to the

change rate of the free-energy (L) which can be written as
dL
i D
dL _ dL dn, _ dL dny . dL dn,
dt — dn, dt  dn, dt  dn. dt

utilizing the Euler-Lagrange equations from calculus of variations [201], the

dL dL dL :
dmy 7 dny and 7= can be given as

dn, dz\odnk 01y
dL d ([ oL oL
i = 3z (oug) o
dL d [ JL oL
dn; ~ dz (8_";) - on;

, dny ,  dny dn,

/
=y = =
X dz 'Y dz ' % dz

Thus ‘% = D can be written as

de_(i(aL)_aLynx_D
dt — \dz\on, on, ) dt 7
dﬁ_(i(@L)_aL)dny_D
dt — \dz\omj) om,) dt 7
&_(i(@L)_aL)dnz_D
dt — \dz\on, on, ) dt 7 °
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If we replace the differentials with respect to t with dots and the differentials

with respect to z with dashes, the equations become

d (oL oL 9Dy
E(an;) T Ony  onix
d <aL ) oL 9D,
dz an’y ony  dny
d/9L\ oL oD
E(em;) T on.  on-

The director can be either expressed in terms of ny, n, and n; or 6 and ¢.
In order to correspond to the illustration in Figure 7.4 as well as simplify
the following derivations, we replace the ny, n, and n, with 6 and ¢ in the

following set of equations and we then get two dissipation equations:

d (E)L) dL 9Dy

dz\o0') 960 ~ a8
d (oL _oL _ 9Dy
dz\o¢' ) ¢  a¢P

As the change in ¢ is considered to be zero, there is no change in the
dissipation in the ¢ direction, so D = Dy and then we replace the differenti-
ation with respect to z with a partial derivative with respect to z, then we get
the energy dissipation equation of the whole system which is

d (aL) dL 9D 713

0z\90') 0 90

where L is the free-energy density and D is the dissipation function.
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Using the standard Einstein summation convention, the general form

of the dissipation function can be written as [202]

A5 — Ko ,
Z) (0j,0ji +vj,v;,j) + ( 1 )(”injvk,ivk,j — 27y nvy ;)

0o + 203 + &g .
+ (f) (ninjv; v;  — 2Mn;v; )
X2 + K5 , .
+ (T) (ninjoy,vj x + Mnivx; — Mn;oj i) (7.14)
a1
+ o IO p
N3 — K
+ ( 3 . z)ﬁi

where the a; to a5 coefficients are the Leslie viscosities [33]. Assuming in a
real device the LC flow is incompressible, then the only non-zero flow terms

are the velocity of the fluid, v,.=v} and v,,=v,. However, here we only

/

”
consider the velocity within the x — z plane, then the only non-zero flow
term is v, ,=0). Firstly, we simplify Equation 7.14 based on 7i = (1, ny, 1),

then the dissipation function can be written as

U/Z
D= Zx[zalning +ap(ny — n3) + 20517 + g + s (1 + n3))]
+ vl riyaon, + 0l azn,
a3 —
+ (ﬂxz +ﬂy2 + n-ZZ) [ & 2 2:|

where we replace n, with cos 6, n, with 0 and 7, with sin6, and differentiate

D with respect to the time differentiation of 6, we then get
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2
D= sz [2a1 cos 6 sin 62 + ay(cos B — sin 62) + 23 cos 0% + ay + as(cos 62 + sin 62)]

— v sin 6% - 0 + vl cos 6 - 6 + 62 {0{3%&2}
oD .
> = (a3 — a2)6 + v/, (a3 cos? B — ap sin? B) (7.15)

For the right hand side of Equation 7.15 there are two unknowns (6, v%).

Therefore, it is necessary to introduce the Navier-Stokes equation

p0; = F + 0ji (7.16)

where p is the density of the fluid, @i:%, F; is the external body force, and o
is the stress tensor. It is assumed that in this system the external body force
can be neglected, as a result, F;=0. Additionally, for the left-hand side of
Equation 7.16, it is assumed that inertial terms (p;) only act over a timescale
significantly shorter than the LC relaxation. As a result, in the Equation 7.16
pt;=0. Thus, Equation 7.16 is further reduced to 0j; j=0. In this study, the

only non-zero dynamic portion of the stress tensor in an untwisted nematic

system is 05y, which is given as

oD 7
v :% [2a; sin® @ cos? 8 + a(cos? f — sin? 0)
X

Ozx =
+ 203 cos? 6 4 ay + 5] (7.17)

+ 6 (a3 cos? 6 — ap sin? 0)

Equation 7.17 can now be combined with Equation 7.15 to obtain a pair of

equations for 0 and v/, [201] - this system can then be solved numerically to
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determine the director’s behaviour. Furthermore, based on the time depen-
dence of the director profile, the intensity modulation can also be modelled
along with the phase modulation using a Jones matrix approach to represent
the light propagation through the nematic LC layer. The key elasticity, di-
electric and refractive index coefficients used for the model here are K;1=11.1
PN, K33=17.1 pN, e =54, €H=17.4, n,=1.5, n,=1.72 and the wavelength is set
to A=632.8 nm [203].

7.4 Results: Experiments and Simulations

The devices investigated here are three different, but well-known, configu-
rations of nematic LC devices: a Fréedericksz cell [188], a pi-cell [188], and
a HAN cell. In each case, the LC modulators are placed in the signal arm
of the Michelson interferometer arrangement illustrated in Figure 7.2. Each
device is typically driven with a 5 kHz square wave, which is itself ampli-
tude modulated with a second lower frequency wave. In the data presented
in the following, this configuration is used in order to provide 1 ms duration
bursts of the 5 kHz signal, followed by 1 ms “gaps” at 0 V. An example of the
driving signal is shown in Figure 7.5(a). The voltage amplitude used in this

case is V=25V (Vpp = £25 V).

Alongside the driving waveform, Figure 7.3 also shows a set of data
that demonstrates the time-resolved phase modulation behaviour of a 5 ym
nematic pi-cell at room temperature. The phase modulation response shown
in Figure 7.5(b) is a result of the on-off external electric field which is shown
in Figure 7.5(a). It can be seen in Figure 7.5(b) that a phase depth of around
3.7 radians is achieved over a timescale of 1 ms. Following the switch-on
state is a 1 ms period when the LC device is switched off (this is represented

by the black line parts in Figure 7.5(b)) where the LC device modulates the
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phase of the incident light from 0 to 3.7 rads in 1 ms (see, for example, the
response over the time period from 1.5 ms to 2.5 ms in Figure 7.5(b)), before
rapidly dropping back to 0 rad when the electric field is re-applied. This
behaviour would easily lead to a phase modulation that was greater than 27t
with a sub-millisecond timescale using the four-pass configuration that was

presented in Chapter 6 [18].

Because the nematic pi-cell behaves as a capacitor, which is driven
through the resistance of the indium tin oxide (ITO) electrodes, when the
electric field reverses at 5 kHz between 25 V and -25 V, the capacitor charging
time leads to a ripple in the signal which is the red line in Figure 7.5(b). It
is more noticeable in Figure 7.5(c) when the voltage driving conditions were
set to a square wave of V=25V, f =5 kHz, but without the 500 Hz amplitude
modulation. Figure 7.5(d) shows the residual intensity modulation. The data

shown in Figure 7.5(d) was extracted using Equation 7.9.

To investigate the behaviour of the three different nematic LC de-
vices, a series of experimental tests were carried out and the measurements
were then compared with the results from simulations. In the simulations,
the surface anchoring conditions are “strong”, with a no-slip condition in the
flow at the surfaces and infinity strength surface tilt anchoring with a small
surface pretilt angle of 4°. The Leslie coefficients used in the model are a1=-
21 mPa-s, ap=-282 mPa-s,a3=-1 mPa-s, a4=225 mPa-s and a5=92 mPa-s, taken

from Reference [204].

Figure 7.6 shows direct comparisons between the experimentally de-
termined phase modulation and the phase modulation predicted from simu-
lations. Two sets of results are shown, one with an AM modulating frequency
of 500 Hz (i.e., with the 5 kHz signal on for 1 ms, and off for 1 ms) (Figure
7.6(a) - 7.6(c)), and one with an AM frequency of 50 Hz (i.e., with the 5 kHz
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FIGURE 7.5: An example of the experimental data for the time dependence of the
phase modulation for a nematic LC pi-cell with a gap of 5 pm. (a) An example of
the modulated square wave, the square wave frequency is 5 kHz and the amplitude
modulated (AM) frequency is 500 Hz. Note that the voltage amplitude is varied de-
pending on the experiment and the value is specified in each case. (b) The extracted
phase modulation using Equation 7.8 as a function of time for the electric field con-
ditions: V=25V and f = 5 kHz, AM frequency 500 Hz and (c) V=25V, f =5 kHz
without the application of the AM square wave. (d) corresponding intensity mod-
ulation as a function of time for a modulated square wave, V=25V, AM frequency
500 Hz. The value of the intensity has been normalized to the maximum intensity
value.



Chapter 7. Backtlow-assisted Time-resolved Phase Modulation 171

= Pi Cell = Fréedericksz cell = HAN Cell

§4.( g éz.o

= = =

£ £30], £

= = = T/

= 220 3o

2 2.0 B ’ ra glo

= = ] =

I 0 !0 205

3 - J i £

& 00 3 4 & 0.0y 1 2 3 4 B00

Time (ms) Time (ms)
(a) (b)

=) =) =)
Seof ’ £ ) £ :
= g =60 A i =40 A
2 7 2 /i /| S e
Z60 | Y =0 /0 S i 30 o
o~ y i =4 L = ;

fof | ] 7 20 /|
S A B Zp0f 0 z /o
@20 | g ] @104 i }
2 ¥ ! g ! g | f !
= I o oo 0.0 i | 1 = | | L
B 00, 1050 30 0 = 10 20 30 0 A0 10 20 30 )

Time (ms) Time (ms) Time (ms)
(d) (e) 63)

FIGURE 7.6: Experimental measurements (blue solid lines) and simulations (red
dashed lines) of the phase modulation as a function of time for the three different
nematic LC configurations considered in this study: nematic pi cell (parallel rubbed
alignment layers), Fréedericksz device (anti-parallel rubbed alignment layers), and
a hybrid aligned nematic (HAN). The cell gap used in the simulation for the pi and
Fréedericksz cells were 5.78 pm and 5.12 pm respectively, whereas for the HAN cell,
the gap was 7.44 pm. Each cell was filled with the nematic LC, E7. The time when
the modulating signal is applied and when the voltage is zero in (a), (b) & (c) were 1
ms, but were 10 ms in (d), (e) & (f). The amplitude of the applied voltage in all cases
was V=25 V. Measurements were carried out at room temperature.
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signal on for 10 ms, and off for 10 ms) (Figure 7.6(d) - 7.6(f)). The behaviour
for 1 ms bursts illustrates the available phase modulation over a target time
scale of 1 ms, whereas the response for the 10 ms bursts serves to illustrate

the impact of backflow on the resulting device behaviour.

The results from simulations are found to be in good agreement with
the experimental results for the different switching conditions. It can be seen
that the shapes of the phase modulation response are very similar for all three
devices when driven with 1 ms bursts. Furthermore, the nematic pi-cell (par-
allel rubbed) and the Fréedericksz device (anti-parallel rubbed) show similar
phase modulation over a timescale of 1 ms (Figure 7.6(a) and 7.6(b)), with
the Fréedericksz device being just slightly less responsive. In contrast, the
HAN device shows somewhat less phase modulation (Figure 7.6(c)), though
the gap is 7.44 pm which is much thicker than the other two devices, and is

thus less promising for commercial phase modulation technology.

The behaviour observed can be understood in terms of the high volt-
age response of nematic LC devices. When high voltages are applied, the
LC director in the bulk of the device is switched to a near-homeotropic align-
ment. When the voltage is removed, however, the device returns towards the
corresponding pi, planar or HAN states, depending upon the original config-
uration of the nematic LC. Initially, this relaxation occurs as boundary layer
regions growing from planar-aligned surfaces [18]. In the nematic pi-cell and
the Fréedericksz device, these boundary layers grow from both surfaces, but
in the HAN device, this only occurs at one surface, the corollary of which is
that the level of phase modulation obtained is lower (compare Figure 7.6(c)
with Figure 7.6(a) and 7.6(b)). It can also be verified by comparing the
phase modulation shown in Figure 7.6(a), 7.6(b) with that in Figure 7.6(c):
the HAN cell phase modulation is half of that for the other two cell configu-

rations. This behaviour is largely independent of the device gap.
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At longer time scales, however, the backflow becomes more impor-
tant, as is evident in the response of the devices when driven with 10 ms
bursts (Figure 7.6(d)- 7.6(f)). In these cases, we see substantially different
responses between the pi-cell (Figure 7.6(d)) and the Fréedericksz (Figure
7.6(e)) devices. For the Fréedericksz device, it can be seen that the phase
modulation increases rapidly when the field is removed before increasing
at a slower rate up until approximately 5 ms when the phase modulation in-
creases at a greater rate. This behaviour is also reproduced in the simulations
and is an effect that is caused by backflow, which tends to hinder the switch-
off response in Fréedericksz devices. This behaviour is not apparent in the
pi-cells because in these devices the backflow tends to work with the switch-
off response (i.e., with the reorientation of the director) rather than against it.
Asnoted above, this concept has been demonstrated previously by H.G. Wal-
ton and M.]. Towler in work where a direct comparison was made between
the flow-influenced pi-cell director relaxation and the behaviour when ignor-

ing flow [160].

It is clear that the limiting effect in terms of the available phase mod-
ulation depth is the phase change that occurs during the switch-off period
after the device has been driven on. Therefore, the investigation further fo-
cuses on the available phase modulation depth of the devices under different
applied voltages. Five experimental points were chosen, with the driving
voltages varying from V=15V to V=25V in increments of 5 V. The magni-
tude of the deviation between the theory and the measurement was 0.14 rads

for the HAN cell and 0.09 rads for the pi and Fréedericksz cells.

Figure 7.7 presents both experimental and modelling results of the
achievable phase modulation depth as a function of the applied voltage am-
plitude. The waveform that was applied was the same shape as that illus-

trated in Figure 7.5(a) and here the black squares represent the results from
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FIGURE 7.7: The available phase modulation as a function of voltage when driven

with voltage waveforms of the same shape as that shown in Figure 7.5(a). The black

squares represent the simulation results and the red dots represent the experimental

results recorded at five different voltage amplitudes for the switching on state. (a) a

nematic pi cell, (b) a Fréedericksz cell, and (c) a HAN cell. The experimental results
were obtained at room temperature.
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simulations while the red dots represent the experimental results at the five
different voltages. The results also show that for the same applied voltage
amplitude, the nematic pi cell performs best in terms of the available phase
modulation compared with both the Fréedericksz cell and the HAN cell. Sim-
ilarly, and as shown here, the pi-cell can achieve more than a 7t (¢=3.14 rads)
phase modulation (or 27t phase modulation if the device is implemented in a
four-pass configuration of the type discussed in the previous chapter (Chap-
ter 6) at a lower voltage amplitude (V = 6.9 V) and can achieve the largest
phase modulation of all three devices (¢=3.7 rads). For the nematic pi-cell
and the Fréedericksz device, the dashed blue lines in the plot indicate the
voltage that corresponds to a w phase modulation. It can also be seen that the
HAN cell used here cannot reach a full 7w phase modulation in a timescale
of 1 ms, even though the cell gap is around 3 um thicker than that of the
pi-cell and Fréedericksz cell. For each configuration, as the drive voltage is
increased, the phase modulation increases, but above a certain level the in-
crease is only small. This is because once the applied voltage reaches a level
such that the boundary layer between the bulk homeotropic state and the pla-
nar surface state is substantially less than the wavelength of light, a further

voltage increase does not substantially increase the change in the phase.

Finally, the illustration of experimental measurements of the time-
dependent behaviour of the phase modulation when switching between arbi-
trary phase modulation depths for the nematic LC pi-cell is demonstrated. In
this case, the applied 5 kHz square wave is modulated by a pseudo-random
pattern, and the resulting time-dependent phase was extracted. This is shown
in Figure 7.8. The electric field was set such that the waveform was the same
form as that shown in Figure 7.5(a), and the amplitude of the applied volt-
age was varied every 1 ms, which can be seen in the yellow plane in Figure

7.8. A voltage sequence was then applied as follows: the voltage is switched
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on (the dark red areas), a lower voltage that behaves as a switch-off volt-
age (the lightest red areas) and then a hold voltage (the red colour bar in
between). The director will remain at a certain orientation that results in a
specific, steady phase modulation for 1 ms when subjected to the voltage se-
quence. By adjusting the relative value of voltage amplitude during the three
periods, the phase modulation can be varied on demand. Figure 7.8 clearly
shows that for a practical phase modulation application scenario, the phase
can still be modulated by up to 3.7 rads within a sub-millisecond timescale.
Therefore, it is seen that the available pseudo-random phase modulation is

consistent with the range observed above.
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FIGURE 7.8: The phase modulation as a function of time for the nematic pi-cell in an
arbitrary phase-modulation sequence. The plot on the yellow panel represents the
rms voltage applied to the cell and the applied waveform is a 5 kHz square wave but
in this case, the amplitude changes every 1 ms according to the plot on the yellow
panel. The darker red bars indicate a higher voltage amplitude. Each red bar is 1 ms
in duration and the corresponding relative phase shift is shown in the front panel,
where the colour of the line reflects the depth of the modulated phase. The purple
parts indicate that the modulation is greater than 7t. The phase modulation changes
along with the ‘switch on- switch off- hold” electric field sequence so that the phase
depth is lowest (red parts) at first and then increases to a high value (the gradient
changes colour from red to green to purple or blue) and then remains held at that
level for another 1 ms without any significant change (the purple or blue parts).
Hence, by controlling the amplitude modulation of the applied waveform, different
levels of phase modulation can be achieved.



Chapter 7. Backtlow-assisted Time-resolved Phase Modulation 177

7.5 Summary

In this chapter, a method which can experimentally measure the time-dependent
phase modulation of LC devices is presented. This method was then used to
study and characterise the response of three different nematic LC devices: pi-
cell (parallel-rubbed alignment layers), Fréedericksz cell (anti-parallel rubbed
alignment layers), and a hybrid aligned nematic (HAN) LC. The results pre-
sented have shown that both the intensity and phase properties can be deter-
mined by simply recording and analysing the signal captured by the photo-
diode in a Michelson interferometer when the reference arm is modified to

provide a phase ramp.

In order to understand fully how the alignment configuration and
the initial director orientation of the LC can affect the phase modulation
behaviour, simulations were conducted based upon the Frank elastic en-
ergy density, effects of dielectric coupling, and importantly, the impact of
backflow. In this study, a range of device driving voltages have been ex-
plored, with driving voltages up to 25 V. For the nematic LC E7 in each of
the three different configurations, the “useful” range of driving voltages is
determined, defined here as when 7t phase modulation is achieved in the test
arrangement discussed above. The results show that different cell config-
urations have different impacts on LC relaxation and thus have significant
influences on director reorientation speed. For a quick phase modulation ap-
plication, say the switching time is shorter than 1 ms, a 7w phase modulation
is achieved at a driving voltage of 6.8 V for the nematic pi-cell, compared
with 11.3 V for the Fréedericksz device. However, 7t phase modulation is not

achieved in the HAN cell.

By increasing the switching time to 10 ms, all of these three devices

can provide a full 7 phase modulation, though, at a sacrifice of refresh speed.
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Under 1 ms rapid switching condition, those results would lead to full 27t
phase modulation in the four-pass configuration presented in the previous
chapter (Chapter 6) for the pi and Fréedericksz devices at reasonable driving
voltages (less than 10 V in the case of the pi-cell). In contrast, the HAN cell
does not reach a 7w phase modulation despite the LC layer being nearly twice
as thick. It is also shown that when backflow is prevalent there is a negative
impact on the dynamic phase response of the Fréedericksz device but not the
pi-cell. The experimental results and simulations both suggest that the pi-cell
is potentially better suited for phase modulation when fast switching speeds

and a wide optical phase change are required.

This chapter primarily explores the advantageous cell configurations
that promote greater phase shift in the nematic LC material, one of the two
materials investigated in Chapter 6. The next chapter will also address the
second issue discussed in Chapter 6, namely, the enhancement of phase
modulation in flexoelectro-optic materials and the mitigation of amplitude

modulation.
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Chapter 8

Optical Phase Modulation of
optimised Fast-Switching
Flexoelectro-optic Liquid Crystal

Devices

In this Chapter, I demonstrate that by carefully considering and selecting
various device parameters, the phase modulation depth of a flexoelectro-
optic phase modulator can be elevated to a significantly higher degree. It
is shown that by adopting such a technique in a phase modulator, it is possi-
ble to demonstrate a substantial optical phase modulation, even though the
tilt angle of the optic axis is less than £22.5°. Modelling is used to determine
the phase shift for the chiral nematic LC mixture and the experimental results
show a good agreement with the simulation results. This chapter has been

written up for publication.



Chapter 8. Optical Phase Modulation of Flexoelectro-optic LC Device 180

8.1 Introduction

The importance of modifying the optical phase properties of light is a critical
process in a large range of photonics applications which has been discussed
in Chapter 6 and 7. Chapter 6 provided a design of an optical system to
amplify the phase shift of either a nematic pi-cell device or a chiral nematic
flexoelectro-optic device by a factor of four. Chapter 7 further investigated
the possibilities of optimising the nematic LC phase modulators by demon-
strating phase modulation for three different device configurations (pi-cell,
Fréedericksz cell, and HAN cell). However, the optimisation of the other de-
vice, the flexoelectro-optic device, presented in Chapter 6 has thus far not

been studied further.

Here, in this Chapter, I will show a comprehensive investigation of
how to achieve enhanced high-speed phase modulation by combining a uni-
form lying helix (ULH) chiral nematic flexoelectric LC device with quarter-
wave plates. The approach of time-resolved measurements of phase modula-
tion is adapted so that we can extract the change in the optical phase (Equa-
tion 7.8) as well as changes in the intensity (Equation 7.9) as a function
of time. Factors, including the orientation of the helical axis relative to the
quarter-wave plates, applied electric field conditions, and the impact of di-
electric coupling on the observed response for a chiral nematic LC mixture

dominated by flexoelectric coupling, are analysed.

8.2 Flexoelectro-optic Effect and Optimisation for
Phase-only Modulation

In general, LC-SLMs have been based upon either nematic [176] or ferroelec-

tric LC technologies, as discussed in Chapters 2, 6 and 7. However, for other
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applications such as Lidar and optical communications, high-speed modula-
tors are required that simultaneously offer full analogue control of the phase.
Towards this end, there have been a number of reports that describe differ-
ent methodologies that have been developed to achieve high-speed analogue
phase modulation. An approach that the group at Oxford has adopted in re-
cent years is to consider alternative LC electro-optics modes that inherently
possess a fast response time but can also exhibit analogue switching of the
optical properties. Even though it was discovered more than three decades
ago, the flexoelectro-optic effect in chiral nematic LCs remains an interest-
ing electro-optic mode for phase modulation as the in-plane rotation of the
optic axis, which is linear in the applied electric field, combined with the sub-
millisecond response times, offers a desirable combination of properties for
next-generation phase modulators. Moreover, with the development of high
twisting power chiral additives, which lead to fast response times as a result
of the short pitch of the chiral nematic helix, and new compounds in the form
of LC bimesogens (dimers), large rotations of the optic axis combined with

fast response times have been realised [150, 178].

A flexoelectro-optic device in isolation does not readily enable 27
phase modulation. Instead, one way to obtain full 27t phase modulation is to
place quarter-wave plates on either side of the flexoelectro-optic LC layer po-
sitioned with the appropriate relative orientations of the optic axis of the LC
and the fast axes of the quarter-wave plates [150, 178, 205]. Furthermore, the
LC layer must behave as a tuneable half-wave plate and the second quarter-
wave plate must be followed by a reflector to enable a double-pass of the in-
cident light. For this configuration, which was introduced in Chapter 6, and
which takes its inspiration from Stockley et al. who pursued 27 phase mod-
ulation using ferroelectric LCs [206, 207], the first quarter-wave plate gener-

ates circularly polarised light that is then incident on the flexoelectro-optic
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LC layer. The LC layer then induces a phase change that is equal to twice the
rotation of the optic axis [207]. In the work of Stockley et al, the LC layer was
a ferroelectric LC, which did not quite exhibit a full 27t phase modulation and
other issues such as high nonlinearity, a steep transition with voltage as well

as large amplitude modulation also hindered the device performance.

Achieving 27t phase modulation does place strict requirements on the
flexoelectro-optic switching. In particular, the tilt angle of the optic axis (for
one electric field polarity) must be as large as 45°. Fortunately, LC bimeso-
gens (dimers) such as CB7CB, which is from the same homologous series as
that used in Chapter 6 (CB9CB), have been shown to exhibit large rotations
of the optic axis when employed in flexoelectro-optic devices operating in
a ULH mode[150]. Therefore, using chiral nematic LC mixtures containing
1",7"-bis(4-cyano-biphenyl-4’-yl)heptane (CB7CB) and a low concentration of
high twisting power chiral additive, full 27t phase modulation operating at
kHz switching frequencies was observed for an LC layer that was 5 um-thick
[150]. In this first demonstration, the chiral nematic phase only existed above
100°C and so the device could only be operated at very high temperatures
over a limited temperature range. It was later shown that the second quarter-
wave plate and reflector (mirror), which were bulky external components to
the LC layer, could be replaced with either a chiral nematic LC reflector [208]
or a combination of a polymer quarter-wave plate and a mirror in the form
of an integrated device [208]. As shown in Chapter 6, an alternative strat-
egy was developed whereby 20 wt.% of CB9CB was dispersed into a short
pitch wide-temperature range chiral nematic LC host and combined with a
multi-pass configuration. In this case, the tilt angles of the chiral nematic
LC were below 45° but with the multi-pass arrangement it was still possible
to obtain 27t phase modulation, and the device could be operated at lower

temperatures.
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Despite these advances, as mentioned before, my previous studies
demonstrated in Chapter 6 lack investigation into the modulation in the am-
plitude that occurs in tandem with changes in the phase. For phase-only
modulation, any changes in the amplitude are unwanted and need to be sup-
pressed. Moreover, the requirement for the LC layer to tilt by angles as large
as 45° at relatively low electric field amplitudes and low operating temper-
atures (e.g. 20 °C) places a considerable strain on the mixture and material
development. The purpose of the study discussed in this chapter is to inves-
tigate the time-resolved phase modulation of the flexoelectro-optic effect in
chiral nematic LCs to better understand how both the phase and amplitude
modulation behaviour depend upon material properties and device configu-

rations.

8.3 Flexoelectro-optic Phase Modulator

The configuration of the flexoelectro-optic phase modulator is shown dia-
grammatically in Figure 8.1 (assuming that the incident light (E;;,) is linearly
polarised along the perpendicular (y) direction). Specifically, the complete
phase modulation device consists of a quarter-wave plate oriented with its
fast axis at 45° relative to the x-axis, a ULH flexoelectro-optic LC layer that
behaves as a half-wave plate for the incident light, and a quarter-wave plate
aligned with its fast axis at -45° relative to the x-axis, as introduced in Chap-
ter 6. The grey elements represent the preset angle of the optical axis, 0; the
red elements show the flexoelectric effect induced angle x, which will rotate
around the preset optical axis and the black elements are the resultant angle

of the optical axis of the device relative to the x-axis, «.

The incident light propagates along the z-axis and the LC is aligned

such that its optical axis lies in a plane that is normal to the z-axis (in the
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FIGURE 8.1: (a) A schematic showing the flexoelectro-optic LC half-wave plate

placed between quarter-wave plates and (b) the same configuration but with the

addition of a mirror so that the incident light passes through the LC half-wave plate
twice resulting in a factor of two increase in the phase modulation.

plane defined by the x and y-axes in Figure 8.1) as well as has an angle of
a = 0 + x relative to the x-axis (ideally, if the LC device is fabricated as an
exact half-wave plate then the 6 should be set at zero at the beginning of the
experiment). If here the 6 is set as zero and the LC device is an ideal half-

wave plate, then the configuration used here is exactly the same as the one

used in Chapter 6 where

Eout = {21—450} {&Z[X} {%Z+450} Eil’l

A (A A

1

N

— 612)(

0

where {%Z+45°} and {%1—450} are the Jones matrices for the first and
second quarter-wave plates with the fast axes aligned at an angle of 45° and
-45° to the horizontal direction, respectively. {%sz} = {%Z X} is the Jones

matrix for the flexoelectro-optic LC layer, which is designed to behave as a
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rotatable half-wave plate and & = ) represents the angle between the fast
axis of the LC and the x axis. In most real applications, a reflective mode
is commonly used to obtain a larger phase shift. This can be achieved by
placing a mirror behind the second quarter-wave plate (Figure 8.1(b)). The
double pass then results in a phase shift that is four times the rotation of the
optic axis of the LC half-wave plate, x. In this case (¢ = 0, ideal half-wave

plate), the Jones vector for the output is the same as Equation 6.14:

A (A A . A (A A E.
Eout — {11‘45 } {EH} {Zz+45 }{M} {11_45 } {Ega} {Zz+45 }Em

s e s (AL (D) [

(8.2)

Encouragingly, the phase shift increases by a factor of four but the polarisa-

tion remains the same,i.e., along the y-axis.

Practically, it has been observed that because of dielectric coupling,
the helix will unwind when the amplitude of the applied electric field is
greater than the critical field required for the chiral nematic-nematic tran-
sition. This process does not happen all of a sudden but instead the helix
unwinds gradually. When the applied voltage approaches the critical elec-
tric field amplitude, the dielectric coupling will become significant, and the
result is a decrease in the effective retardance. Furthermore, fabricating the
LC device so that it has a thickness that matches the ideal conditions for a
half-wave plate can be challenging. As a result, in most cases, the retardance

of the LC device does not correspond to an ideal half-wave plate and the

} Ein
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retardance will decrease by a certain percentage when the electric field is in-
creased to large magnitudes. Additionally, 6 cannot be ideally zero and in
this work, the 0 is actually set not to be zero on purpose to find the best an-
gle which shows minimum amplitude modulation as well as full 2-7 phase
modulation. Taking these factors into account in an analytic model, Equation

8.2 then becomes

{21—450} {LC/a} {%Z+450}

(1+i)2 |1 i cos?a 4+ Asin?a (1 — A)cosasina 1 —i
4

i1 (1—A)cosasina sin®a + A cos® —i 1
i 1+ A (1—A)(sin2a —icos2u)
(1— A)(sin2a + icos2a) 1+A

; 14+ ei5 —i. €i21x(1 _ €i5)

21, i (1 — id) 14 i

{21—450} (LC/—a) {%z+45°}

(14+i)2 |1 i cos?a + Asin®a (A—1)cosasina 1 —i
4 i1 (A—1)cosasina sin®a + A cos? —i 1
i 1+A —(1— A)(sin2« + i cos2a)

2 —(1— A)(sin2a — icos2«) 1+A

i 1+ e —i- e 2%(1 —¢")
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i- (1 _ eiZ(S) X (ei2uc o e—ith)

(1 + ei5)2 _ ei4zx . (1 - eié)z

Eout = (8.3)

I

where A = ¢, and § is the arbitrary retardation of the LC phase modulator.
As according to the measurement setup illustrated in Figure 7.2, the refer-
ence wave has the same polarisation direction as the E;, = (0,1)7. Thus the
Eout modulated by the flexoelectric effect is Eqyr = 7(1+ €)% — e - (1 —
eld )2.

Using Equation 8.3 along with the expression for the retardance § =

27tAM, fd . ..
T :eff , we can calculate the output phase shift after defining the wave-

length, cell thickness and the dielectric anisotropy of the LC host. By varying
0 together with the orientation of the half-wave plate, 8, the optimum com-
bination of angles can be found for the configuration shown in Figure 8.1(b).
To accurately simulate the behaviour of the LC, there are two more factors
that need to be taken into consideration: (i) the angle between the fast-axis
of the LC device and the quarter wave plate with applied voltage, which is
no longer linear with the applied electric field, even at lowish amplitudes;
this is because the rotation of the optic axis results from a combination of
flexoelectric and dielectric coupling [165]; (ii) The retardance of the LC will
also change during the switching process when the amplitude of the elec-
tric field increases as a result of the dielectric-driven distortion of the helical
structure, which influences An,fs [38, 39]. Meanwhile, to provide more flex-
ibility so that the optimum configuration can be identified, one more degree
of freedom to the model is also introduced. This is the orientation of the
tirst quarter-wave plate relative to the x-axis and the angle between the two
quarter-wave plate elements remains fixed at 90° so that the configuration in

this study is similar to the original arrangement presented in Chapter 6.
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8.4 Chiral Nematic LC Retardance

The reduction in the retardance is also taken into consideration in this study
because for a real device helix unwinding is inevitable unless the dielectric
anisotropy of the LC is zero. The critical unwinding field, E; , can be cal-
culated by considering the free-energy equation, which was derived inde-
pendently by Meyer and de Gennes and found to be [38, 39], and has been

introduced in Equation 2.17

7'(2 Kzz

E.= —
¢ P() ASSO

where Py represents the natural pitch of chiral nematic LC phase, Ky, is the
twist elastic constant, Ae is the dielectric anisotropy and ¢ is the dielectric
permittivity of free space. With the exception of an LC that possesses a di-
electric anisotropy that is zero, this equation shows that every chiral nematic
LC exhibits a critical unwinding field. However, Equation 2.17 only consid-
ers the impact of dielectric coupling on the unwinding process and ignores
flexoelectric coupling, which can combine with dielectric coupling to unwind
the helix. Taking flexoelectricity into account, Equation 2.17 then becomes

[48],

E, = (8.4)
2 A\ Aegy — —”2(121253)2

where Kj; is the splay elastic constant, and assuming K;1=K33 [48]. e; and
e3 are the splay and bend flexoelectric coefficients, respectively, and g is the
wavenumber of the helix, which is equal to %—z‘ In the simulations presented
in this chapter, we consider the impact of both dielectric and flexoelectric

coupling on the critical electric field amplitude.
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When simulating the behaviour of the flexoelectro-optic LC layer, the
dependence of the rotation of the optic axis, x, on the electric field amplitude
also needs to be taken into consideration alongside the retardance, J, and the
critical unwinding field, E;. An established analytic method used to model
the electric field-induced tilt of the optic axis of a ULH chiral nematic LC that
undergoes flexoelectro-optic switching (which is also introduced in Chapter

2) takes the form

(e —e3)E  (Kyg —2Kpp +Ks3) .
tany = — sin 8.5
X 240K 2K2 X ®.5)

For small angles, this can be approximated neatly as

€1 —é3 E
x(E) =

= a-% = 8.6
K11+ Ks3 90 (8.6)

It should be stressed that Equation 8.6 only considers the influence of flex-
oelectric coupling on the rotation of the optic axis- the change in the helical

structure for this case is illustrated in Figure 8.2(a).

The distortion in the helix that results from just flexoelectric coupling
will not have an impact on the value of the optical anisotropy, but it does
result in a tilt in the optic axis of the LC device, the magnitude of which is

represented by the flexoelectro-optic tilt angle, x.

If dielectric coupling is included, however, then the overall distor-
tion to the helical structure will have a significant influence on the optical
anisotropy. Outram and Elston previously derived an expression for the he-
lix distortion [209] which can be written as (considering a ULH structure that
the optical axis along x-axis initially according to the configuration in Figure

8.1)
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FIGURE 8.2: Illustration of the distortion in the macroscopic helical structure of chi-
ral nematic LC when (a) only flexoelectric coupling is taken into account and (b)
flexoelectric and dielectric coupling are included in the model.

1(x) = qox + 170 sin(2q0x) (87)
Aeey 5

E) = E 8.8

170( ) 8K22q% ( )

where 7 is the rotation angle of the director along the helix and 7 is the twist
distortion perturbation amplitude. Using these analytical expressions, the

resultant biaxial refractive index components can then be written as

Ny
n
n2in2 22
n| = A/ £ 1+q0(n§+n§) (8.9)
n24n3 n2—n2
ns 62 0o, /1 — 170(—n§+n§)

where n1, np and n3 are the refractive indices corresponding to the x, y and
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z axes, respectively, and n, and n, are the extraordinary refractive index and

ordinary refractive index of the LC, respectively.

In our numerical model, we include the effects of flexoelectric and
dielectric coupling on the director distortion in a chiral nematic LC by taking
into account the refractive indices described by Equation 8.9. An illustra-
tion of the simulated rotation of the helix is presented in Figure 8.2(b). The
phase modulation and intensity modulation of devices with this director con-
tiguration agrees well with the theoretical analysis of the phase and intensity
modulation values when the applied electric field is below the critical electric

field.

To convert the analytical model to a numerical model, the optic axis
tilt angle x, which is relative to the applied field, was simplified to be linear in
the field with the aid of a cubic correction term. The model was first tested by
using a chiral nematic LC (E7 + 3 wt.% BDH1281) so that experimental results
could be compared with those obtained from the simulations. The nematic
LC mixture, E7, was chosen as its macroscopic physical properties are widely
available across a range of temperatures and incident wavelengths, and the
low concentration of chiral additive (BDH1281, Merck) has only a very small
impact on these physical properties. The chiral nematic LC mixture was cap-
illary filled into a glass cell that consisted of rubbed polyimide alignment
layers and indium tin oxide (ITO) electrodes that were coated onto the inner
surfaces of each glass substrate. The ITO layers, which are transparent con-
ductors, enabled the application of an electric field along the normal of the
glass substrates and thus perpendicular to the helix axis when the LC was

aligned in a ULH configuration. The cell gap in this case was 5pm.

The plot in Figure 8.3(b) is taken with the device on a polarisation

optical microscope with crossed polarisers. When no electric field is applied
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FIGURE 8.3: (a) [llustration of the setup for measuring the flexoelectro-optic switch-
ing angles. The LC device is placed between a pair of crossed-polarisers and the
photodiode is positioned at the end to record the intensity change while applying
different voltages to the LC device. (b) A comparison between the results from
simulations (primary y-axis) and experiments (secondary y-axis) of the electro-optic
switching behaviour (tilt angle of the optic axis) of a short-pitch chiral nematic LC
(E7 + 3 wt.% BDH1281). The cell thickness is 5um and the frequency of the applied
electric field is 500 Hz, square wave, at room temperature. The red solid line repre-
sents the tilt angle extracted from Equation 8.6, the blue dashed line represents the
results from simulations after adding the cubic form due to dielectric coupling, and
the solid black squares are the experimental results.
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to the LC device, the device’s optic axis makes an angle of § with the x-axis.
The transmission of light received by the photodiode behind the second lin-
ear polariser after going through the LC device with certain phase retardation

0 can be described as,

10 cos?a +sin?a-A sinacosa-(1—A)| [0
0 0/ \sinacosa-(1—A) sina+cos®a-A 1
(8.10)
sinacosa - (1—A) 1 [ sin2a- (1 —¢”)
0 2 0

and the resultant transmission collected by the photo-diode is calculated as

1 : 1 :
T = {Esin2zx (11— e15)} : {EsinZa (11— e—15)} — sin® 2 - sinzg (8.11)

5= ZﬂAneffd

T (8.12)

where An,sr represents the effective refractive index of the LC mixture, d is

the thickness of the wave plate and A is the wavelength of the incident light.

Considering the switching angle £y (derived from Equation 8.6),

then « = 6 &= x and Equation 8.11 turns into

T = sin?(20 + 2x) sin?(6/2) (8.13)

The transmission curve is illustrated in Figure 8.4.
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FIGURE 8.4: The transmission curve for a ULH device placed between two crossed

polarisers. The LC device is a waveplate with § retardation and an electric-

switchable optic axis which makes an angle of 6 & x relative to the first polariser.
The maximum transmission occurs at 8 + y = 45°.

As can be seen from Figure 8.4, the greatest light modulation hap-
pens around the highlighted area (highlighted with the red double arrow
area). Thus, the LC device is first placed on the stage with an angle of 22.5°.
For a small flexo-tilt angle, the angle yx is linear with the transmission of the
light, in this way, we can measure the actual flexoelectro-optic switching an-

gle.

The agreement between simulations and experiments is highlighted
in Figure 8.3(b) where the tilt angle of the optic axis is presented as a function
of the electric field amplitude. Dielectric coupling is accounted for by a cubic
form. The change in the effective refractive index An,f resulting from an ap-
plied electric field E was also simulated based on Equations 8.7 to 8.9, and
compared with experiments. Increasing the amplitude of the electric field

resulted in a change in the appearance of the LC when observed between
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crossed polarisers on a polarising optical microscope (POM). The change in
colour observed in Figure 8.5 is a direct consequence of a change in An,¢¢. To
simulate the phenomenon observed in the figure, an ‘inset” (red; s in Equa-
tion 8.15) is included with quadratic form in the change in the refractive
index. The simplification is acceptable and reasonable compared with the
experimental results in the following section. The next stage is to explore
how different combinations of director tilt and the effects of a reduction in
the device retardation would have on phase and intensity modulation in the

flexoelectro-optic phase modulator.

(@) (b) (©)

FIGURE 8.5: Polarisation optical microscopy images of a short pitch chiral nematic

LC (E7 + 3 wt.% BDH1281) at different electric field amplitudes when the electric

field is applied perpendicular to the helix axis: (a) 9 Vims; (b) 15 Vims; (¢) 20 Vips. P

represents the first polariser; A represents the second polariser, which is the analyzer.

O denotes the initial optic axis (f) of the device which is at 45° to the polarisers. The

measurements are carried out at room temperature and the cell gap is 5 um. The
scale bar represents a length of 50 um.

8.5 Optical Phase Modulation

8.5.1 Small flexoelectric coupling

Here, the results from numerical simulations of a chiral nematic LC phase
modulator using the mixture, E7 + 3 wt.% BDH1281 with a thickness of 5
pm is first demonstrated. These results are then compared with results from
measurements of the phase and amplitude modulation of the LC phase mod-

ulator using a phase-shift interferometry experiment that was described in
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more detail in Chapter 7. Figure 8.6 presents results of the modulation in
the phase and intensity that were obtained both from simulations and ex-
periments, which are found to be in good agreement with one another. For
this part of the investigation, the LC was set at two specific angles to show

how the device orientation can have a significant impact on the device per-

formance.
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FIGURE 8.6: Phase ((a) and (c)) and amplitude ((b) and (d)) modulation of a chiral
nematic LC phase modulator: experiments and simulations. The chiral nematic LC
is based on the mixture of E7 + 3 wt.% BDH1281, which has a cell gap of 5um. The
experimental results (solid black squares) and simulation results (solid red line). The
configuration of the setup follows the arrangement in Figure 8.1(b). The first and
second quarter-wave plates are set at 45° and -45°, respectively. For (a) and (b) the
initial LC optic axis (¢ in Figure 8.1(b)) is set initially at 0° whereas in (c) & (d) it is
set at 45°.

It is clear from the results presented in Figure 8.6 that the device

orientation is highly influential on the resultant amplitude modulation and
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the symmetry of the phase shift. As can be seen, the amplitude modulation
is nearly zero if the LC optic axis is set to 0° relative to x—axis in Figure
8.1(b), but the phase shift falls far short of the m modulation. In this case,
the tilt angle of the optic axis is relatively small (x ~ 6.5° as shown in Figure
8.3). However, if the device is set at 45°, the phase modulation can increase to
more than a 7t shift, which comes at the expense of a considerable modulation

in the amplitude.
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FIGURE 8.7: The complex locus plot of a chiral nematic flexoelectro-optic LC device

based on the mixture E7+ 3 wt.% BDH1281. The initial angle between the optical

axis of the device and the x- axis ( 6 in Figure 8.1(b)) is set as (a) 0° and (b) 45°,

respectively. The black dots and lines are the reference and the red dots and the lines
are the experimental data.

The reason for the phenomena observed in Figure 8.6 can be ex-
plained by Figure 8.7. The x and y axes of plots in Figure 8.7(a) and 8.7(b)
represent the real part and the imaginary part of the coherent light recorded

at the photodiode,
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1
Eout = Z[l +2cosd + cos 26 — cosdua

+ 2 cos d cos4a — cos4a cos26 — 2sinda sin d + sin 4a sin 20 8.14)

+i(2sind + sin 26 4 2 cos4a sin &

— cos4u sin 25 — sin4wa + 2 cos 6 sin 4o — sin 4a cos 26)]

here, the ¢ is calculated based on the measured flexoelectric tilt angle and
the initial retardance (based on the thickness (d) and the An,¢s of the E7) as
well as an estimation of the reduction in retardance (red,;:.) because of the

dielectric effect. In this case, § can be written as

21tAN, £ ¢d
5 — Teff (1 - redratg( X

max

)2) (8.15)

and & = 0 &+ x as mentioned previously.

By plotting the data in this manner, it becomes easier to understand
the phase and intensity modulation for different arrangements. The distance
between each data point and the origin represents the intensity amplitude,
while the angle between the x-axis and the radius indicates the correspond-
ing phase shift for that x under relative E. The outer perfect circle serves as
a reference, representing a total phase shift of 271, where there is no intensity
modulation. It allows us to directly gauge the performance of the device at
different angles. In Figure 8.7(a), we observe that the intensity modulation
is relatively small, as indicated by the red line nearly overlapping with the
reference circle. However, the available range of the phase shift is limited
compared to Figure 8.7(b). Contrastingly, in Figure 8.7(b), the red line de-

viates significantly from the reference plot, which aligns with the findings in



Chapter 8. Optical Phase Modulation of Flexoelectro-optic LC Device 199

Figure 8.6(d). This suggests a dramatic intensity jump during phase modu-

lation.

These results indicate that by optimising the device orientation, as
well as the absolute angles of the quarter-wave plates angle, a trade-off can
be made between the depth of phase modulation and the amplitude modula-
tion. This is important because it potentially relaxes the requirement for LC

mixtures that exhibit a 45° tilt angle, which is challenging.

8.5.2 Larger flexoelectric coupling

The next stage of the study was to test a mixture that exhibited larger flex-
oelectric coupling. For this, we chose the compound CBICB (v, w-bis(4,4'-
cyanobiphenyl)nonane) as this has been shown to exhibit large flexoelectric
coupling (large flexoelastic ratios). The previous investigation done by for-
mer group members involved using the LC dimer CB7CB dispersed with a
low concentration of high twisting power chiral additive [178]. However,
this mixture had to be operated at 100°C as this was where the chiral nematic
phase was found to occur, although it did show nearly full T modulation
within a response time of 1 ms when used in the single pass configuration
shown Figure 8.1(a). To ensure that the chiral nematic phase appeared at
lower temperatures and also continuing with the work carried out in Chap-
ter 6, CBICB (from the same homologous series as CB7CB) was dispersed
directly into the chiral nematic LC mixture (E7 + 3 wt.% BDH1281) at an ini-
tial concentration of 20 wt.%. The LC mixture was then capillary filled into
a glass cell of the type described previously (with a cell gap of 5pum) and
placed in a 4 pass configuration, demonstrated in Chapter 6, Figure 6.4(c)
to extract the level of phase modulation. A full 27t phase shift was achieved

within 1 ms, however, the level of amplitude modulation was not negligible
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and it was deemed that one way to overcome this was to reduce the concen-
tration of CBICB in the host mixture and carefully adjust the angles between
the x-axis and the quarter-wave plates and the initial angle of the LC device

6.

A 27 phase shift with a response time that was less than 1 ms was ob-
tained by using a similar mixture to the one above but with a lower concen-
tration of CBICB. In this case, the amplitude modulation could be decreased
to almost zero by optimising the orientation of the different optical compo-
nents. Figure 8.8 shows the device (E7 + 3 wt.% BDH1281 + 15 wt.% CB9CB
with a cell thickness of 5pm) on a POM before and after applying an electric

field that was greater than the E..

(a) (b)

FIGURE 8.8: Polarising optical microscope images of E7 + 3 wt.% BDH1281 + 15 wt.%

CB9CB, (a) is the ULH structure before unwinding the helix, (b) is the structure after

increasing the voltage above the critical voltage and the helix starts to unwind. The
measurements are carried out at room temperature and the cell gap is 5 pm.

Using this device and placing it in a reflective system shown in Fig-
ure 8.1(b), the simulation code was adapted to demonstrate that device ori-
entation can vary the resultant amplitude and phase modulation. The sim-
ulation results show that if the variable is the device orientation only, the

amplitude and phase modulation cannot satisfy both requirements, so two
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quarter-wave plates are also set as variables in the process of finding the op-
timum combination. The numerical procedure uses the Jones matrix model
instead of the analytic method. The results of all possible combinations are

shown in Figure 8.9(a).

Figure 8.9(a) shows the degree of amplitude modulation fluctuation
in a colour map format when the device orientation and the first quarter
wave plate rotation vary from 0° to 360° respectively (the angle for the second
quarter-wave plate is consistently set 90° greater than that of the first one).
The colour bar is designed such that the data points become increasingly red
as the corresponding amplitude modulation decreases. Figure 8.9(b) is a
subset of Figure 8.9(a) obtained by applying a filter to isolate and plot the set
of two angles that result in a phase shift greater than 7. As the data point be-
comes redder, it indicates a reduced presence of amplitude modulation when
the device undergoes a monotonic full 7w phase shift. Among all the possible
points, the point chosen for experimental verification is when the first quar-
ter wave plate = 90°, and device orientation = 74.5°. The results of the phase
modulation and the relative amplitude change are shown in Figure 8.9(c),

8.9(d).

Now with the guidance of the numerical simulation model, the yel-
low rectangle highlighted in Figure 8.9(c) and 8.9(d) shows that we can
operate the cell between -25 V and 0 V to obtain full 7t phase modulation in a
reflective configuration with only a small amount of amplitude modulation,

which would not be detectable to the naked eye.

8.6 Summary

This study explores potential improvements to the device configurations of

chiral nematic LC flexoelectro-optic phase modulators to enable lower-perfo-
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FIGURE 8.9: The selection of the optimum combination of relative orientations of
the optical elements in the flexoelectro-optic phase modulator configuration. (a)
shows the amplitude modulation for all combinations of orientations of the device
and quarter-wave plates. (b) shows the amplitude modulation at all possible full 7t
phase modulation elements orientation combination. The colour bar represents the
average intensity value for the normalized intensity modulation achieved by the de-
vice at a specific electric field amplitude that enables it to generate a 7 phase shift.
When the mean intensity value is closer to 1.0 (displayed in red), the intensity modu-
lation is lower. (c) & (d) shows the experimental and simulation results of the phase
shift and intensity shift, respectively. The maximum voltage applied to the cell is

125V (25 Vims).
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rmance mixtures to be used. In Section 8.3, analytical equations are pre-
sented to model the behaviour of the LC device. Furthermore, Section 8.4
delves into the discussion of how the chiral nematic LC responds to external
electric fields. The simulation takes into account the impact of dielectric cou-
pling on helix distortion and reduction of the retardance, offering valuable

insights.

The study also addresses the implications for material, device, and
system optimisation in real-world scenarios. The correctness of the analyt-
ical model and its conversion into a numerical approach enables the iden-
tification of the optimal arrangement of the optical elements for achieving
a full m phase-only modulation from numerous possibilities. Remarkably,
these findings suggest that it may be possible to achieve or even surpass the
phase shift range of materials with enhanced flexoelectric-coupling at room

temperature, using more conventional LC mixtures and compounds.
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Chapter 9

Conclusions and Future Work

This thesis aims to investigate techniques and provide solutions to enhance
the optical phase (wavefront) in either a random way or controlled way thro-
ugh liquid crystal (LC) thin film devices. The first part of the thesis described
the process of manipulating the wavefront in a stochastic way and evalu-
ated the performance in suppressing the laser speckle through generating a
set of decorrelated speckle patterns. Different types of dopants and device
structures were studied and several practical applications including an op-
tical microscope, Head-Up Display, holographic images, laser projector and
MM polarimeter, were considered and demonstrated. The second part of this
thesis focused on developing sub-millisecond analogue full 27t phase modu-
lation. This part involved both simulation and experimental work. Various
factors that may influence the switching speeds and phase shift depth as well

as the suppression of intensity modulation were studied.

This final chapter will summarise the key findings from the chapters
presented in the thesis and will outline a route forward for future work. As
the collective purpose of this work is to utilize different types of LC technolo-
gies for wavefront control, Chapter 2, served as a background introduction,

which discussed the fundamentals of LC phases and their related physical
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properties, different types of electro-optic effects, and the definition of op-
tical phase. The chapter also outlined the current obstacles that formed the
motivation for the work presented in the thesis and ended with a review of

laser speckle and optical phase modulation and spatial light modulators.

Chapter 3 then introduced the experimental tools used throughout
the thesis. Several commonly used techniques as well as specifically de-
signed measurement & characterisation setups were discussed in detail. As
this thesis is mainly concerned with the interaction between different types
of LC mixtures and visible light, a comprehensive introduction of the vari-
ous categories of LC mixtures and standard glass cell configurations used in
the following chapters was presented. This was followed by a description of
polarising optical microscope and the associated equipment that was used
(hot-stage etc.). A parameter of great importance in this work is the pitch of
the chiral nematic LC helix and thus the concept of UV-Vis spectroscopy and
the approach used to measure the pitch were introduced. The last part of
this chapter summarized the purpose-built speckle characterisation system.
This system has been specifically tailored so that the system mimics human
observer conditions. In this case, the laser light passes through a series of
optical elements and is finally captured by a low-dark current CCD camera

to provide a quantitative measure of the speckle contrast.

As mentioned previously, the first part of the thesis was about laser
speckle reduction and in Chapter 4 different types of redox dopants and
their impact on enhancing speckle reduction was discussed. An optimised
LC speckle reducer was then demonstrated in a couple of practical scenar-
ios. Chapter 4 not only considered key parameters of the nematic LC host
(e.g., refractive index, dielectric constant, rotational viscosity and the clear-

ing point), but also considered the pitch of the chiral nematic LC and its
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influence on speckle suppression. A large range of redox dopant concen-
trations of both acceptor and donor types were investigated along with the
performance over a period of time to demonstrate improved stability com-
pared with conventional ionic dopants. It was demonstrated that the devices
filled with mixtures composed of electron acceptor redox dopants showed
the lowest speckle contrast and also demonstrated a consistent performance
over time when run either intermittently over two weeks or continuously for
7 days. The device is thin, vibration free and can be assembled into an optical

microscope or laser projector.

Following on from Chapter 4, Chapter 5 then focused on the poten-
tial of a new dopant, a zwitterionic dopant. Instead of providing either pos-
itive ions or negative ions, zwitterion dopants can provide both as well as
automatically control the concentration in a way to avoid permanent electro-
chemical degradation. This chapter described the device fabrication process
along with an investigation of the dopant concentration and pitch. Here it
was demonstrated that the speckle contrast could be further decreased to C =
0.07. In addition to the device characterisation, this chapter further expanded
the demonstrators from scalar field imaging to vectorial field imaging. As
well as verifying the LC speckle reducer’s capability in traditional imaging
systems and laser displays, this chapter also demonstrated how the speckle
reducer performed in a Mueller Matrix polarimeter. The LC speckle reducer
is portable and has a small form factor which is easy to retrofit in normal

imaging systems and in more advanced vectorial optical microscopes.

Although the above results demonstrate good, speckle reduction, the-
re are still a few drawbacks that have a negative impact on its potential for
widespread commercial use. A key drawback is the high amplitude of the
applied electric field. For either redox dopant doped or zwitterion dopant

doped devices, under room temperature or high temperatures, the optimum
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operating condition of the amplitude of the electric field is usually around
20V /um. For a 20 pum cell, the absolute value of the applied voltage would
therefore be 400V. The amplitude of the electric field required is linearly re-
lated to the cell thickness and inversely proportional to the pitch of the helix.
However, the minimum speckle contrast that can be achieved is linearly pro-
portional to the pitch and inversely proportional to the cell thickness, which
means the shorter the pitch is and the thicker the cell is, the lower the min-
imum speckle contrast can be reduced. Of course, the chiral pitch can not
be infinitely short otherwise the turbulence induced by the random rotation
of the chiral nematic LC would not be strong enough to decrease the speckle
contrast. Additionally, there is a threshold for the cell thickness for each pitch
that further increases the thickness won’t bring any more speckle reduction.
For a pitch equal to 300 nm mixture, the cell thickness threshold is between
35 to 40 pm.

In order to obtain maximum speckle reduction at room temperature,
the cell has to be thick, the pitch has to be short and the device requires high
electric field amplitude. However, this problem can be reduced by increas-
ing the temperature to near the clearing point and another merit of doing
this is that the transmission at the optimum speckle suppression point can
be improved by 15% to 20%. The high temperature may cause the degrada-
tion to become faster, hence, the subsequent endeavour to enhance the life-
time at high temperatures would involve not only the injection of electrons
but also the incorporation of small particles capable of generating equal or
greater vibrations without experiencing degradation near the electrodes. Fu-
ture work could also consider testing the LC speckle reducer’s performance
when imaging living cells in a laser-based fluorescence microscope as well as
testing the device in a range of clinical diagnosis applications such as endo-

scopes and fluorescence optical microscopes.
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The second part of this thesis was devoted to the investigation of new
LC technologies and configurations for optical phase modulation. This in-
cluded considering a range of different geometries and electro-optic effects
in nematic and chiral nematic LCs as well as carrying out both experiments
and simulations to establish the optimum configurations. Towards this end.
Chapter 6 demonstrated two different configurations that could provide a
continuous phase shift within 1 ms. These two configurations were deployed
in a multi-pass reflective setup and the resulting phase shift was extracted
through the aid of a Mach- Zehnder interferometer. The experimental results
showed that for two different device configurations, the multi-pass system
could enhance the phase shift by four times. The key achievement of this
study was the demonstration of two possible phase modulators for next-
generation SLM technologies that could exhibit sub-millisecond switching
over a full 2pi phase range. The results presented in the chapter demon-
strated a proof of concept of a multi-pass configuration for both nematic and
chiral nematic LCs (operating in the flexoelectro-optic mode), although the
results only demonstrated phase modulation for a single-pixel device. How-
ever, this approach could be extended to multi-pixel configurations. Future
work in this area would therefore be to demonstrate a multi-pixel phase mod-
ulator. A sub-millisecond reflective multi-pixel phase modulator can have
exciting applications in areas such as optical beam steering in free space com-

munication, adaptive optics, and programmable diffractive elements.

Carrying on from the work described in Chapter 6, Chapter 7 ex-
tended the research to test a range of device configurations for nematic LC
materials in order to elevate the phase modulator performance. In addition,

in order to extract the phase modulation and analyse its response with time,
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a new measurement setup was presented. This is in contrast to the measure-
ment approach used in Chapter 6, which depended on capturing the move-
ment of the interference pattern with a relatively low frame rate CCD camera.
With this new method in Chapter 7, the phase modulation was recorded us-
ing phase-shifting interferometry and by analysing the signal obtained via a
fast photodiode. This experiment was used to characterise the response of
three different nematic LC devices: a Pi-cell, a Freedericksz cell, and a HAN
cell. The first step was to compare the intensity and the phase modulation of
these three different devices under different amplitudes and frequencies of
the applied electric field. Additionally, in order to understand fully the rea-
son for the different responses observed for the three different devices, such
as how the cell configurations, pre-tilt angles, amplitude of the electric field
as well as the switching time can influence the director behaviour and thus
influence the phase and intensity shift, simulations were carried out that con-
sider the Frank elastic energy, the effects of dielectric coupling, and the role
of backflow. The results showed that the Pi-cell configuration works best for
both 1 ms and 10 ms switching times. The reason is that the backflow has
a negative effect on the dynamic director response for the Freedericksz de-
vice but not the Pi-cell. The simulation results and the experimental results
agreed with each other well and both suggested that a Pi-cell is potentially
better suited for phase modulation when rapid switching speeds and a large

phase modulation are required.

Further investigation of phase modulation with the goal of solving
the unwanted intensity modulation observed for the chiral nematic flexoelec-
tro-optic device (a problem mentioned in Chapter 6) as well as simulating
and predicting the optical response under different configurations was pre-
sented in Chapter 8. The relative orientation of the ULH axis relative to that

of two quarter-wave plates were simulated and discussed. It was shown that
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because of the small errors in the thickness of the cell (which means that the
LC deviates from the ideal half-wave condition), intensity modulation would
appear when the two quarter-wave plates were set to the original configura-
tion. After utilizing the numerical model to calculate the phase shift and
intensity modulation for different arrangements of the quarter wave plates
and the chiral nematic LC device, and considering all possible combinations
of the relative angles, the optimum configuration was chosen which could
provide a 7t phase modulation in a reflective device and would provide full
27 phase modulation within millisecond switching times with nearly zero
intensity modulation if it is placed in a four-pass configuration. The exper-
imental results agreed well with the predictions from simulations. A key
result of this work is that it has demonstrated that full 27t phase modulation
can be achieved even when chiral nematic LC mixtures with relatively weak
flexoelectric coupling are employed. Future work in this area could involve
finding a way to stabilize the ULH alignment with a polymer network that
is written into the LC device using either bulk ultraviolet illumination or us-
ing more advanced fabrication techniques in the form of direct laser writing.
The impact of the quality of the ULH alignment on the performance of sin-
gle and multi-pixel phase modulators would also be something that could be

investigated further in the future.

To conclude, the work presented in this thesis has targeted the use
of different types of LC material and device configurations to modulate the
optical wavefront in either a pseudo random way or a controlled way for
enhanced optical system functionalities. The first part was about breaking
the wavefront coherence of the incident light in order to improve laser-based

optical system imaging quality, which is an important contribution to laser
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displays, optical microscopy and polarimeters. The technique that was pre-
sented is based on electrohydrodynamic instabilities (EHDI), and this the-
sis has considered the impact of different dopants on the EHDI behaviour
and the resulting dynamic scattering mode. The second part of the thesis
considered LCs for optical phase modulation. This thesis mainly focused
on electro-optic modes in nematic LCs as well as the flexoelectro-optic ef-
fect in chiral nematic LCs. Simulation, as well as experimental verification,
have been carried out, and a new measurement system has been established
to characterize the phase modulation capabilities of these LC devices. The
thesis has presented advances in both the speckle reducing capabilities and
phase modulation capabilities of LC devices. Notably, in terms of speckle
reduction, this thesis has demonstrated a reduction in the speckle contrast to
an impressive level of C = 0.07 at room temperature, demonstrating stable
performance across diverse application scenarios ranging from laser HUD to
polarimetry. A variety of new dopants have been investigated in terms of the

concentration therefore and the operating conditions.

In the realm of optical phase modulation, key contributions from this
work are the novel multi-pass configuration and the time-resolved phase
measurement method. Additionally, various factors that could contribute
to submillisecond switching and achieve full 27t analogue phase modulation
in thin LC devices have been studied. To support the validity of the research,
simulations incorporating boundary layer properties, backflow effects, di-
electric coupling, and flexoelectric coupling have been considered. These
simulations have proven to be both practical and consistent with real-world
observations, offering valuable guidance for future studies in related areas.
Overall, the work presented in this thesis has achieved some promising re-
sults in speckle reduction and optical phase modulation using LC devices.

The significant reduction in speckle contrast and the development of a rapid
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analogue full-range phase-only modulator showcase the potential impact of
this research. The practical simulations further strengthen the validity and
applicability of the findings, providing a foundation for future advancements

in LC technologies and the associated applications.
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