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Abstract

TWO-PHOTON POLYMERISATION DIRECT LASER WRITING FOR
LIQUID CRYSTAL PHOTONICS

by JOHN SANDFORD O’NEILL

This thesis investigates the use of two-photon polymerisation direct laser
writing (2PP-DLW) in liquid crystal materials, with an emphasis on the
development of applications in photonics. 2PP-DLW is a 3D printing
technique employed in the fabrication of multi-dimensional structures with
micro- and nano-scale dimensions. As a maskless microfabrication method,
it is typically used as a rapid-prototyping tool for solid polymer objects.
However, there is increasing interest in the technique as a way to manufacture
functional materials and devices that cannot be produced via other means.
Crucial to this effort is the development of smart resins, whereby the physical
properties of a resin can be varied and controlled in-situ during the fabrication
process. In this thesis, liquid crystal mixtures containing reactive mesogens are
shown to be a promising smart resin material due to their anisotropic physical
properties and ability to respond to external electric fields.

Stabilisation of the voltage-dependent states of the nematic Fréedericksz
cell via the fabrication of polymer micropillars with 2PP-DLW is described
and analysed. The polymer structures are studied with polarised optical
microscopy and an electrically-tunable visibility phenomenon is characterised
and explained. By synchronising the fabrication of polymer features with
the application of different voltages, reconfigurable images are inscribed
into liquid crystal devices. Potential applications are explored with a
demonstration of a prototype anti-counterfeiting security marking.

Topological defects in nematic liquid crystal pi-cells are fabricated and
electrically-controlled via the fabrication of topologically discontinuous
polymer structures using 2PP-DLW. A control system for electrical-tuning of
defects is developed and advanced concepts for confinement of disclination
lines are demonstrated. The transport of a microparticle by a defect
is presented with the potential for applications in defect templates for
micro/nano assembly.

Switchable diffractive optical elements (DOEs) are fabricated with 2PP-DLW
in liquid crystals and their diffractive behaviour is characterised. A model
of a laser-written diffraction grating is developed using a continuum theory
approach to director simulations and a wave-optics approach to the diffraction
of light. The 3D capabilities of 2PP-DLW are exploited to fabricate switchable
bilayer DOEs and computer-generated holograms.

This work in this thesis has important technological implications in both the
development of smart resins for 2PP-DLW as well as in the development of
advanced alignment and control techniques for liquid crystal devices.
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Chapter 1

Introduction

This chapter serves as an introduction to this thesis, giving a brief
outline of the key results that are presented in each chapter and also
an explanation of how this interdisciplinary work fits into the existing
research landscape.

“All of this has happened before, and all of this will happen again.”
Leoben Conoy, Battlestar Galactica
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1.1 Introduction

The work described in this DPhil thesis was conducted on a new research
interface between soft matter photonics and ultrafast laser nanoprinting.
Since its conception in 1997, two-photon polymerisation direct laser
writing (2PP-DLW) has emerged as a key microfabrication technique for
engineering of 3-dimensional microscale structures and is now considered
part of the rapidly-growing field of 3D additive manufacturing. The
method exploits the physics of two-photon absorption to crosslink
polymer monomers in a photoresist, forming solid structures from the
liquid state. As this chemical change only occurs in a very small
volume, termed a “voxel” in analogy with the two-dimensional pixel,
architectures with incredibly fine features can be constructed by scanning
the laser focus through the resist in 3D. Remarkably, it is even possible to
achieve a resolution below the diffraction limit of light, as the photoresist
materials behave in a highly nonlinear manner with respect to two-photon
absorption. The flexible nature of this technique has led to applications in

bioengineering, photonics and metamaterials.

Three key goals now exist in the development of 2PP-DLW: (i)
finer features, (ii) faster fabrication and (iii) functional/smart resins[1].
This thesis directly addresses the third goal, by using tunable resins
derived from liquid crystal materials to enable new technologies and

applications in photonics and beyond.

Liquid crystals (LCs) are an unusual class of materials that can
be understood as an interesting hybrid between the conventional solid
and liquid states-of-matter. Their crystalline nature is manifest in their
anisotropic physical properties, which emerge from the anisotropy in their

chemical structures[2].
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This thesis concerns the use of ‘calamitic’ LCs which have a rod-
like shape and thus possess uniaxial birefringence. This optical property
makes them ideally suited for optoelectronic applications and, indeed, all
high-resolution LC displays are based on these materials. More generally,
LCs can be considered to be stimuli-responsive materials, i.e. their
properties can be tuned by exposing them to external stimuli such as

variations in temperature and electric or magnetic fields[3].

This thesis explores new technologies and applications that are
enabled by direct laser writing in liquid crystalline resins. The existing
research in this area has been quite limited, largely concentrating on
the fabrication of structures consisting of conventional photoresists that
are subsequently infiltrated with an LC[4-6]. In contrast, the approach
described here offers the possibility of single-step fabrication, starting
with an LC cell and finishing with a more sophisticated device consisting
of multiple alignment structures embedded within and comprised of
LC. During fabrication, the electric field applied to the resin can be
tuned, allowing fabrication of microscale polymer structures with a
controllable molecular orientation and order. In this way, multiple
material properties can be engineered from the use of a single resist. This
approach enables novel applications and advanced molecular alignments
that are impossible or very challenging to achieve with conventional LC

technologies.

1.2 Thesis Outline

Chapter 2 provides an introduction to LC science and technology such
that the results that follow in the rest of this thesis can be appreciated in

the broader context of LC research.

Chapter 3 begins by explaining the physics of two-photon
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absorption and how this applies to the two-photon polymerisation
microfabrication method, before reviewing the limited existing research

on direct laser writing in LC materials.

Chapter 4 details the experimental methods that were frequently
used throughout this thesis including LC device characterisation, mixture
preparation, polarised optical microscopy and 3D printing. The second
half of the chapter goes on to report technical details of the design and
build of a two-photon polymerisation direct laser writing system tailored

to fabrication in LC materials.

Chapter 5 explores the use of 2PP-DLW in the fabrication of
microscale read-on-demand images employing voltage-induced refractive
index matching. This chapter introduces the concept of "locking-
in" voltage-dependent LC alignments with the formation of polymer
structures inside a device. By carefully synchronising the application
of different voltages with the fabrication of polymer structures via the
microfabrication system, complex images can be inscribed into an LC
device and switched on and off with the application of a uniform voltage
post-fabrication. A "microbicycle" structure, inspired by stop-frame
animation and a microscopic switchable QR code are demonstrated which
may find use in anti-counterfeiting and authentication applications. The
work described in this chapter has been published in Advanced Optical
Materials in a paper titled "Read on demand images in laser-written

polymerizable LC devices"[7].

Chapter 6 extends the microscale "locking-in" concept to LC
states that have topological discontinuities known as defects. Even
though their name implies some kind of deficiency, defects are in fact
of great interest in emerging applications for LCs in the manipulation

of soft matter and nanomaterials. In this chapter, the use of 2PP-DLW
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in stabilising and controlling defects is shown and electrical control of
the position of a defect is also demonstrated. The potential for these
electrically-controllable defects to manipulate other materials is proven
with a demonstration of the cargo-towing of microparticles doped into
an LC mixture. The work described in this chapter has been published in
Nature Communications in a paper titled "Electrically-tunable positioning

of topological defects in liquid crystals"[8].

Chapter 7 explores the use of 2PP-DLW in the fabrication of
switchable LC diffractive optical elements (DOEs). The unique capabilities
of the fabrication method are used to manufacture DOEs that would
be extremely challenging or impossible to create by other methods. 1D
switchable diffraction gratings are demonstrated, as well as the fabrication
of 3D bilayer switchable gratings and computer-generated holograms.
A model of an LC diffraction grating is demonstrated, which links the
switching behaviour of the LC in the grating to the diffraction pattern
produced by the grating, and shows a good match with the experimental

data.

Chapter 8 provides an overall summary of this thesis, details

some potential areas of future work and offers some concluding remarks.






Chapter 2

Liquid Crystals

This chapter gives the relevant theory and background to liquid crystal
science and technology that is required to understand the work presented
in this thesis. Nematic ordering and continuum theory are explained
and an overview of the dielectric and optical properties of liquid crystals
is given. Also discussed are approaches for modelling liquid crystals,
the architecture of liquid crystal devices, and polymer stabilisation using
reactive mesogens.

“Life is a partial, continuous, progressive, multiform and conditionally
interactive, self-realisation of the potentialities of atomic electron states.”

John Desmond Bernal
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2.1 Introduction to Liquid Crystals

The interesting properties of liquid crystals (LCs) are a result of the
anisotropy of their molecular structure. Due to their molecular anisotropy
they exhibit the ability to self-organise, assembling into complex period
structures on the molecular scale. Liquid crystal molecules come in many
different structures and physical shapes but always have a significant
difference in one of their linear dimensions. This anisotropy is reflected in
the macroscopic physical properties of an LC material, such as electrical

and optical properties, having a crystal-like anisotropy[2].

As the name suggests, LCs also possess liquid-like properties
such as viscosity and the ability to flow and fill a container. It is this
combination of solid and liquid properties that has led to great scientific
interest in LCs, as well as their now ubiquitous use as a switchable
material in optoelectronic devices including high resolution flat panel

displays.

The LC phase, as a state of matter in between solids and liquids is
classed as a mesophase (from the Greek mesos meaning ‘'middle’) and LC
molecules themselves are referred to as mesogens. LCs can be subdivided
into the thermotropics, which exhibit phase transitions that depend on
temperature, and lyotropics, which exhibit phase transitions dependent

on the concentration of the material in a solvent.

As the temperature of a thermotropic nematic LC is increased,
it goes through a number of phase transitions that affect the microscopic
order (Figure 2.1). Below the melting point of the material, it exists as a
crystalline solid with regular, periodic positional and orientational order.
As the temperature is increased, it melts into the nematic phase where
the majority of molecules point in a preferred direction. Above another

critical temperature known as the clearing point, the LC transitions into
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Crystalline Solid Nematic Liquid Crystal Isotropic Liquid

-_— -_— /

-_— s — ,
-_— .

- > T

-_— - —-_—

-_— > — — Y > /

Increasing Temperature
FIGURE 2.1: The influence of temperature on the order in a thermotropic nematic liquid
crystal. As the temperature is increased, the order decreases and the LC passes through a
phase transition from crystalline solid to nematic liquid crystal and from nematic liquid
crystal to isotropic liquid.
the isotropic liquid phase, where there is no positional or orientational
order. It should be noted that other mesophases can exist in LCs, most
notably the smectic phase, where LC molecules self-organise to form

ordered layers. However, smectic LC materials are not used in this thesis

and are not discussed further.

2.2 A Brief History of Liquid Crystals

Liquid Crystals were first observed in the 1880s by Friedrich Reinitzer, an
Austrian botanist, while he was investigating the properties of cholesteryl
benzoate, a material found naturally in carrots. In collaboration with the
German physicist Otto Lehmann, who had designed and built a polarising
microscope, Reinitzer confirmed his observations of a new phase of
matter, existing in between the solid and liquid phases[9]. Although
the discovery was viewed with some interest at first, it was generally
overlooked and considered to be a niche scientific curiosity for some 80

years.

In the late 1940s research on LCs slowly intensified, with
research groups in Europe turning their attention to chemical synthesis

of LC molecules as they began to understand the structure-property
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relationships governing anisotropic organic molecules. = The first
international conference on LCs was held at Kent State University, Ohio,
in 1965 and marks the start of the modern era for LC science, with
applications of LCs in display technology quickly emerging over the
following few years. In 1991, the significance of the field was affirmed
by the awarding of the Nobel Prize in Physics to Pierre-Gilles de Gennes
for his work studying the theoretical underpinnings of the ordering of

LCs[10].

The birth of the liquid crystal display (LCD) was a hugely
significant moment in the history of information display, spawning a
multi-billion dollar industry and realising the first ever high resolution
flat-panel display technology. In 2007, sales of LCDs surpassed cathode
ray tubes (CRTs) for the first time, rendering the CRT obselete as the LCD
became ubiquitous in homes and offices across the world. The reader

can find a complete history of LC science and technology in Dunmur and

Slukin[9].

In recent years, LCDs have faced stiff competition as emerging
display technologies have come to market. Nowadays, organic light-
emitting diode (OLED) and microLED displays can be found in high-
end consumer products and have led in the development of flexible
displays. This has intensified the search for new applications of LCs
and their reframing in the literature as a stimuli-responsive material,
rather than exclusively an opto-electronic material. Enabled by advanced
manufacturing techniques such as direct laser writing and drop-on-
demand inkjet printing, new potential applications of LCs have been

found in nanophotonics, microrobotics and bioengineering[11].
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2.3 Nematic Ordering

Calamitic nematic LCs, which are defined by their rod-like shape, are the
subject of this thesis. They are the most commonly studied type of LC and
have found the most use in technological applications. Due to their shape
anisotropy they exhibit a phenomenon termed nematic ordering, meaning

that there is a long-range orientational order but no positional order.

An example of a nematic LC molecule, 5CB, is illustrated in
Figure 2.2. Due to the rigid structure of the two phenyl rings and the
long carbon backbone, the volume the organic molecule occupies can be
approximated as an ellipsoid. LC molecules are commonly illustrated as

ellipsoids in order to explain experimental phenomena.

a b ‘“

FIGURE 2.2: (a) The chemical structure of 5CB, a common cyanobiphenyl liquid crystal.
The long axis of the molecule is indicated by a dashed line. (b) Nematic order, which is
where the LC molecules tend to point in a direction given by the director n.

We define a unit vector called the director, n, which describes
the average orientation of the long axes of the LC molecules. In the
nematic phase, LCs preferentially orient along this direction. To quantify
the degree of ordering along the director, a scalar order parameter, S, is
defined. For an ensemble of LC molecules, the scalar order parameter is

given by the second order Legendre polynomial[12],

S = <3 cos? 6 — 1> 2.1)

1
2

where 6 is the angle between the long axis of a molecule and the director

and () indicates the spatial and temporal average. For an isotropic liquid,
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S = 0 and for the completely ordered case, S = 1, while a nematic LC will

have an order parameter of 0.3 < § < 0.8.

As the order parameter provides us with a quantified measure
of the order in an LC, it must have a temperature dependence. As the
temperature rises in an LC, the molecules have greater kinetic energy
and therefore spend a greater proportion of their time deviated from the
director. This loss of orientational order is expressed by a decrease in
the order parameter as the temperature increases (Figure 2.3). Above the
clearing point, T¢, the temperature above which the LC enters the isotropic

phase, the order parameter drops discontinuously to 0.

S A
1_

Tc
lemperature

FIGURE 2.3: An example of the temperature dependence of the scalar order parameter of
nematic LCs.

2.4 Elastic Energy and Continuum Theory

The behaviour of LCs can be described with continuum theory, developed
by the physicist Sir Charles Frank in the 1950s[13], building on the work
of Oseen[14] and Zocher[15] published in 1933. Frank constructed a
description of the elastic free energy density of a LC by considering the

myriad ways in which a nematic LC can be deformed.
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As discussed previously, nematic LC molecules in
thermodynamic equilibrium and unconstrained tend to align parallel to
each other, in a direction described by a vector called the director, n. In
other words, in the ground state, the LC director field, n, is non-varying
throughout space. Frank reduced the possible deformations away from
this lowest-energy state to three fundamental distortions: splay, twist
and bend, to which all possible distortions can be reduced. The three
deformation modes are visualised in Figure 2.4. According to Oseen-
Frank theory, deviations from equilibrium are analogous to changes in the
length of a spring from its equilibrium length. Therefore, the distortion
free energy density is given by,

1 1 1
fq= EKH(V .n)?+ E[(22(11. (V xn))2+ EI<33|n x (Vxn)> (22

J/

-~ -~

s[;lgy twist bend

where n = (ny,ny, n;) and Ky, K, K33 are the Frank splay, twist and bend
elastic constants with units of [N], analogous with the spring constant. In
general, the Frank elastic constants have values on the order of 10pN and
in most LCs, K33 > Kj1 > K»», meaning that bend distortions are penalised

more than splay and twist distortions.

“Wiiy,” M ===ss
Wiy i =

FIGURE 2.4: The three fundamental distortion modes that exist in liquid crystals
according to continuum theory.

The form of the three distortion mode terms in equation 2.2 can

be understood by considering the nature of the director field for each

distortion mode. For splay distortions, the director points outwards

radially from a point, which is described by a non-zero divergence
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(V-n # 0). For twist distortions, curl(n) is parallel to the director
(n-(V x n) # 0) while for bend distortions, curl(n) is perpendicular to

the director (n x (V x n) # 0).

In continuum theory, this distortion free energy density
expression describes the elastic energy density cost associated with
deformations away from the equilibrium state (with all the molecules
lying parallel to each other). As this is a free energy, the director field
can be calculated by minimising this expression and solving the resulting

differential equation.

However, in practice there are many cases where equation 2.2 is
too complex to solve analytically and so a simplifying assumption is made
that K;; = Ky = K33 = K. This leads us, via some vector algebra, to the

one-constant elastic free energy density due to distortion,

fi= %K [(v n)2+ |V x nyz} . (2.3)

2.5 Electrical Properties

2,51 Dielectric Coupling

Liquid crystals are dielectric materials, meaning that the application of
an electric field induces dipole moments in the molecules that oppose the
applied electric field. The combined action of these dipole moments is
described by the polarisation density field P. The electric susceptibility,
Xe, of a material quantifies the polarizability of a material and in LCs it
can be a tensor quantity, as the susceptibility can vary depending on the
direction of the applied field. The electric susceptibility determines the
electric permittivity of a material and therefore affects many electrical and

optical properties. The equation for the polarisation density of a dielectric
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P under an applied field E is given by

P = ¢ox.E (2.4)

where g9 = 8.85 x 10712 C2/Nm?, the permittivity of free space.

Assuming a director fixed in one direction in a uniaxial material
there are, in general, two values for the electric susceptibility. For an
electric field applied parallel to the director, the susceptibility is denoted
X and for a field applied perpendicular to the director, the susceptibility is
denoted yx | . It is therefore convenient to express the electric susceptibility
as a tensor and this would take the following form for a director aligned

along the z-axis.

XL 0 0
xe=|0 x. 0 (2.5)
0 0 XH

In a dielectric material, the electric displacement field, D,
expresses the distribution of electric charges resulting from the application

of an electric field and includes the induced polarisation. It is given by

D =¢E+ P =¢o(1+ x.)E = ¢p¢,E (2.6)

where ¢, is the relative permittivity and is related to the electric
susceptibility by €, = 1 + x,. In anisotropic materials ¢, is therefore also a

tensor and is given by

€ 0 0
=10 ¢, 0 (2.7)
0 0 €H

where € and ¢|| are the electric permittivities perpendicular and parallel
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to the director arbitrarily oriented along the z-axis. We can define a

dielectric anisotropy as Ae = ¢ — ¢, and write the electric displacement

field as,
e, 0 O E,
D=¢| 0 e 0 E, (2.8)
0 0 ¢ E;
or,
1 00 Ey 00 0 Ey
D=¢ e |01 0| |E,f+]00 0f]E (2.9)
001 E, 0 0 Ae E,

which can be written as,
D = ¢pe  E+ ¢pAe(n - E)n (2.10)

sincen = (0,0,1).

To evaluate the free energy density due to dielectric coupling
we use the standard equation for the electrostatic energy density inside
a dielectric medium,

1

fe= _ED - E. (2.11)

Substituting in the equation for the electric displacement (Eqn. 2.10)
yields,
1

1
fe= —EsosLEz — EsoAs(n -E)Z. (2.12)

As only the second term is dependent on the orientation of the director, the
first term is omitted when expressing the free energy density. Therefore,
the free energy density associated with an applied electric field can be

reduced to

fe= —%ser(n . E)2. (2.13)

Examining this equation reveals that the free energy is minimised when
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the director is parallel to the electric field for positive Ae materials.
Conversely, for negative Ae materials the free energy is minimised when
the director is perpendicular to the electric field. As physical systems
always behave in such a way as to minimise their free energy, this means

that an electric field can be used to reorient the LC director.

To derive a full description of LC behaviour we must add an
additional dielectric term of the form of equation 2.13 to the expression
for the one-constant distortion free energy density presented in Section

2.4. The overall free energy density is then given by,

F=fi+fe (2.14)

F = %K [(V n)%+ |V x n\z] — %Aeeo(n -E)2. (2.15)

2.5.2 Fréedericksz Threshold

As shown in the previous section, LCs exhibit reorientation in an applied
electric field. However, due to the elasticity of the LC, there is a critical
field below which reorientation will not occur, known as the Fréedericksz

threshold[2]. This is given by,

7T K
E. = 7 / Feo' (2.16)

This equation can be recast to give a threshold in terms of an applied

voltage, which is independent of the device thickness,

| K
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As this equation only depends on the material parameters K and Ag,
the Fréedericksz threshold for a given material is not dependent on the
thickness of the LC layer in the device. The existence of the threshold can
be understood as the minimum dielectric coupling required to compensate
for the elastic energy cost incurred by switching the LC into a distorted

state.

2.6 Director Modelling

2.6.1 Director Modelling in COMSOL

In Chapter 7 the finite element modelling (FEM) software COMSOL
Multiphysics is used to build a model linking the orientation of the
LC director in a diffraction grating to the propagation of light through
the grating. In this section, the equations that describe the equilibrium
configuration of the director are derived and formulated in a manner

suitable for input into COMSOL.

The equilibrium configuration of the director, n, can be
established by minimising the free energy density with respect to 1y, n,
and 1, the components of the director n in cartesian coordinates. This can
be performed by applying the Euler-Lagrange equation, a standard result
from the calculus of variations which states that a function of the form,

F (y,a—y x,-) (2.18)

E)xl-'

can be minimised by,

OF & 0 oF
0_—12871_( o ) (2.19)
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Therefore, minimisation of the free energy density is performed
by substituting equation 2.15 for the distortion free energy density into
equation 2.19. This needs to be performed three times, once each for ny,
ny and n,. Let us first consider the minimisation with respect to the x

component of the director, n,, which is given by,

oF o [ or 2 [ o 2 ( o
0=-2_2 @ -5 @ - @ (220

Substituting equation 2.15 into equation 2.20 yields

%n, *ny 0%n, 2
0=K (— 2 a7 ~ 52 ) — AeggnyEx. (2.21)
In order to model dynamic behaviour, we then equate this to a
viscous dissipation term, giving the following time-dependent PDE for

nX/

ony %n, *ny 0%n, 2

—y = (_ e o2 52 — Aegony E (2.22)
where 7 is the rotational viscosity of the LC. Following the same
minimisation procedure for 7, and n; gives us a system of three coupled

PDEs that govern the equilibrium configuration of the director n:

—y 5 = —KV?n, — Aseoan,zc (2.23)
dny 2 2

_’Yﬁ = —KV*n, — Aegony E;, (2.24)

—7% = —KV?n, — Assoang (2.25)

where V2 = <% + aa—;Q + %) is the Laplacian operator.

Due to the requirement that |[n| = 1, we add another term to the

free energy density expression (equation 2.15) that penalises any deviation
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away from |n| = 1. The form of this term is,
fu= %(ni + 02+ n2 - 1) (2.26)

where yu is a constant with a sufficiently large magnitude to suppress any
solutions where the condition |n| = 1 is not satisfied. In practice, the value
of this constant is set to the highest possible value that still provides stable

results from the FEM solver.

When this term is added to the free energy density, the system of

three coupled PDEs derived by Euler-Lagrange minimisation become:

d

_7% = —KV?n, — AeggnyE2 + u(n2 + n§ +n2 —1)n, (2.27)
on

_rya_ty = —KVzny — AeeonyEﬁ +u(n? + nﬁ +n2 — 1)ny (2.28)
d

_7% = —KV?n, — Aeggn, E2 4 u(n2 + nﬁ +n2—1)n, (2.29)

In order to solve a system of PDEs in COMSOL, they must be
expressed in a standard form that can be interpreted by the COMSOL FEM
solver. The standard form of a PDE in COMSOL is given as,

0’u ou
eaWeraEJrV-(—cVu—zxu+'y)+,B~Vu+au:f (2.30)

where u is the dependent variable to be solved for. This u can be a scalar
quantity, in which case equation 2.30 describes a system consisting of a
single PDE. Alternatively, u can be a vector of dependent variables, in
which case equation 2.30 becomes a vector equation expressing a system
of coupled PDEs. Note that the notation Vu is equivalent to taking the

tensor product V ® u.

By inspection, we can express the three coupled PDEs for ny, ny

and 7, in this form by allowing u = n = (ny,n,,n;) and setting the
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coefficients ¢, = « = v = B = 0 while ¢ = K (the elastic constant),
d, = 7 (the rotational viscosity), a = u(n2 + n§ +n2—1) and f is the
source term, which expresses the dielectric energy in this case. Thus our

system of PDEs is now expressed in COMSOL form as,

on

Tor T V-KVn+an=f (2.31)

where

AeegnyE2
f= AssonyE§
Aeggn, E2
and use is made of the identity V?n = (V - V)n. Note that K commutes

here as it is a scalar matrix (a multiple of the identity matrix I).

2.6.2 Director Modelling with the Finite Difference

Method

A simpler method for simulating the LC director is using a numerical finite
difference method (FDM). In this method, a one-dimensional model of a
LC device is formulated, where the plane of the cell is defined to be the

xy-plane and the z axis is normal to the cell substrates. The director is
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represented as a function of a tilt angle, 6, measured from the x-axis. In
this simple 1D model, the tilt angle 6 is a function of the z coordinate axis.

The model geometry is illustrated in Figure 2.5.

|
Z

=>

X
|

FIGURE 2.5: Illustration of the geometry of a one-dimensional FDM model of the director
in an LC device.

In this description, the director, n is defined as,

cos 0

n=| o (2.32)

sin 6

Similar to the FEM approach described in Section 2.6.1, equation
2.15 for the distortion free energy must be minimised by using the Euler-
Lagrange equation. In this FDM model, however, there is only one spatial
dimension and the minimisation is performed with respect to 6. Therefore,

the Euler-Lagrange equation is,

oF 0 oF
0= 305 - (@) (2.33)
0z
which gives a PDE of the form,
90 —1<ﬁ — AeegE2 sin 26 (2.34)
Tor = "hom T em® |

Finite difference methods are a class of numerical analysis

techniques that allow a PDE to be transformed into a system of linear
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equations to be solved iteratively by an algorithm. The method relies
on the discretization of space and time, approximating continuous spatial
functions as a grid of discrete points and approximating time-dependent
functions as a finite series of time-steps. The partial derivatives with

respect to z are given by the following finite-difference approximations:

a0 0iv1—0i1
— T 2.
0z li 2A (2.35)

#0
072

01 —20,+0; 4

o~ . (2.36)

where i is the point on the discretized grid that the derivative is to be

evaluated and A is the grid-spacing defined in the model.

To solve the resulting equations, an iterative relaxation method
is employed, where an effective torque is calculated for each point and
the tilt angle is adjusted by an amount proportional to the torque and a
relaxation parameter. The process repeats until there is no change in the

director field.

After the solution to the director has been found, optical
modelling is performed by using a Jones matrix method. This allows the
director profile to be related to experimentally-measurable quantities such
as the transmission of light through a device. The approach proceeds by
dividing the director structure into a finite number of birefringent slices,
where the number of slices is defined by the spatial-discretization of the
director field from the FDM model of the director. Thereafter, the Jones
matrix for each slice is defined and then used with an input polarisation
vector to calculate the transmission. Section 2.7.2 describes the general

formulation of the Jones matrix method.
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2.7 Optical Properties

2.7.1 Birefringence

The propagation of light through a non-magnetic material is characterised
by a dimensionless number called the refractive index. For an isotropic

material with relative permittivity ,, the refractive index is,
n=/, (2.37)

The refractive index governs the speed and wavelength of light

in a medium via the following relations,

C
v=— (2.38)
Ao
= — 2.
r=2 (2.39)

where A is the wavelength of light in a vacuum.

Calamitic nematic LCs are uniaxially birefringent, possessing an
extraordinary refractive index, n., which dictates the propagation of light
polarised parallel to the long axes of the molecules and an ordinary
refractive index, n,, which dictates the propagation of light polarised
perpendicular to the long axes. This phenomenon is manifest due to the
anisotropy in the relative permittivity of a birefringent material and, in the
case of LCs, is due to the conjugation of /r-orbitals along the long-axis of
the molecules. Figure 2.6 illustrates the optical indicatrix for an uniaxial

LC. The birefringence or optical anisotropy of an LC is defined as,

An =n, —n, (2.40)
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FIGURE 2.6: Optical indicatrix of a uniaxially birefringent LC with n, > n,.

Due to the anisotropy in the refractive index, polarisation
components of light travelling through an LC sample parallel and
perpendicular to the long-axis of the LC will travel at different velocities.
Thus a phase-lag between polarisation components can develop, resulting
in a change in the overall polarisation state of the light. This phenomenon
is called optical retardation and allows LCs to be used as electrically-
switchable waveplates. The retardance is proportional to the thickness of
the LC layer and the birefringence of the LC and, as in most waveplates, is
a wavelength-dependent effect. It is optical retardation that is responsible
for the panoply of colours that can be seen when studying birefringent

samples with polarised light microscopy (see Section 4.1.2).

The indices of refraction in an LC have a strong temperature
dependence, resulting from the decrease in order observed with increasing
temperature as explained in Section 2.3. Figure 2.7 illustrates a typical

example of this temperature dependence.

2.7.2 Jones Matrices

In Section 2.6.2 a finite difference method for numerically simulating the

director field in a LC device was introduced. To calculate experimentally
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FIGURE 2.7: Temperature dependence of indices of refraction in a nematic liquid crystal.

observable optical properties of an LC device, the simulated director field
can be used in conjunction with the Jones matrix method. This section
provides a short introduction to the Jones approach as applied to LCs, and

a complete description can be found elsewhere[16].

The Jones matrix method is a simple way of calculating the
change in the polarisation state of light caused by optical materials[17].
In this formulation, light is represented as a 2 x 1 complex vector, J, with
two elements corresponding to the orthogonal components of the electric
tield. The Jones vector for linearly polarised light with an orientation at an

angle ¥ measured from the x-axis is given by,

cos ¥
J= (2.41)
sin?Y
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Some special cases of linearly polarised states are given by,

1 0
]horizontul = ]Uerticul = (2'42)
0 1
j LY Ll .43)
Y=445° — —= Y=—45° — —= .
V2 |4 Vil

whereas circularly polarised light is expressed as,

1 1 1 (1
Jrer = —= Jicp = —= : (2.44)

V2 | i V2 |

In the Jones method, optical components such as polarisers
and waveplates are represented as 2 x 2 matrices, which, when they
are multiplied with a Jones vector representing the input light, will
produce an output vector that describes the polarisation state resulting
from transmission through the optical component(s). Therefore, for
polarised light passing through one optical component with a Jones matrix
M, the Jones vector output is given by Jout = M J;,. The intensity of
the transmitted light can be calculated multiplying J,,: by its complex
conjugate. The Jones matrices for polarisers with transmission axes

oriented horizontally and vertically are given below,

10 00
MH_polariser - MV_polariser - (2-45)
00 01

An LC device is represented in the Jones method as a variable
waveplate or optical retarder. For a waveplate made of birefringent

material of thickness d with a phase retardance, I' = ZT”Aneff d, with its
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optic axis oriented at an angle 45° with respect to the x-axis, the Jones

matrix is given by,

T s T
COs 5 sy

Mwaveplate = (2.46)

—isin g cos %

An example of an LC optics experiment that can be modelled
with the Jones method is the situation of an LC device located in between a
pair of crossed (orthogonal) polarisers, with the optic axis of the LC at 45°
to the polariser axis. The experiment can be described with Jones matrices

as follows,

] 10 Cos % —isin % 1 (0 —i [ sin % (2.47)
out — = = = .
00 —1 sing Cos % V2 1 V2 0

The first matrix represents the analyser, while the second matrix
represents the birefringent LC device. The third term, represents the input
polarisation after passing through the first polariser. Note that we have
assumed the input light is unpolarised and has a magnitude equal to 1,

such that only half of the light intensity passes through the first polariser.

This experimental arrangement, with an LC device between
crossed polarisers is commonly found in LC technology. Thus it is useful
to understand the transmission through the device to explain observations
of a cell on a polarising optical microscope or the operation of a liquid
crystal display. The transmission can be found by taking the dot product
of the output Jones vector with its complex conjugate, which gives,

TAN, ¢ d
T = %sinz (Teff) (2.48)

This approach can be extended to the more-complex situation
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where the LC device is oriented such that its optic axis is at an arbitrary
angle, x, to the polariser axis. It can then be shown that the transmission
is[16],

Angrrd
T= %sinz(Zx)sinz (%) (2.49)

Therefore, the effective birefringence of the LC, Anggy, which
can be controlled with an applied electric field, leads to the alteration of
the polarisation state of the input light, leading to transmission through
the analyser. However, if the director of the LC is aligned parallel
to either the polariser or analyser (Y = 0° or 90°), no transmission
occurs. Furthermore, if the effective birefringence is reduced to zero, no
transmission will occur. This condition is met in an LC device where the
director is aligned along the light propagation direction, as the light would

only experience the ordinary refractive index.

The strength of the Jones approach is that it can be easily
extended to light passing through multiple polarisation-altering elements.
For light passing through N optical elements, Jout = My ... M3 My M Jij,.
Therefore, for light passing through an LC device with a complex director
distribution, the LC can be divided into a finite number of birefringent
slices and the overall transmission calculated by multiplying the Jones

matrices representing each slice.

2.8 Liquid Crystal Devices

2.8.1 Description of LC Devices

In order to take advantage of the useful electro-optic properties exhibited
by liquid crystals, these materials are usually filled into glass cells.
These devices consist of two glass substrates which are placed very close

together, such that there exists a gap of only a few microns between the
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substrates. The cell gap is normally maintained with a spacing material,
most commonly silica or plastic beads of a fixed diameter of 2 - 20 pm.
Spacer beads can either be dissolved into the glue that holds the substrates
together or dispersed throughout the cell to provide greater uniformity in
the cell thickness. To complete the device assembly, an LC is used to fill

the cell, such that it forms a thin layer with a uniform thickness in the cell
&ap-

The glass substrates comprising an LC cell are often augmented
with additional functional layers to enable electrical control of the LC
director and to encourage a particular alignment. Schematics of the
layers comprising an LC device can be seen in Figure 2.8. A transparent
conducting material, often indium tin oxide (ITO), is used to coat the glass
substrates with electrodes so that a voltage can be applied to the cell.
Typically, an alignment layer is deposited on top of the ITO layers and

is used to fix the orientation of the LC director at the surface interface.

There are two main types of surface alignment used in LC
devices: homogeneous (or planar) where the director lies in the plane
of the substrates, and homeotropic, where the director is perpendicular
to the substrates. Homeotropic cells, where the director is oriented
perpendicular to the glass substrates comprising the cell, can be
manufactured with surfactants that are coated onto the cell substrates and
promote vertical alignment in the adjacent LC molecules. Egg lecithin is
a suitable alignment material in such cases and can be utilised by spin
coating an IPA solution of lecithin onto the glass substrates of the cell.
However, homeotropic devices are not used in this thesis and will not be

discussed further.

Homogeneous planar alignment layers have the effect of fixing

the director to lie in the plane of the device substrates and generally consist
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FIGURE 2.8: LC device architecture in (a) 2D and (b) 3D views.
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of a polyimide layer that has been mechanically rubbed in one direction.
The LC director will lie in the direction dictated by this rubbing direction.
In practice, however, there is usually a small pretilt of 1 - 10°, such that the
director does not lie perfectly parallel to the device substrates.

a b
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FIGURE 2.9: Schematic illustrations of two different types of planar aligned LC cells, with

the substrate rubbing directions indicated by black arrows. (a) A Fréedericksz device

formed with substrates with anti-parallel rubbing directions. (b) A pi-cell device formed

with substrates with parallel rubbing directions, inducing a uniform splay state across
the device. The pretilt angle is indicated in the figure with 0,4

The relative orientation of the rubbing direction of the two
substrates has a significant impact on the properties of a device. Figure
2.9 illustrates two different cell types that are distinguished by whether
the rubbing directions are parallel or anti-parallel. Fréedericksz devices
are assembled such that the rubbing directions are anti-parallel which
produces a uniform director profile across the device. In contrast, pi-cells
are assembled such that the rubbing directions of the two substrates are
parallel and, due to the pretilt of the layers, this creates a uniform splay
state across the device. Despite the similarity of these devices, the way
in which a nematic LC behaves in response to an applied electric field
is dramatically different. The interesting topological-discontinuities in
the director field that result from applying an electric field to pi-cells are

discussed further in Chapter 6.
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2.8.2 Alignment Technologies

The standard method of LC alignment is to create an LC cell with thin
layers of mechanically rubbed polyimide on the inner surfaces. This
encourages the LC molecules to align parallel to the direction in which
the polymer has been rubbed. The exact mechanism behind the alignment
effect is not fully understood, but it is known that the rubbing process
causes the formation of microgrooves oriented parallel to the rubbing
direction. The LC molecules are thought to orient parallel to the grooves
to reduce their elastic energy, as any other orientation will result in elastic
deformations in the LC. Furthermore, the rubbing process is known to
orient the polymer chains of the polyimide, such that intermolecular
interactions between the LC and the polymer chains also favour a parallel
alignment[12]. The rubbing process also produces a unidirectional tilt in
the dangling bonds or side chains on the surface of the polyimide layer,

which are thought to control the pretilt[18].

The rubbed polyimide technique suffers from a number of
significant problems: difficulty in obtaining even rubbing pressure,
problems with dust and static charging and, crucially, the inability to
obtain multiple alignment domains. For many applications in photonics,
it is critical that LC alignment can be performed with microscopic control
and high uniformity. As the properties of an LC device depend so strongly
on the alignment, a high degree of alignment control may lead to the

discovery of new electro-optic phenomena and new applications of LCs.

Consequently, in recent years there have been many reports of
more complex alignment technologies that are able to create different
alignment domains within the same device. The probe of an atomic
force microscope (AFM) can be used to inscribe a polyimide layer and

create a micropatterned surface alignment[19-21]. The resolution of such
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a technique is inherently in the nanoscale regime, however the nature of
AFM raster scanning makes it very slow and so it is unlikely that the

process could be scaled-up for manufacturing.

Photoalignment is a versatile non-contact method for fabricating
LC alignment surfaces[22, 23]. It was first described by Ichimura et al.
who coated a substrate with a light-sensitive material which underwent
orientational ordering when exposed to polarized light[24]. This process
can be performed on individual substrates or in fully-assembled cells,
even when they are filled with LC[25]. It took two decades for the
process to be refined to the point where it was industrially relevant;
in 2009 SHARP Corporation announced a Generation 10 LCD with
improved contrast ratios and response times that was fabricated with a

photoalignment process[26].

Patterning photoalignment layers can be used to create complex
optical elements like g-plates[27], diffraction gratings[28] and switchable
Fresnel lenses[29]. Generally, these studies have used holography to create
an image of a mask in the plane of a sample, but it is also possible to
use single-photon DLW[30, 31]. A clever solution to the patterning of
azimuthal and radial alignments has been found with the use of rotating
substrates and polarizers in combination with photomasks[27, 32, 33].
However, despite the considerable advances in LC photonics enabled by
photoalignment, the technology is limited to patterning of the surfaces

that bound a volume of LC.

A key disadvantage of the advanced alignment techniques
described in this section is that they can only induce alignment through
surface modification and so are limited to fabrication in two dimensions.
Whereas, through the use of 2PP-DLW, 3D alignment control can

be accomplished, opening up new applications for LCs in photonic
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technologies. The following section discusses the polymer materials used

in 2PP-DLW and Chapter 3 discusses the fabrication process itself.

2.9 Polymer  Stabilisation and  Reactive
Mesogens

The incorporation of polymeric constituents into LC mixtures has become
an important sub-field of research in LCs[34, 35]. The pioneering
work in this field was conducted by Broer and Hikmet who found
that the orientational order of an LC phase could be ‘locked-in’
(or “frozen-in’) through the creation of a polymer network via in-
situ photopolymerisation with mesogenic molecules possessing acrylate
functional groups[36, 37]. These polymerisable LC monomers are referred
to as reactive mesogens (RMs) and, when doped into a host LC, they adopt

the molecular orientation of the host.
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FIGURE 2.10: Chemical structures of a typical diacrylate reactive mesogen, RM257 and a
photoinitiator, Irgacure 819.

When UV light is shone on a sample of diacrylate reactive

mesogens and photoinitiator dissolved in a non-reactive LC, a
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polymer network that stabilises the alignment is created via free-
radical polymerisation[38]. The chemical structures of typical reactive
mesogen and photoinitiator molecules are shown in Figure 2.10. The
polymerisation process results in the formation of a bi-continuous
composite material where a continuous polymer network permeates a
continuous LC phase[39]. The formation of a polymer-stabilised liquid
crystal (PSLC) network in an LC device is illustrated in Figure 2.11. The
self-assembled order of the liquid crystalline phase is transferred onto the
polymer network and the LC is stabilised by elastic interactions between
the network and the LC[40]. In practice this means much higher voltages
are required for realignment of the LC trapped within the network, the
switching response time is reduced and there is a much improved thermal
stability of the mesophase[41]. These composite materials are commonly
referred to as polymer-stabilised liquid crystals (PSLCs) or anisotropic

gels, due to their consistency and mechanical properties.
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FIGURE 2.11: Formation of a polymer stabilised liquid crystal (PSLC) device. (a) Before

polymerisation the device contains a mixture of LC, reactive mesogen and photonitiator

(not illustrated). (b) After polymerisation the reactive mesogen has formed a polymer
network that stabilises the alignment of the LC. Adapted from [40].

The free-radical polymerisation process that forms a polymer
network can be described by three equations, corresponding to (i)

initiation, (ii) propagation and (iii) termination. During initiation,
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photoinitiators enter an excited state after the absorption of a high energy
photon, and become a highly reactive free-radical (a chemical species with

an unpaired valence electron),

i (2.50)

where e denotes a radical species. Following this, the free-radicals attack
the polymer monomers (M) to produce monomer radicals, which go on to

attack other monomers and form radical polymer chains.

le +M — Me (2.51)

M, e +M — My, 1o (2.52)

In the termination process, two monomer radical chains combine together

and the polymerisation process is terminated,

M, ® +Mme — Mnim (2.53)

There are other potential reactions that can occur during the free-radical
polymerisation process, known as side-reactions. For example, a radical
monomer chain can terminate by joining the two ends of its chain together.
However, these reactions occur much less frequently than the reactions
above, and the polymerisation process is therefore largely described by

the above equations.

Since their invention in the early 90s, reactive mesogens have
found use in a wide range of applications including optical compensation
films for LCDs[42], elastomeric polymer networks for actuators[43] and
broadband switchable reflective mirrors[44]. Combining photoalignment

surface patterning with reactive mesogens has led to the creation of stable
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anisotropic polymer films[45] that can be used as smart materials for self-

cleaning coatings[46] and artificial muscles[47].
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Chapter 3

Two-Photon Polymerisation

Direct Laser Writing

This chapter gives the theory and background to two-photon
polymerisation direct laser writing (2PP-DLW), the fabrication technique
that was used in most of the results presented in this thesis. The physics
of two-photon absorption is explained and the resolution and speed of
direct laser writing is discussed. The advantages of including adaptive
optical elements and galvanometers into 2PP-DLW systems are examined,
and previous work on the use of liquid crystal materials in 2PP-DLW is
reviewed.

“A laser is a solution seeking a problem."”

Theodore Maiman
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3.1 Introduction to 2PP-DLW

Two-Photon Polymerisation Direct Laser Writing (2PP-DLW) has emerged
as a powerful laser-processing technique that can be used to fabricate
polymer structures on the micro/nanoscale[48-50]. It is often classed as
an advanced additive manufacturing or 3D printing technique[51] and
the terms "nanoprinting” and "3D two-photon printing" are sometimes
used synonymously with 2PP-DLW. High intensity ultrafast pulses from
a femtosecond laser are focused into a polymerisable resin, whereupon
the light is absorbed by photoinitiators that trigger a free-radical
polymerisation process, crosslinking the monomers in the resin. It offers
an advantage compared to conventional focussed UV laser/LED systems
because the absorption occurs in a smaller volume (termed a “voxel”) due
to the nonlinear light-matter interaction that occurs as a result of the high
intensity in each ultrafast laser pulse. By translating the sample with
respect to the focus of the laser, fine structures can be fabricated in 3D,
with the possibility of achieving a resolution below the optical diffraction

limit[52, 53].

3.2 Two-Photon Absorption

The extraordinary capabilities of 2PP-DLW stem from the physics of two-
photon absorption (2PA), a nonlinear optical process that only occurs
when matter is exposed to light of a very high intensity. The phenomenon
was first described theoretically by Goppert-Meyer in 1931[54] and,
enabled by the invention of the laser, was experimentally demonstrated

30 years later by Kaiser and Garett[55].

In conventional photolithography processes, a photoresist
absorbs a single photon in the UV wavelength range, triggering a change

in the chemical structure of the photoresist. For positive resists this is
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typically a bond-cleaving reaction, and the exposed portion of the resist
becomes soluble to a developer. Whereas, for negative resists, the exposed
area typically undergoes a crosslinking reaction and becomes insoluble to
a developer.

Single-Photon Two-Photon
Absorption Absorption

Excited state

Excited state

A

UV-absorbing |
hvyy sample
thR
[l Absorption
| I
Ground state Ground state

A =390 nm A =780 nm

FIGURE 3.1: Schematic illustration of single-photon and two-photon absorption in a
sample that is sensitive to UV light.

In a two-photon absorption event, a molecule sensitive to UV
light can absorb two photons of near-IR light in quick succession, each of
which has half the energy required for excitation. A comparison of single-
photon and two-photon absorption is shown in Figure 3.1. The probability
of a nonlinear multiphoton process with N photons is « IN, where I is the
intensity of the incident radiation. Therefore, for 2PA the absorption rate
is proportional to the square of the photon density within the resist. In
practice, this means that 2PA will only occur in a small volume in the focus
of an ultrafast laser that has been focussed with a high-quality microscope
objective lens with high NA (numerical aperture). There is no absorption
along the path of the beam except for at the focus, because the materials
used are transparent to near-IR light and 2PA will only occur when the

light intensity is extremely high.
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3.3 Two-Photon Polymerisation Direct Laser
Writing

By translating a photopolymerisable sample (sometimes known as a
resin) in a controlled manner relative to the high NA focus of a
femtosecond laser, 3D structures can be built up from polymerised
voxels (the 3D analogy of pixels) formed via free-radical polymerisation.
A schematic illustration of this process is shown in Figure 3.2. By
subsequently developing this photopolymerisable resin in a solvent or
developer, the unpolymerised material is removed and solid free-standing
polymer structures result. Positive photoresist processes have also been
demonstrated whereby voids can be created instead of solid structures;

having particular use in the fabrication of microfluidic components[56].
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FIGURE 3.2: Schematic illustration of two-photon polymerisation direct laser writing.

A 3D structure can be fabricated by scanning the position of the laser focus inside a

polymerisable resin. Due to 2PA, the polymerisation reaction only occurs in a small

volume in the focus of the laser where the light intensity is high enough to initiate 2PA.
This polymerised volume is termed a voxel.
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2PP-DLW was first described in 1997 by Maruo et al.[57] since
which there has been intense research activity across a number of areas
and it is now possible to buy commercial fabrication systems[58, 59].
Applications of 2PP-DLW range from nano- and micro-photonics[60] to

metamaterials[61-63] and biomedical engineering[64].

The resolution of 2PP-DLW depends strongly on the NA of the
objective lens used to focus the ultrafast laser inside the photosensitive
resin, with smaller features being achievable with higher NA. The
minimum feature (voxel) size in the lateral (Ar) and axial (Az) directions

can be estimated by the following expressions[65, 66],

.61 2
%06)\ Az nA

A ~ —
" NA NAZ2

(3.1)

where A is the wavelength of the laser, 7 is the refractive index of the resin

and NA is the numerical aperture of the focussing objective lens.

There is an aspect ratio of 2.5 - 3 in the voxel dimensions even
under aberration-free focussing at the very highest NA of 1.25 - 1.4,
due to the nature of the light intensity distribution in the focus of a
Gaussian beam[65]. Voxels thus have an elongated ellipsoidal shape. In
practice, the voxel size in 2PP-DLW depends on numerous factors, such
as the absorption properties and concentration of the photoinitiator; the
diffusion properties of the radicalised monomers and the exposure time
and power of the laser. A comprehensive review of the scaling laws

relating to the voxel size in 2PP-DLW can be found in reference [67].

The NA of the focussing objective is clearly a critical parameter
for 2PP-DLW, with fabrication of the smallest possible polymer features
usually conducted with NA = 1.4 oil-immersion objectives. However, use
of the highest NA objective is not necessarily advisable due to the dramatic

increase in total fabrication time that results. One of the drawbacks of
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2PP-DLW is its extremely low-throughput when working at the highest

possible resolutions with high NA objective lenses.

A simple estimate of the total fabrication time of a polymer

structure can be obtained by evaluating the following expression[48],

;= xyzF
~ Ro

(3.2)

where x, y and z are the width, length and height of the structure, R
is the voxel volume, v is the scanning speed, and F is the fill factor
(ratio of polymerised volume to unpolymerised volume in the structure
design). As an example, for a typical mesoscale structure with dimensions
of 500 pm x 500 pym x 100 pm, with a fill factor of 50%, a voxel volume of
0.14 pm? with NA = 1.4 and a scanning speed of 100 pm/s, the fabrication
time is 892857 s (over 248 hours). Using an objective lens with NA = 0.5
to fabricate a structure of the same design gives a fabrication time of
12500 s (approximately 3.5 hours). However, the smallest feature size in
the structure also needs to be considered when selecting an appropriate
NA and analysed in terms of the minimum voxel size given by equation

3.1.

34 Advanced Components in Two-Photon
Polymerisation Systems

The capabilities of 2PP-DLW go well beyond that offered by conventional
lithographic processes, as the technique provides true 3D structuring
rather than 2D layer-by-layer fabrication. It also allows rapid prototyping
and maskless conversion from 3D design to 3D microstructure, as
well as the remarkable ability to create sub-diffraction limited polymer

features[68]. However, there are significant challenges in improving the
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scalability and speed of the technique, which currently inhibits its use as a

mass-production fabrication method.

In this section, some advanced DLW technologies which can be
used to enhance the performance of 2PP-DLW systems are described.
DLW systems are commercially available but are associated with a
large cost of >$250K and are typically basic instruments tailored to
the fabrication of free-standing microstructures in proprietary negative
photoresists. In this thesis, a custom-built 2PP-DLW system was designed
and built to allow more control over the system design, and specifically to
tailor it to fabrication in LC materials. This system is described in detail in

Section 4.2.

The functionality and capabilities of 2PP-DLW systems can be
augmented by incorporating adaptive optical elements into the system
design[69]. Such devices can correct for spherical aberration[70] occurring
due to focussing the laser through a refractive-index mismatch, which is
of particular importance for LC devices due to the requirement for a LC
device to have two glass substrates to obtain alignment in a thin LC layer.
Furthermore, spatial light modulators (SLMs) can also address concerns
over scalability and fabrication time associated with 2PP-DLW by creating
multiple foci to pattern larger regular arrays with increased efficiency and

throughput[71, 72] and by altering the beam-profile[73].

The simplest method of increasing the throughput of 2PP-DLW
is to increase the sample translation speed. However, this is limited to
~100 pm/s for commonly-used piezoelectric translation stages and to

~500 mm/s for direct-drive linear stages.

Up to two orders of magnitude improvement in fabrication time
can be achieved by using galvanometer scanning mirrors, which move

the laser focus inside the sample at speeds on the order of several
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metres per second. Furthermore, galvanometer scanning mirrors enable
3D structuring with nanometer-precision at a much lower cost than

nanopositioning direct-drive linear stages[65].

The key disadvantage of galvanometer scanning is that the
writing-field is much smaller (~100 x 100 ym, depending on the NA of
the objective) and thus stitching is required to build up larger structures.
Stitching errors are extremely challenging to avoid, although the severity
of this problem depends on the resolution of the fabricated structures and
the performance of the translation stages[65]. An alternative to stitching
is the use of ‘infinite field-of-view’ technology, where the scanning of
the galvanometer mirrors is synchronised closely with the motion of the
translation stages[74, 75]. However, the computational difficulty, both in
terms of the coordination/timing of multiple hardware components, as
well as software development overheads, makes this quite challenging to

implement.

3.5 Liquid Crystal Resins for Direct Laser
Writing

In this thesis, the use of LC materials as functional resins in 2PP-DLW is
investigated. This section provides some background on the state-of-the-
art in this area of research. Existing reports of microfabrication using 2PP-
DLW in LCs can be divided into two categories: (i) microstructuring of
polymer surfaces/lattices that are infiltrated with LC after fabrication, and
(ii) in-situ laser writing of a polymerisable LC mixture to form crosslinked

LC-polymer networks.

It is well known that LCs align when they are in contact with

micro-scale grooves or gratings on a polymer surface[18, 76]. Xie et al.
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tirst reported the fabrication of such periodic structures with 2PP-DLW
in PMMA (a positive photoresist) for the purposes of aligning nematic
LCs[77] and Lee et al. reported the fabrication of similar structures in a
commercial negative photoresist[78]. A number of studies since then have
successfully used 2PP-DLW to create microgratings for planar alignment
before fabricating more complex polymer microstructures on top of the
micrograting. A slightly different approach to create polymer alignment
surfaces was demonstrated by Ji et al. where polymer walls were written
in a negative photoresist which subsequently caused alignment of the LC

director parallel to the wall direction[79].

A number of groups have extended this 2D alignment capability
by creating 3D polymer microstructures that function as LC alignment
surfaces. Serra et al. fabricated a simple cubic microlattice using a
negative resist that was subsequently functionalised with a homeotropic
alignment agent and then infiltrated with LC[6]. This created a complex
frustrated director profile inside each cubic void in the lattice. Applying
a voltage caused some of these pixels to become dark under polarised
optical microscopy, due to the director becoming uniformly aligned with
the field. There was some degree of 'memory’ associated with this
process, whereby the number of pixels that stayed dark after the voltage
was removed depended on the strength of the voltage initially applied.
Woodpile photonic crystal structures have also been fabricated from
negative photoresist before being infiltrated with LC. Ho et al. showed
that light diffraction through such a structure can be tuned by tuning the

degree of order in the LC through changes in temperature[5].

Recently, Lee et al. have reported the fabrication of a fast,
polarisation-independent LC phase modulator created via 2PP-DLW
fabrication of polymer shelf structures to partition the cell gap in LC

devices[80]. The polymer shelf effectively splits the liquid crystal cell
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in two and, as the response time is quadratically dependent on the cell

thickness, a decrease in the response time results[4].

It is clear that interesting and novel phenomena have been
demonstrated with LC-infiltrated polymer structures. However, it is not
possible to exert direct control over the alignment at every point in the
bulk of the LC using this method. The alignment is communicated to
the bulk of the LC molecules by the bounding surfaces, and the director
profile is thereafter dependent on the elastic energy and cannot be directly

controlled or modified during the fabrication.

2PP-DLW in polymerisable LCs follows a different methodology
to the examples described above. A mixture of a host LC and reactive
mesogen and photoinitiator resin can be injected into a LC cell and
used in a 2PP-DLW system in order to fabricate 3D polymer-stabilised
LC structures in-situ within the device. The photoinitiators absorb the
light through 2PA and generate free radicals that transfer electrons to
the reactive diacrylate molecules which cause them to cross-link and
form a PSLC network. Here, the photopolymerisable resin is itself
liquid crystalline, which means that the polymer structures possess a
molecular anisotropy that depends on the alignment at the moment of
fabrication (Section 2.9). This presents significant new opportunities for
creating novel electro-optic effects and functional LC-polymer composites,
as the orientation (and thus birefringence) of LC molecules embedded
in the polymer can be controlled microscopically during laser-writing by

dictating the alignment with external fields.

The first reports on 2PP-DLW of LC-polymer structures
fabricated in-situ were described by Yoshida et al. who polymerised a
chiral nematic monomer mixture in a spatially-selective manner to leave

an unpolymerised layer of chiral LC in the centre of an LC device[81, 82].
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This had the effect of creating a photonic defect mode which could be
exploited when the chiral nematic structure was used as a cavity for an
LC laser[83]. Subsequently, Ito et al. fabricated microcylinders using 2PP-
DLW with a photopolymerisable nematic liquid crystal mixture aligned in
a simple rubbed polyimide cell[84]. These studies demonstrated the use
of 2PP-DLW in creating intricate polymer structures inside a liquid crystal
device, but the alignments were uniform and were not actively controlled

during fabrication.

In contrast, Tartan et al. showed the advantages of localised
and controlled polymer stabilisation of different voltage-dependent
alignments inside an LC device using 2PP-DLW[85]. The technique was
employed to form homeotropically-aligned polymer walls by applying
a voltage with a magnitude sufficiently high to unwind the helix in a
chiral nematic LC device. The periodic polymer walls had the ability to
stabilise the uniform-lying helix electro-optic switching mode[86] which

is challenging to align and tends to be unstable[87].

3.6 Summary

In summary, 2PP-DLW is a powerful and versatile technique for
fabricating LC-polymer composite materials with microscale feature sizes.
Furthermore, alignment control is of paramount importance in LC
technology and, as new LC photonic devices have been demonstrated
by controlling the alignment with a microscale precision; there is a
compelling opportunity to use the reactive mesogen and photoinitiator
molecules described in Section 2.9 as a resin material for 2PP-DLW
microfabrication. As this process can be conducted inside a fully-
assembled LC cell, an electric field can be applied during fabrication,

allowing highly-localised polymer stabilisation of voltage-dependent
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director profiles. This is a largely unexplored area for advanced
microfabrication of functional structures in LCs and is the key subject of

this thesis.
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Chapter 4

Experimental Methods

This chapter details the experimental methods frequently used in
this thesis, including liquid crystal device characterisation, mixture
preparation, polarised optical microscopy and 3D printing. The latter
half of the chapter describes the design and build of a bespoke 2PP-DLW
system for microfabrication in liquid crystals.

“Published papers may omit important steps and the memory of men of
science, even the greatest, is sadly fallible.”

John Desmond Bernal
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4.1 Liquid Crystal Devices and Characterisation

To avoid repetition in subsequent chapters, this section describes some
of the methods commonly used throughout this thesis, including mixture
preparation, cell filling and polarised optical microscopy. Other methods
that were specific to particular experiments are described in full in the

relevant chapters.

4.1.1 Fabrication of Liquid Crystal Devices and Cells

Typically, the photoresists used in 2PP-DLW form isotropic polymers
where there is no molecular ordering to the crosslinked polymer
chains and the functionality of the materials is controlled solely by the
micro/nanostructure of the 3D design. In contrast, throughout this thesis,
the resin used is a polymerisable liquid crystalline mixture, allowing
tuning of the properties of the resin itself by altering the molecular

alignment and order with external fields during fabrication.

RM257 Irgacure

E7

7CB (25%) 2aof
- g

NCO/_\—/_\— 80CB (16%)
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~29 wt%

Polymerisable Liquid
Crystal Mixture

FIGURE 4.1: Schematic illustration of the mixture preparation process. E7, RM257

and Irgacure 819 are mixed together in a ratio by weight of approximately 70:29:1 to

form a polymerisable liquid crystal mixture suitable for curing via UV and two-photon
polymerisation.
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The constituents of the polymerisable resin are a host LC, a
reactive mesogen and a photoinitiator which are mixed together in a
70:29:1 ratio by weight, following the method of Tartan et al.[85]. The
chemical structures of the three constituents are shown along with their
respective weight fractions in Figure 4.1. Throughout this thesis, the host
LC used is E7, a well-characterised commercial mixture of cyanobi- and
tri-phenyls with a clearing temperature of 58°C. The reactive mesogen
used is RM257, a common RM material that exists as a solid at room
temperature and has a nematic range of 86 - 116°C. The refractive indices
of polymerised RM257 are n, = 1.53 and n, = 1.66[34]. It is important
to employ an RM with refractive indices that are close to that of the
host material E7 (n, = 1.5,n, = 1.69), to avoid scattering caused by a
large mismatch in the refractive indices between the host and the RM.
After polymerisation, the polymer network formed will not be exclusively
formed of RM257 and will additionally contain E7 embedded in the
network and E7 phase-separated in micrometer-sized pockets within in
the network. Unpolymerised regions will contain E7 and unreacted

monomer and photoinitiator.

The smallest component by weight of the mixture is Irgacure
819 (Chemical name phenylbis(2,4,6-trimethylbenzoyl)phosphineoxide), a
commonly used photoinitiator for free-radical polymerisation, with strong
absorption from 360 - 410 nm. This photoinitiator was chosen due to
its absorption peak at 390 nm, which is half of the wavelength of the

tabrication laser used to initiate two-photon polymerisation.

To completely mix the constituents of the polymerisable mixture,
the sample vial is placed in an oven for 24 hours at a temperature of 70°C.
This temperature was chosen as the mixture is observed to have a clearing
point of ~69°C and it is important to completely mix the components in

the isotropic phase. After this, the mixture can be filled into an LC cell in



54 Chapter 4. Experimental Methods

OVEN
0 LC cell
. 70 (
ﬂ —
HEA
7|] DE
HOTPLATE @EA
o ,4HOuRs - maa [ RFM
| |

FIGURE 4.2: Schematic illustration of the process of cell filling. First the mixture is placed

in an oven at 70°C for 24 hours to completely mix in the isotropic phase. The cell to be

filled is placed on a hotplate and then filled via capillary action with the hotplate set to

70°C to ensure filling takes place in the isotropic phase. The cell is then allowed to cool
before being polymerised.

readiness for photopolymerisation.

Cell-filling proceeds by first placing an LC cell on a hotplate set
to 70°C. The mixture is rapidly transferred from the oven to the hotplate
to ensure it remains in the isotropic phase. A Pasteur pipette is then used
to transfer a small droplet from the vial onto one of the openings of the
cell, after which it infiltrates the cell via capillary action. After the cell is
completely filled, the temperature is slowly reduced to room temperature
so that the LC will relax into the most thermodynamically stable alignment

within the device.

4.1.2 Polarised Optical Microscopy

There is considerable use of polarised optical microscopy (POM)
throughout this thesis to observe the microstructure of LC devices
engineered with 2PP-DLW. Microscopy was conducted using an Olympus
BX51 microscope with a QImaging Retiga R6 6.0 megapixel CCD camera
attached to the phototube. A schematic illustration of the microscope
setup is shown in Figure 4.3. In transmission mode, the illumination is

provided by a halogen light bulb that first passes through a condenser lens
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and a linear polariser before reaching the sample plane. A long-pass filter
with a cut-off wavelength of 550 nm was inserted before the sample to
avoid causing any polymerisation in devices that still contained unreacted

monomer.

An objective lens turret allows for convenient switching of the
magnification and a rotatable analyser (a second linear polariser) can
be inserted before the eyepieces/phototube to observe the interference
colours exhibited by birefringent samples. In general, the analyser is
rotated such that is it "crossed" with respect to the first polariser, a
configuration where the transmission axis of the analyser is perpendicular
to the first polariser. Under these conditions, isotropic samples appear
black (extinction), whereas birefringent samples generally exhibit bright
interference colours described by the Michel-Levy chart[88]. However, if
a birefringent sample is mounted such that its optic axis is parallel to the
microscope axis, it will also appear black between crossed polarisers. In
LCs, this condition is met when an LC device is aligned homeotropically,
that is, where the director is perpendicular to the glass substrates of the

device.

The sample stage could be rotated to allow observation at a range
of angles with respect to the crossed polarisers. To aid with positioning of
the sample, the stage was fitted with an adaptor to allow lateral translation
of the sample with manual thumbscrews. Olympus objective lenses were
used with the cover slip correction collar set to the thickness of the glass
slides comprising the LC device, in order to improve the quality of the

microscope images by reducing spherical aberration.

Throughout this thesis, LC cells were investigated with POM at
a range of voltage amplitudes in order to study the switching behaviour.

To increase the efficiency of these measurements, MATLAB scripts were
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FIGURE 4.3: Schematic illustration of the polarising optical microscope used in this thesis
with optical components labelled.

written to automate the process of obtaining microscope images at

different voltage amplitudes. This was done both to increase speed

and reduce the likelihood of the sample being inadvertently repositioned

between measurements.

4.1.3 3D printing

3D printing was frequently used to rapidly manufacture adaptors and
connectors used in experimental setups. These components were made
with PLA (polylactic acid) filament and fabricated by a Makerbot
Replicator+ 3D printer. The printer heats the filament to 220°C before
extruding it mechanically by forcing the filament through the nozzle of an
extruder. By translating the extruder around the build plate with stepper

motors, a solid plastic part can be built up in a layer-by-layer fashion.

The design process began by building a 3D model of the

component in the Solidworks 3D CAD software before exporting the
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tile as an .STL (stereolithography) file. The .STL file was imported into
Makerbot Print, a software package that controlled the 3D printer and
allowed remote monitoring of the printing process. The position of the
component on the build plate could be adjusted in order to optimise
the printing process. In general, components should be oriented to
minimise overhangs, as additional support material is required to support
overhanging sections of a printed part, and the build quality usually

decreases in these cases.

The settings for the print depended on the quality of the part
required, the desired printing speed and the footprint of the part on the
build plate. There is a trade-off between quality and fabrication time such
that setting a low "minimum layer height" (effectively the resolution of
the print) of 0.02 mm would lead to a high quality print but a very long

fabrication time.

A common problem found in 3D printing was with components
peeling off the build plate as the part was printed. This was a particularly
prominent issue in parts with a large footprint, and results from the
cooling of the PLA plastic after it is extruded from the nozzle. To combat
this, the build plate could be covered in an adhesive tape to improve
the adhesion of the part as the plastic cooled down. Alternatively, the
Makerbot Print software could be instructed to print a "raft", which is
a thin 3D-printed bed onto which the part is printed, and this generally

improves the adhesion to the build plate.
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4.2 Design and Build of Liquid Crystal Direct
Laser Writing System

The microfabrication of polymer structures in LC materials that is
described in this thesis was conducted using two different two-photon
polymerisation direct laser writing systems. The work described in
Chapters 5 and 6 was conducted using a laser machining system
developed by Dr. Patrick Salter and colleagues in the Dynamic Optics
and Photonics Group in the Department of Engineering Science at the
University of Oxford[89]. This system was initially designed to explore
the potential of using adaptive optics in laser micromachining systems[70]
and has been used extensively for fabrication inside diamond[90] and
silica glass[73]. The configuration of this system was adapted for two-
photon polymerisation in LC devices and is described in the experimental

methods sections of Chapters 5 and 6.

As part of the DPhil project described in this thesis, a separate
2PP-DLW system was designed and built which was tailored for
fabrication in LC materials. This resulted in a bespoke 2PP-DLW system
that was designed solely for the requirements of fabrication in LCs. The
fabrication of the diffractive optical elements described in Chapter 7 was
conducted using this apparatus. This section describes the design of the
system, as well as detailing some ideas for further development that will

enhance its future capabilities.

421 Overview of System Design

A 2PP-DLW system is a complex optical setup with multiple subsystems
that perform various functions including optical power control, beam
diagnostics, beam gating, beam conditioning, sample positioning and in-

situ imaging.
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FIGURE 4.4: Schematic of the optical layout of the two-photon polymerisation direct laser

writing system with key optical subsystems highlighted. The red lines show the path

of the 780 nm femtosecond laser, while the orange lines show the path of the sample
illumination subsystem.
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A schematic of the direct laser writing system design is shown
in Figure 4.4. The laser source is a mode-locked Titanium:Sapphire
femtosecond laser (Spectra-Physics Tsunami) at 780 nm, emitting 100 fs
pulses at a repetition rate of 80 MHz. The beam is first passed through the
power control system, consisting of a half-waveplate and polariser, where
the waveplate is mounted on an electronically-controlled rotation stage in

order to vary the optical power.

The beam then passes through a beam diagnostics subsystem
which consists of a 10:90 non-polarising beamsplitter and a photodiode
(Thorlabs S120C) connected to a digital optical power meter. The
beamsplitter taps 10% of the power of the main beam so that its optical
power can be ascertained without losing a large proportion of the power

delivered to the sample.

For beam gating, a fast (20 ms) mechanical beam shutter
(Thorlabs SHO05) is mounted immediately after the beamsplitter and
allows for a modulated laser power that can be synchronised with the
motion of the stages. Mounting the shutter in this position, after the beam
diagnostics subsystem, is useful as the power of the beam can be measured

and adjusted without any radiation reaching the sample plane.

The beam conditioning subsystem follows after the optical
shutter and consists of a half-waveplate on a manual rotation stage
and lenses for beam expansion. It was important to have control over
the polarisation of the laser with respect to the sample orientation, as
aberrations are dependent on the polarisation when a laser is focussed
through a birefringent material. The half-waveplate therefore allowed

rotation of the linear polarisation of the femtosecond laser.

To fill the rear focal plane of the objective lens, the beam must be

expanded. The expansion required depends on the pupil diameter of the
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objective lens being used for the fabrication and is given by, & = 2NA f,
where f is the focal length of the objective. This is given by f = 180/M,
where M is the magnification for an infinity-corrected objective with a

tube length of 180 mm.

In this thesis, two Olympus infinity-corrected objective lenses of
magnifications 10X and 20X were used which had NA = 0.3 and 0.5. The
pupil diameters are therefore 10.8 mm and 9 mm, respectively. At the
output of the laser, the beam is approximately 2 mm in diameter and
therefore required expansion by a factor of ~5.5 for the 0.3 NA lens and
~4.5 for the 0.5 NA lens. The magnification was performed by a pair of
lenses in a telescope configuration with a 50 mm, 300 mm pair used for

the 0.3 NA lens and a 80 mm, 300 mm pair used for the 0.5 NA lens.

The beam is then deflected upwards with the use of a mirror and
deflected again by a second mirror to bring the beam into the plane of an
elevated optical breadboard. The beam is then deflected downwards by
a shortpass dichroic mirror onto the back aperture of the objective lens
mounted underneath the breadboard. The objective lens itself is mounted
on a piezo scanner with a range of 100 pm (PI PIFOC) so that its position
can be adjusted independently of the sample. It was useful to have an
independent method for adjusting the depth of focus in a sample, as this
allowed the depth of focus to be changed while automated fabrication

routines were running.

The sample positioning subsystem consists of a three-axis stack
of translation stages (Aerotech ANT95XY-050 and ANT95V-3) with a
positioning resolution of 1 nm onto which the sample is mounted. An
adaptor to hold the sample was designed in 3D CAD software and printed
using the 3D printer described in Section 4.1.3. A photograph of the

objective lens and sample-mounting system is shown in Figure 4.5.
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FIGURE 4.5: Photograph of the sample-mounting arrangement in the DLW setup. The
illumination module for the imaging subsystem is shown in a dashed green box.
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The in-situ imaging subsystem was designed to allow
microscopic observation of the sample between crossed polarisers in
real-time. The subsystem consists of a halogen illumination source
(Thorlabs OSL2) which is coupled into a multi-mode optical fibre and
collimated by an adaptor at the output of the fibre. The white light first
passes through a 550 nm longpass optical filter, which blocks any light
that could be absorbed by the photoinitiator in the sample. Then it passes
through a film polariser before reflecting off a mirror mounted at 45°
in the 3D printed adaptor underneath the sample. This mirror deflects
the light upwards through the sample and towards the objective. The
light then encounters the shortpass dichroic mirror which has a cutoff
wavelength of 650 nm, allowing any light below 650 nm to be transmitted
through the dichroic mirror. It then reflects off another mirror which
brings the path of the light into the plane of the elevated breadboard
before being focussed by a lens and passing through an analyser onto a
colour CCD camera (Thorlabs DCU224C). There is an additional 750 nm
shortpass filter mounted onto the front of the CCD camera, as it was
found that the dichroic mirror could not completely suppress the 780 nm

laser which caused saturation of the CCD.

4.2.2 Beam Diagnostics Subsystem Power Calibration

It was necessary to calibrate the beam diagnostics subsystem so that the
power measured in the beam tapped off the main beam by the 10:90
beamsplitter could be related to the power received at the sample plane.
This subsystem was important to the design, as it allows the power
received by the sample to be measured without disrupting the mounting

of the sample.

The calibration was performed by using a thermal optical power

sensor (Thorlabs S350C) placed in the sample plane and simultaneously
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FIGURE 4.6: Calibration for the beam diagnostics subsystem. The power of the tapped
beam from the 10:90 beamsplitter is displayed on the x-axis and the power measured at
the sample plane is displayed on the y-axis. A linear fit gives a calibration factor of 4.07.
measuring the power of the tapped beam at a range of input powers. By
varying the angle of the waveplate in the power control subsystem, the
optical power input to the DLW system could be easily adjusted. The
calibration is shown in Figure 4.6, where a linear fit to the data has been
performed, giving a calibration factor of 4.07. To obtain the optical power

at the sample, the power measured in the tapped beam from the 10:90

beamsplitter simply needs to be multiplied by this calibration factor.

4.2.3 Software

The direct laser writing system was controlled with various software
packages. This section explains the purpose of each piece of software and

how it interacted with the hardware of the DLW system.

The Thorlabs Kinesis motion control package was used to control
the angle of the rotation stage to which the half-waveplate for power
control was mounted. The optical power of the tapped beam measured

by the photodiode was displayed with the Thorlabs Optical Power Meter
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program. Use of these two pieces of software in tandem allowed the

power to be adjusted and monitored in real-time.

The piezo-stage to which the objective lens was mounted was
controlled by PI Nanocapture. This allowed the position of the objective

to be adjusted over a range of 100 ym with a resolution of 1 nm.

The CCD in the imaging subsystem was controlled with Thorlabs
ThorCam which allowed both real-time monitoring and adjustment of the
camera settings including exposure and gain. It was also occasionally
useful to mark the image of the device with annotations for reference. This
was used frequently to mark the position of the laser spot in the sample,
such that the user would be able to anticipate where a fabrication would

begin.

The fabrication process itself was controlled by the Aerotech
Ensemble Motion Composer. This software allows for writing and testing
of AeroBasic code (see following section) which dictates the motion of the
translation stages and controls the laser shutter. It also allows for editing
of various control parameters for the stages and tuning of the stage PID

control loops.

4.2.4 AeroBasic Translation Stage Commands

The high-resolution Aerotech translation stages can be controlled with a
G-code derived programming language called AeroBasic. The language
is comprised of commands that instruct the stages how to move and is
supplemented with other commands that can be used to trigger auxiliary
outputs and interface with other equipment. In the context of this thesis,
an AeroBasic script is often referred to as a "fabrication script", as it is used

to control the pattern that is fabricated into a polymerisable LC device.
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The most common command used in fabrication scripts is the
linear command which instructs the stages to move to a new position

at a constant speed. An example of a linear command is:
linear X 0.20 Y 0.50 Z 0.00 F 0.10

The letters X, Y and Z refer to the axes of the 3-axis translation stage stack
and the numbers after each letter give the distance the axis should move.
The letter F refers to the movement speed. The units used in AeroBasic
are millimetres and seconds. Therefore, this command is instructing the
stages to move by 0.2 mm in the X axis and 0.5 mm in the Y axis at a speed

of 0.1 mm/s.

Another frequently used command was the DOUT command
which controlled one of the auxiliary digital outputs of the stage controller.
This output was connected to the optical shutter placed in the path of the
fabrication laser so that the laser could be gated and synchronised with

the movement of the stages.

AeroBasic scripts were very rarely written manually in the course
of this thesis. ~With the exception of brief test runs, the standard
process involved writing a script in MATLAB to generate the AeroBasic
fabrication script. As fabrication processes often involved repetitive
movements, this was the most efficient way to produce AeroBasic code.
In addition, for some fabrication processes, the desired polymer structure
was based on a particular design image. In these instances, the input to the
MATLAB generation script was an image of the design and this was read
and interpreted by the script in order to produce an AeroBasic fabrication

script.
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4.2.5 Future System Development

As described in Section 3.4, the inclusion of adaptive optics into a two-
photon polymerisation system confers a number of benefits including
improved feature resolution, parallel processing, and beam shaping. The
DLW system described in this chapter was designed such that a spatial

light modulator could be inserted into the setup at a later date.

As the phase of the SLM needs to be conjugate with the back focal
plane of the objective, it requires a 4f lens system between the SLM and the
objective. This could be accomplished with two 400 mm lenses placed in
between the beam expander and the objective lens. To facilitate this, a
distance of 1600 mm from the objective was measured and this position

was reserved for a future SLM.

As also described in Section 3.4, galvanometer mirrors could be
used to improve the fabrication speed while preserving the quality of the
fabrication process. With some adjustments to the path of the beam on the
optical table, galvanometer mirrors could be inserted into the system. This
would require an additional 4f lens pair to image the plane of the galvos

onto the SLM.

This 2PP-DLW system is designed to be specifically tailored
to microfabrication in LC devices. To extend its capabilities in this
area, a calibrated hot stage, mounted to the translation stages, could
enable fabrication in materials with LC phases that do not exist at room
temperature. This would also introduce another degree-of-freedom to the
fabrication process, whereby the temperature could be adjusted during
fabrication, so the nematic order of fabricated polymer features could be
tuned. In addition, it would enable fabrication in LC materials while they

are in an isotropic phase above the clearing point of the material.

Finally, control software could be designed in LabVIEW or
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MATLAB that unifies the individual software packages used to control the
hardware elements of the DLW system. This would increase efficiency and
ease-of-use, and may enable the development of more complex fabrication
procedures that synchronise the motion of galvanometer mirrors and
translation stages to rapidly manufacture polymer structures over a large

area.



69

Chapter 5

Voltage-Induced Refractive Index
Matching for Read-On-Demand

Images

This chapter describes how 2PP-DLW can be used to fabricate microscale
polymer structures that stabilise the voltage-dependent states of a nematic
liquid crystal cell. This capability enables complex patterns to be inscribed
and hidden in an LC device and made invisible or visible depending
on the voltage applied to the device after fabrication. By reading a
device with the same voltage amplitude that is used to write the polymer
structures, features can be made to disappear as the director profile
becomes homogeneous with the surrounding regions. It is shown how
this process can be used to create microscale reconfigurable emoticons
and QR codes within a fully assembled LC device, with potential use in
authentication and identification applications.

“The pages are still blank, but there is a miraculous feeling of the words being
there, written in invisible ink and clamouring to become visible”

Vladimir Nabokov
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5.1 Introduction and Background

5.1.1 Refractive Index Matching in LC/polymer devices

Refractive index matching of polymer binders with liquid crystalline
materials has been explored in considerable depth over many years,
particularly in the context of polymer dispersed liquid crystals (PDLCs),
where the mismatch between the refractive indices of a polymer matrix
with embedded LC droplets leads to light scattering. PDLC devices
are electrically switchable, where the scattering can be turned off
by matching the ordinary refractive index of the LC to that of the
polymer using an applied voltage[91-97]. This phenomenon has been
exploited in LC privacy windows that switch between transparent and
opaque/translucent states[98, 99] and PDLCs have also found use in a
range of other optical devices including light shutters[100], displays[101],

and diffractive optical elements[102].

PDLCs are usually composed of 40 — 60 wt% LC, with the
rest of the mixture made up by isotropic polymer monomers and a
small concentration of photoinitiator. A simple PDLC film is usually
fabricated by using UV light to initiate a photopolymerisation-induced
phase separation (PIPS) process across the bulk of a sample. This leads
to the formation of approximately spherical or prolate domains of LC,
randomly suspended in a polymer matrix[103, 104], as illustrated in
Figure 5.1a. In the LC droplets, the director alignment is generally bipolar
or radial[105], but the net orientation of the director in each droplet is
random and this causes incident light to be scattered as it passes through
the device, due to the mismatch between the refractive index of each
droplet and the polymer[106]. A PDLC device can be switched to a non-
scattering transparent state with the application of an electric field that

aligns the director within the droplets to be parallel to the field (Fig. 5.1b).



Scattering state Transparent state
(voltage off) (voltage on)

5.1. Introduction and Background 71
a| ]
|

@ ooy |
i

FIGURE 5.1: A schematic of a PDLC film (a) with no applied voltage in a scattering state

and (b) with an applied voltage that reorients the director in the LC droplets and switches

the device to a transparent state. For index-matching to occur, the polymer matrix must
have refractive index n, = n, where n, is the ordinary refractive index of the LC.

A key disadvantage of the PDLC approach to switchable
refractive index matching stems from an inability to exert direct control
over the phase separation process. PDLC fabrication techniques usually
produce a polydispersity in LC droplet sizes, which negatively impacts
the electro-optic characteristics of a device by introducing inter-droplet
scattering[107, 108]. There is therefore a potential advantage in new index-

matching technologies that allow precise and direct control over the size

and morphology of LC polymer network structures.

As discussed in Chapter 3, advanced fabrication techniques such
as direct laser writing (DLW) offer new ways to structure and manipulate
LC/polymer composite materials. This enables more-complex device
designs to be realised and greater control over the morphology of polymer
structures as compared to conventional photopolymerisation techniques

such as those employed in PDLCs.

This chapter describes how 2PP-DLW can be used to precisely
fabricate microscale polymer pillars directly inside electrically addressable
LC devices. These embedded features function as 3D alignment surfaces,
imposing a boundary condition on the LC at the surface of the polymer
structures. The orientation of the LC/reactive mesogen mixture at the

moment of fabrication is stabilised inside the polymer structures and
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additionally influences the unpolymerised LC surrounding the structures.
By applying a series of different voltages during fabrication, it is possible

to stabilise distinct director profiles over the area of the device.

After fabrication, when applying a voltage to the device that
matches the voltage applied during fabrication, the LC layer is brought
into harmony with the boundary conditions imposed by the polymer
features and produces a uniform refractive index profile. Thereby
removing scattering and masking the objects in the presence of both
polarised and unpolarised light. This chapter examines and analyses
this voltage-induced “invisibility” and demonstrates some application

concepts which exploit this interesting behaviour.

5.1.2 Microscale Authentication Technologies

Authentication and anti-counterfeiting technologies are a crucial part
of life in the modern world, most commonly seen on banknotes and
coins to deter and prevent the counterfeiting of money. However,
an increasing number of industries now suffer from counterfeiting
of manufactured goods including pharmaceuticals[109], electronics[110]
and mass-produced high-value consumer goods such as beverages,
perfumes and cigarettes[111]. Analysis published in a landmark OECD
(Organisation for Economic Co-operation and Development) report on
counterfeiting published in 2007 estimated that trade in counterfeit
products was worth up to $200 billion in 2005[111] and is forecast to reach
up to $991 billion by 2022[112].

Numerous anti-counterfeiting methods have been developed to
combat the economic losses associated with counterfeit goods. In general,
anti-counterfeiting technologies use some form of security marking that

is challenging to copy or reproduce and can be attached securely to
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a product[113-117]. Better still is when the security marking can be
embedded within a product and an additional level of security is provided

when these markings are covert and not easily detected by the naked eye.

Microscale authentication technologies are particularly powerful
because (i) the fabrication is not straightforward, requiring complex
equipment to reproduce the covert feature and (ii) the markings are
challenging to detect, being comprised of microscopic features[118].
In this chapter, the fabrication of a switchable microscopic quick-
response (QR) code embedded within a polymerisable LC device is
demonstrated. This type of security marking is particularly suited for
authentication applications, as the QR code can only be read when a
voltage is applied to the device, adding another step to the authentication

procedure.

5.2 Experimental Procedure

5.2.1 Fabrication of Polymer Micropillars

Polymer micropillars were fabricated inside LC devices by employing
2PP-DLW to selectively polymerise a device containing reactive mesogen
and photo-initiator that had been dispersed into an LC host. The mixture
consisted of the nematic LC mixture E7 (70.7 wt%) (Synthon), reactive
mesogen RM257 (Merck) (28.5 wt%) and Irgacure 819 (Merck) (0.8 w%)

and was produced following the procedure described in Section 4.1.1.

The mixture was capillary filled in the isotropic phase into 20 pm-
thick LC cells manufactured by Instec Inc. using a hotplate held at 70°C.
The cells consisted of two glass substrates which were coated with indium
tin oxide (ITO), and anti-parallel rubbed polyimide alignment layers.

After cooling to room temperature, the LC device was mounted onto the
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translation stage stack in a 2PP-DLW system and connected to a function
generator (Tektronix AFG 3022) so that a 1 kHz AC electric field could be

applied to the device during fabrication.

The results in this chapter were obtained prior to the design and
build of the bespoke 2PP-DLW system tailored to LC device fabrication
described in Section 4.2. Instead, an existing laser microfabrication system
based in the Dynamic Optics and Photonics group was adapted for two-

photon polymerisation in LCs and its configuration is described below.

Femtosecond laser pulses of duration 100 fs from a Spectra-
Physics Mai-Tai titanium-sapphire oscillator emitting at 790 nm with a
repetition rate of 80 MHz were focussed with a 0.3 NA objective lens into
the LC layer. The power of the fabrication laser prior to the objective was
24 mW. A phase-only spatial light modulator (Hamamatsu X10468-02) was
imaged onto the pupil plane of the objective lens in a 4f configuration to
correct for spherical aberrations introduced when focusing inside the LC

device.

Liquid crystal devices were mounted onto a stack of high-
resolution air-bearing translation stages (Aerotech ABL1000) that allowed
the sample to be moved relative to the laser focus with a precision of +
1 nm. A 630 nm red LED was used to provide transmission illumination
of the device so that the fabrication could be monitored in-situ with
a monochrome CCD without interfering with the photopolymerisation

process.

After the devices had been filled, they were exposed to bursts
of tightly focussed femtosecond laser pulses using the 2PP-DLW system.
An illustration of the fabrication of the laser fabrication of polymer
micropillars is presented in Figure 5.2. Each polymer pillar was fabricated

with a single 60 ms exposure to the laser and polymer walls were
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fabricated by moving the sample at a speed of 100 pm /s under continuous

exposure to the pulsed laser beam.
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FIGURE 5.2: Schematic illustration of the fabrication of polymer micropillars inside a
LC device using 2PP-DLW. The beam from a Ti-Sa femtosecond laser is focussed with
an objective lens into a 20 pm thick device filled with a polymerisable LC mixture. The
polymer micropillars are fabricated tethered to the bottom substrate of the device, to
ensure structural integrity and stability of the pillars. A voltage can applied to the device
during fabrication to change the director profile of the device and fix the LC director
within and immediately surrounding the pillars in a particular orientation. This image
was rendered by Jure Aplinc (University of Ljubljana) using the ray-tracing software
POVRAY.

When the ultrafast laser is focussed into the device, two-photon
absorption by the photoinitiator triggers cross-linking of the reactive
mesogen molecules, resulting in the creation of a micropillar structure
of polymer network. After polymerisation, the unreacted LC will still
contain a considerable portion of RM257 monomer as only a small amount
is consumed in the formation of a polymer pillar. The focus depth of
the laser was configured such that the micropillars were tethered to the

bottom substrate of the device and had a height of ~5 ym within the
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20 pm-thick cell. This process locks-in the LC director profile at the
moment of exposure to the laser beam and forms a microscale polymer-
stabilised liquid crystal (PSLC) structure. This director profile defines the
alignment of the LC director within and at the surfaces of the polymer

pillar, irrespective of the voltage that is applied after fabrication.

Throughout this chapter, the term "write-voltage" (V) is used
to mean the voltage applied to the LC device during the fabrication of a
polymer structure, while the term "read-voltage" (V) is used to mean the
voltage applied to the device after fabrication. Polymer structures were
often written at a particular write-voltage before being characterised at a

range of read-voltages.
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FIGURE 5.3: Simulated director profiles in a nematic LC before, during and after

fabrication of a polymer micropillar at a write-voltage of 8 V. (a) Director profile in the

absence of an applied voltage, (b) a polymer micropillar is fabricated in the device with

a write-voltage of V,y = 8 V applied to the device and, (c) following the removal of the

voltage. The simulations assume that the director profile at the write-voltage is preserved

within and on the surface of the micropillar. Director simulations were performed by Jure
Aplinc (University of Ljubljana).
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Figure 5.3 depicts LC director simulations showing the
fabrication of a polymer micropillar with 2PP-DLW at a write-voltage
of 8 V. Details on the numerical modelling and calculations of the LC
director are provided in Section 5.2.2. In the absence of an applied voltage,
the nematic LC assumes a planar-alignment, as shown in Figure 5.3a. A
voltage of 8 V is then applied to the device, causing the LC to align with
the electric field before a single polymer micropillar is fabricated from a

60 ms exposure to the focussed femtosecond laser (Fig. 5.3b).
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The locked-in director field is confined solely to the sufaces and
volume of the polymer micropillar. The unpolymerised surrounding bulk
material remains free to realign in the presence of an applied voltage post-
fabrication, while the alignment within and at the surface of the pillars
is fixed, as dictated by the strong surface anchoring conditions. This
behaviour is illustrated in the director simulation in Figure 5.3c, which
shows the resultant director field at a read-voltage of 0 V. At this voltage,
the bulk of the device has relaxed back to its equilibrium ground state
upon removal of the applied voltage but the influence of the surface
anchoring on the polymer pillar is plainly visible in the distortion in the

LC surrounding the pillar.

Since the polymer pillars preserve the orientational order of
the LC director at the point of fabrication, they possess a birefringence
that depends on the applied write-voltage and they also influence
the alignment of the neighbouring LC director in the surrounding
unpolymerised regions. Different LC alignments can therefore be locked-
in to the pillars by electrically switching the device to different voltage

amplitudes during the 2PP-DLW procedure.

5.2.2 Numerical Modelling

The numerical modelling in this chapter was performed by Professor
Miha Ravnik and Dr. Jure Aplinc of the Physics of Soft and Partially
Ordered Matter group at the University of Ljubljana, Slovenia[119]. It is
appropriate to give a brief description of their modelling approach in this
section and a detailed review of the method used can be found in reference

[120].

The simulation of the LC director in cells containing polymer



78 Chapter 5. Voltage-Induced Refractive Index Matching

micropillars relies upon a continuum theory model that uses the Landau-
de Gennes (LdG) free-energy minimisation approach[2, 121]. This method
takes into account the orientation of the director, the orientation of any
possible biaxial ordering relative to the director and the nematic degree
of order. A tensor order parameter, Q, fully describes the orientational
order of the LC director and can be used to construct an expression for the
total free energy[121], including both the bulk and surface free-energies to
account for the anchoring on both the substrate surfaces and the polymer

pillar /bulk LC interface. The total free-energy functional, F, is given by,

b= / { QijQji + 3 Ql]QJkaZ (Qiiji)z}dV
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where LC denotes integration over the bulk of the LC and Surf is

integration over the surfaces of the pillars. The first term accounts for the
variation in the nematic degree of order whereby A, B and C are material
parameters. The second term penalises elastic distortions, where L; are the
elastic constants. The third term represents the dielectric coupling, where
€o is the vacuum permittivity, € is the average LC permittivity, €7 is the
molecular dielectric anisotropy, and E; is the external electric field. The
final term accounts for the interaction of the LC with the surfaces, where W
is the anchoring strength. Homogeneous planar anchoring was assumed
for the substrate surfaces, while the anchoring on polymer pillars was
spatially dependent. To calculate the equilibrium director field, the total
free energy F was minimised numerically using an explicit finite difference

relaxation scheme.
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Numerical simulations were performed in two consecutive
stages in order to mimic the laser writing process of locking-in spatially
dependent director fields and creating arbitrarily complex anchoring
within the bulk of the device. For the first stage of the process, the
director profile was calculated in a planar-aligned nematic cell without
the presence of the polymeric structure for a given write-voltage. For
the second stage, the full geometry of the cell with the polymer pillar
structures included was simulated, where the calculated nematic profile
from the first stage was used as the surface-imposed spatially-dependent
alignment direction at the pillar surfaces and as the fixed bulk birefringent

profile within the pillars.

Director profile simulations of the devices were performed on a
cubic grid consisting of 260 x 260 x 410 simulation points (for a single
pillar). Cylindrical polymer pillars consisted of 20 points in diameter and
100 in height. Numerical calculations were performed with the following
material parameters for E7: K;; = 10.7 pN, Ky = 6.5 pN, K33 = 16.2 pN,
A = —0172 MJ/m3, B= —2.12MJ/m?3, C = 1.73 MJ/m?, strength of
the surface anchoring W = 1072 ] /m?, birefringence An = 0.219 and the

dielectric anisotropy Ae = 13.7.

Simulated polarised optical microscopy images were calculated
via the Jones 2 x 2 matrix method introduced in Section 2.7.2, using ray
optics and taking into account the colour spectrum of the microscope
illumination used in experiments. By dividing the model geometry into
multiple birefringent layers and multiplying the respective Jones matrices
for each layer, simulations of transmission polarising micrographs were

calculated.
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5.2.3 Scanning Electron Microscopy

Scanning electron microscopy (SEM) was used to confirm the dimensions
of the micropillars fabricated with 2PP-DLW. Devices were immersed
in a bath of acetone for 24 hours in order to remove any unreacted
liquid crystalline material. The substrate and superstrate were then
disassembled and coated in a 27.5 nm-thick gold layer for SEM imaging
using a secondary electron detector. A 20 kV electron beam voltage was

used at a working distance of 11.5 mm.

HV  |spot HFW WD |mag = —_— 12 ym———
20.00 kV/ 3.0 | 35 um [11.5 mm |4 237 x

FIGURE 5.4: SEM image of a micropillar array with 5 pm spacing. This image was
recorded by Dr. Chloe Tartan.

Figure 5.4 shows an SEM image of a pillar array with a 5 pm array
spacing, captured using the method described above. The dimensions
of each pillar are found to be ~1 pm in diameter and ~5 pm in height.
However, it should be noted that SEM observation of liquid crystal
polymer networks is very challenging, as opening the cell and removing
the unreacted material with a solvent can damage the fragile polymer
network structure, causing shrinkage and distortion[40]. Therefore, the
SEM image in Figure 5.4 may not be a true representation of the structure
of the micropillars while they are still immersed in the bulk LC within
a device. In particular, the polymer pillars are observed to have fallen

over and are therefore no longer lying perpendicular to the surface of
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the substrate after the SEM preparation process. The aforementioned
challenges of SEM imaging of polymer network structures are likely to
account for the lack of uniformity in the pillar structures across the image
in Figure 5.4. However, SEM still provides a reasonable estimate for the
dimensions of the micropillars which is concordance with observations of

micropillars performed using a polarising optical microscope.

5.3 Results and Discussion

5.3.1 Image Analysis of Polymer Micropillar Invisibility

To demonstrate the ability to match the refractive indices and hide
polymer micropillars under specific voltage conditions, Figure 5.5 shows
the experimental and simulation results for a single polymer pillar that
has been fabricated at a write-voltage of V,, = 4 V and is subsequently
read at six different applied voltages after fabrication (V, = 0 - 5 V).
As can be seen in the POM images in the top row, for voltages where
V: # Vy, the micropillar is clearly visible against the background LC.
At these voltages, the birefringence of the polymer pillar is different
from the surrounding regions of LC, which in turn leads to differences
in the phase of light transmitted through the device and the features are

distinguishable against the LC background.

Conversely, when the read-voltage, V,, applied to the device
matches the write-voltage, V., (in this case V., = Vy = 4 V), the
director field in the regions surrounding the pillars and within the
pillars themselves merge almost seamlessly into the background, thereby
resulting in the object being hidden. It should be noted that at a writing
voltage of Vi, = 4 V, the contrast between the polymer pillar and the
unpolymerised LC is most significant at low read-voltages because the

elastic distortion around the pillars becomes most pronounced below the
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FIGURE 5.5: Voltage-induced refractive index matching of a single polymer micropillar
in a LC device. (a) POM images of a polymer micropillar fabricated at a write voltage
of Vi, =4 V and subsequently imaged at six different read-voltages (V; = 0 - 5 V). The
orientation of the crossed polarisers is indicated by the black arrows and the optic axis of
the nematic phase are indicated by the blue arrow. Scale bar is 10 pm. (b) Simulated POM
images for the same sequence of voltages, showing the micropillar becoming invisible
at a read-voltage of 4 V and (c) the associated simulated director profiles. The results
highlight the effective homogeneity in the director alignment when the read and write
voltages are equivalent (V; = V) and the resulting invisibility of the polymer pillar.
Simulation results in (b) and (c) were obtained by Jure Aplinc.
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Fréedericksz threshold of the device (Vy, ~0.9 V). Below the threshold, the
planar alignment in the bulk LC is more distinct compared to the hybrid
alignment locked-in at the surface of the polymer pillar, leading to greater

director distortion surrounding the pillar and increased visibility.

The simulated microscope images in Figure 5.5b are found to be
in good agreement with the experimental results, confirming the structure
of the pillar, the interaction with the bulk unpolymerised LC, and the
voltage-dependent visibility of the pillar. The corresponding director
profile simulations presented in Figure 5.5c show that when the polymer
pillar is formed at a write-voltage of V,, =4V, the locked-in LC director at
the pillar surface assumes a tilted orientation, leading to elastic distortion
when V; # V,,. The distortion in the director profile is only lifted when
the read-voltage (V;) is equal to the write-voltage (Vy), which leads to a
uniform director profile across the device, thereby hiding the fabricated

polymer micropillar under this voltage condition.

From an applications perspective, having the polymer structures
vanish when examined with both polarised and unpolarised light would
be highly desirable. Figure 5.6 demonstrates the concept of voltage-
induced visibility in a polymer pillar array imaged at read-voltages of
0 — 5V for both polarised (Fig. 5.6a) and unpolarised (Fig. 5.6b) light.
Each column of pillars in the array, going from left to right, was written at

voltages ranging from 0 V to 5 Vin 1 V increments.

Image analysis was performed to quantify the visibility of the
pillars for both polarised and unpolarised light (Figure 5.7). MATLAB®
was used for the analysis by first cropping an image of each pillar at
each read-voltage. These images of individual pillars were extracted
from the images of the pillar array in Figure 5.6. The images were then

converted from RGB to greyscale format before the standard deviation
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FIGURE 5.6: Refractive index matching of an array of polymer micropillars examined
with both (a) polarised and (b) unpolarised light. Each column of micropillars in the
array, from left to right, was written at voltages from Vi, = 0 V to 5 V in 1 V steps.
Transmission microscope images of a 5 x 6 array of polymer micropillars with a 40 pm
lattice spacing for (a) crossed polarisers and (b) unpolarised light. The same read and
write voltages were used as those presented in Figure 5.5. The orientation of the crossed
polarisers and the optic axis of the nematic phase are indicated by the black and blue
arrows in (a), respectively. The small black arrows at the top of each image indicate the
column of micropillars that has become invisible due to the refractive index matching.
Scale bars are 40 pm
of each image was determined. This standard deviation data was then
plotted in greyscale colourmap charts according to the write-voltage and
the read-voltage, such that low values of standard deviation are denoted
by the black squares and high values of standard deviation are denoted by

the white squares.

For both polarised and unpolarised microscopy, it can be seen
that there is a clear minimum in visibility along the diagonal lines
where V,, = V,. Furthermore, the greyscale charts show the significant
impact of the Fréedericksz threshold (Vy, ~0.9 V) on the visibility of the
pillars, especially for unpolarised light where the pillars written above the
threshold voltage (V. > Vy,) all have a similar visibility when the read-
voltage is also above this threshold (V, > Vy,) (and vice versa for pillars

written below the threshold).

Additional polarised microscope images, along with simulated
microscope images and director profiles, are presented in Figure 5.8 for an
array of pillars that further elucidate why the micropillars in each column

vanish when the V; = V,, condition is satisfied. When the surrounding
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FIGURE 5.7: Grayscale charts summarising the results of image analysis of a polymer
micropillar array for polarised (a and b) and unpolarised (c and d) light. Individual
micropillars from the images of the pillar array in Figure 5.6 were cropped and placed
in a matrix according to their read and write voltage (b and d). The standard deviation
of each pillar image was evaluated to quantify the degree of visibility and plotted in the
greyscale charts (a and c). A minimum in visibility is present along the diagonal where
Vw = Vy, for both polarised and unpolarised light, satisfying the condition for refractive
index matching.
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FIGURE 5.8: Electrically-induced invisibility of a polymer micropillar array via refractive-
index matching. (a) POM images of pillars in a 40 um-spaced array whereby each column
was written in the presence of a different applied voltage (from left to right the columns
of pillars in the array were written with V,, = 0-5 V in 1 V increments). The arrows
and insets highlight the column of pillars that vanishes at that specific read-voltage
(Ve = V). Scale bar is 40 pm. (b) Simulated POM images confirm that the polymer
pillars become invisible when V, = Vy,. (c) Simulated director profiles for the case when
both the read and write voltages are equivalent, illustrating that invisibility occurs when
the LC alignment imposed by the surface of the polymer pillars seamlessly joins with the
director profile in the bulk of the LC. Simulation results in (b) and (c) were obtained by
Jure Aplinc.
director field matches the director profile that is imposed by the anchoring
at the surface of the polymer pillar, there is no distortion surrounding
the pillar and it therefore becomes invisible. Simulated POM images
shown in Figure 5.8b for the varying read-voltages match well with the
experimental POM of the micropillar array. Figure 5.8c shows simulated
director profiles for the pillar that vanishes at each read-voltage (i.e. the
pillar that satisfies the condition V, = Vy,). It can be seen that the director
profiles exhibit homogeneity in the alignment between the pillar and the
bulk LC, with no director distortion surrounding the structure, thereby

rendering it invisible.

5.3.2 Reconfigurable Optical Elements

By tailoring the write-voltages of a polymer micropillar, it has been
shown that it is possible to make the objects appear and disappear in

the surrounding LC host as the applied voltage is varied. Extending
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this principle, and exploiting the flexible patterning capabilities of 2PP-
DLW, it is possible to fabricate reconfigurable structures where different
features or patterns emerge at different read-voltages. This section
presents examples of microscopic read-on-demand images that illustrate
this approach and constitute proof-of-concepts for applications exploiting

this phenomenon.

FIGURE 5.9: A switchable checkerboard fabricated in an LC device with 2PP-DLW. (a)

Schematic of the design of the switchable checkerboard comprising of arrays of polymer

micropillars which are written at either 0 V or 5 V. (b) Micrographs at read-voltages 0V,

2.5V and 5V of the structure examined with unpolarised light. (c) POM images of the

structure at read-voltages 0 V, 2.5 V and 5 V. The orientation of the crossed polarisers are

indicated by the black arrows and the optic axis of the nematic phase is indicated by the
blue arrow. Scale bar is 40 yum.

Firstly, Figure 5.9 shows an example of a relatively simple
structure where polymer micropillars were written at two different
voltages to produce a recognisable image. The structure is a 220 pm X
220 pum switchable checkerboard where one set of squares was written at
Vw =0V and the other set of squares was written at Vy, =5 V. A schematic
design of the structure is shown in Figure 5.9a and imaging is performed

for both unpolarised (Fig. 5.9b) and polarised (Fig. 5.9¢) light.

At a read-voltage of V. = 2.5 V both sets of micropillars are
visible in the images, but at either V, =0 V or 5 V, one set of micropillars
disappears and the effect is clearly shown to work for both polarised

and unpolarised microscopy. This simple switchable checkerboard shows
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that recognisable images can be fabricated from pillars that have a
voltage-dependent visibility. Furthermore, the image appearance can be
dramatically modified with the application of a read-voltage that matches

the write-voltage of some of the polymer structures comprising the image.

Extending this principle further, Figure 5.10 demonstrates a
‘micro-bicycle” fabricated with 2PP-DLW inside a polymerisable LC
device. It was created by writing each spoke of the wheels as a line of
polymer pillars at different voltages ranging from V,, =2 - 4.5V, while the
frame was written as a continuous polymer line at V,, = 0 V. A schematic
design of the structure with the write-voltages used is shown in Figure

5.10a.

POM images of the micro-bicycle at read-voltages of V, = 2, 2.5,
3, 3.5, 4 and 4.5 V are shown in Figure 5.10b, where the spoke with the
corresponding write-voltage disappears, highlighting the reconfigurable
nature of the structure. The micro-bicycle design was inspired by stop-
frame animation, where rapidly displaying a series of images with slight
differences between each frame can create an illusion of motion to the
human eye. Sequentially stitching together the images in Figure 5.10b to
create an animation induces a convincing illusion-of-motion due to the

successive disappearance of the spokes of the wheels.

5.3.3 Switchable QR Code

Finally, Figure 5.11 demonstrates a arrangement of pillars that represent
a 75 x 75 pm ‘quick-response’ (QR) code that links to the website of the
Soft Matter Photonics research group[122]. The design of the QR code is
shown in Figure 5.11a and unpolarised microscope images of the structure
at V; = 0 V and 5 V are shown in Figure 5.11b and c. By writing the
pillars in the absence of an applied voltage (i.e. Vy, = 0 V), the QR code is
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—— Written at 0 V
—— Written at 2 V
—— Written at 2.5V
Written at 3 V
—— Written at 3.5V
—— Written at 4 vV
—— Written at 4.5V

FIGURE 5.10: A micro-bicycle fabricated in an LC device with 2PP-DLW. (a) A schematic
illustration showing the write-voltages used to construct the micro-bicycle from a series
of polymer walls and micropillars. (b) POM images of the micro-bicycle structure at
read-voltages of 2V,2.5V,3V,3.5V, 4V, 4.5 V. When the read-voltage matches the write-
voltage used to write a series of micropillars, those micropillars disappear. By stitching
this sequence of images together to create a stop-frame animation, it is possible to observe
the illusion of motion in the wheels of the micro-bicycle as each successive spoke becomes
invisible. The orientation of the crossed polarisers is indicated by the black arrows and
the optic axis of the nematic phase is indicated by the blue arrow. Scale bar is 100 pm.
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invisible at a read-voltage of V; = 0 V and cannot be read by a smartphone
QR code reader. In order to produce enough contrast between the pillars
and the unpolymerised regions to read the QR code, a voltage above the
Fréedericksz threshold has to be applied to the device. This causes the
pillars to become visible against the background and switches the code to

be readable by a standard QR code reader.

FIGURE 5.11: A 75 x 75 pm quick response (QR) code written into a LC device at a write-
voltage of 0 V with a spacing of 3 pm between each micropillar. (a) The QR code design
which links to the URL of the Soft Matter Photonics research group website. Microscope
images (unpolarised) of the QR code at read-voltages of (b) 0 V and (c) 5 V. An artificial
border has been added to the images to aid with reading the QR code. At a read-voltage
of 0V, is it not possible to successfully scan the QR code and it can only be successfully
scanned with a smart phone when a voltage above the Fréedericksz threshold is applied
to the LC device. Scale bar is 15 pm.

Due to limitations in the algorithm that reads QR codes on
most smartphone applications, an artificial border was added to the
images in Figure 5.11b and c with a colour that matches the polymer
pillars comprising the QR code. This allows the code to be read reliably
as the algorithm can successfully identify the edges of the structure.
This limitation could be corrected in a straightforward manner in future
designs by writing an additional series of polymer pillars around the edge

of the QR code.

A QR code made with polymer-stabilised cholesteric LCs has
been previously reported[123], but it was a fixed structure with no
switchability or tunability and was considerably larger, occupying an area
of 3600 x 3600 pm. In contrast, if the QR code demonstrated here was

hidden in a security label attached to a consumer product, it could be
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used as part of a sophisticated authentication procedure where an AC
voltage source would need to be connected to electrodes on the label
in order to render the QR code readable. The extra step of applying
a voltage to the security label would potentially increase the rigour of
the authentication process. Furthermore, as discussed in Section 5.1.2,
it is advantageous for security markings to be of a small size, as the
marking would be challenging to clone and can be effectively hidden.
Therefore, the reading device would need to be reasonably sophisticated
and effectively function as a simple digital microscope in order to see this
QR code. Due to its favourable security characteristics, this switchable QR
code therefore successfully demonstrates the potential in exploiting the
concept of voltage-dependent visibility of microscale polymer structures

in authentication applications.

54 Summary and Conclusions

In conclusion, an approach to refractive index matching has been
demonstrated using 2PP-DLW in polymerisable LC cells, whereby
polymer structures can be made to disappear with the application of a
voltage that matches the voltage applied during the fabrication procedure.
When the read-voltage is equal to the write-voltage, there exists an
undistorted director profile between the bulk alignment of the LC and
the surface anchoring conditions imposed by the polymer structures.
The resultant homogeneity in the alignment reduces the elastic distortion
around the polymer network to match the birefringence between the

polymer and the bulk LC, such that the pillars are no longer clearly visible.

In this chapter it has been shown that applying different voltages
during fabrication of the polymer objects causes the polymer network to

‘memorise’ the local orientation of the director at the precise moment of
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laser writing, allowing different patterns to be encoded within the device
at different voltage amplitudes. By carefully tailoring the write-voltages, it
has been possible to create a number of demonstrations that highlight the
potential of this effect; including a reconfigurable checkerboard, a micro-

bicycle that exhibits the illusion of motion and a switchable QR code.

Following the demonstration of the switchable QR code, it is
envisaged that this approach could be used in the fabrication of high-
value covert security features that confirm the authenticity of a consumer
product, helping to combat counterfeiting and fraud. The small size of the
QR code, having dimensions of just 75 x 75 pm, suggests that it would
be extremely challenging to locate or indeed clone such a security feature.
Furthermore, the need to apply a specific voltage to the LC in order to
make the QR code readable represents another authentication step, further

complicating any attempts to clone the microscopic feature.

To conclude, this chapter has demonstrated the potential of using
2PP-DLW to stabilise electrically-dependent director states in a nematic
Fréedericksz device, where the applied voltage influences the tilt of the
director in the cell. The next chapter takes this further and explores using
2PP-DLW in more-complex LC devices which transition to topologically
discontinuous director states upon the application of a voltage, resulting

in the formation of topological defects.
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Chapter 6

Electrically-Tunable Topological

Defects

This chapter describes the stabilisation of topologically discontinuous
director states in a liquid crystal pi-cell device by creating micron-scale
polymer structures with 2PP-DLW. The fabrication of polymer walls
which lock-in a topological discontinuity in the director field causes
the formation of disclination lines adjacent to the walls in the device.
Subsequently applying a voltage to the cell alters the elastic energy of the
director states and causes the defects to move in a controlled manner. A
control system is designed and built to demonstrate automatic control of
the position of a defect, and confinement of disclination lines is explored
with the fabrication of polymer channels with 2PP-DLW. The results
described in this chapter represents an unprecedented level of control
and tunability over the normally random process of defect nucleation and
growth in LC pi-cells.

"Use your faults, use your defects; then you're going to be a star.”
Edith Piaf
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6.1 Introduction and Background

6.1.1 Topological Defects

Topological defects have long been of interest to theoreticians and
experimentalists alike due to their ubiquity in ordered physical systems
and more-recently due to their emerging use in practical applications.
In condensed matter physics, topological considerations play a crucial
role in explaining the properties of a wide range of materials including
superfluids[124], superconductors[125] and topological insulators[126].
In particle physics and cosmology, topological defects have been
studied as a candidate for explaining the density-fluctuations in the
early universe that led to structure-formation and consequently, the
existence of galaxies, stars and planets[127]. It has been crucial to the
development of understanding in the topology of materials that the
mathematics used to describe the formation and evolution of topological
defects can be transferred across different length-scales and between
different disciplines. To this end, defects in liquid crystals have been
investigated as highly-analogous laboratory systems for studying both

superconductivity[125] and the evolution of the early universe[128].

As we have seen in Chapter 2, self-organisation in LCs is
governed by the free energy density associated with the possible
arrangements of the anisotropic molecules in space[2]. In certain cases,
LCs can self-organise into structures which contain singularities (points
of discontinuous order) in the director field that describes the orientation
of the LC director in space. Such a situation can occur due to the strong
anchoring of the LC director adjacent to a surface, establishing boundary
conditions that make it impossible to have a continuously varying director
tield throughout the LC. Helpfully, LC defects can be imaged with optical

microscopy, and indeed the nematic mesophase derives its name from
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the thread-like defects seen in nematic LCs under a microscope (from the

Greek nematos, meaning ‘thread’).

Early mathematical descriptions of nematic defects were devised
by Friedel who suggested that they are regions where the director is
disordered and changes its direction discontinuously[129]. Frank was
later responsible for coining the term disclination, in analogy with
dislocations in solid crystals, to describe these characteristic nematic
threads[13]. Disclinations in liquid crystals can be located on a single
point (point disclination), on a line (line disclination) or on a surface (sheet
disclination). However, in practice, sheet disclinations are highly unstable

and will always collapse to a series of line disclinations[2].

Defects are further classified by their topological strength (or
charge), a description of the nature of the distortion surrounding the
defect. To find the strength of a defect, we draw an anticlockwise line
around a defect core and consider the rotation of the director along the
line. Taking the example in Figure 6.1a, we see that the director rotates
a full 27t along such a line drawn around the defect and so this defect
is of strength s = +1. Around any given defect, the director rotates by
2ms. If s is negative, the director rotates clockwise when traversing the
anti-clockwise path around the defect. When two defects of equal and
opposite strength (charge) meet, they annihilate, leaving behind a region

of continuous director orientation.
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FIGURE 6.1: Liquid crystal alignments that possess topological defects. The red dot

indicates the location of the defect and blue rods show the orientation of the liquid crystal

director. The topological strength for these example defects are (a) s = +1, (b) s = +1/2
and (c) s = +1.
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Defects in LCs are of interest both from a fundamental
perspective and due to their potential to be used in a multitude of
applications[130]. Most attention in the literature has been directed to the
use of defects in the fabrication of nanomaterials. It has been observed that
nanoparticle inclusions tend to migrate to defects in LCs as this minimises
the overall elastic energy of a LC-colloid composite system. Consequently,
topological defect networks have been proposed as templates for the
self-assembly of nanoparticles[3, 131-133], allowing intricate structure

formation without the need for top-down lithographic approaches.

By changing the nature of the colloidal particles, enhanced
functionality can be introduced in LC defect networks. For example, by
doping an LC defect system with self-propelled swimming bacteria, it
has been found that the presence of defects controls and influences the
normally-chaotic swimming behaviour of the bacteria[134]. Furthermore,
the use of plasmonic or metallic particles as colloidal dopants in LCs
has led to the exploration of tunable metamaterials and plasmonic

materials[11, 135, 136].

An emerging area of LC defect research is in advanced
spatial light modulators (SLMs) for controlling polarisation and phase
singularities in optical fields[137]. Marrucci et al. described an optical
spin-to-orbital angular momentum conversion process occurring in laser
light passing through a liquid crystal cell with an alignment similar
to Figure 6.1c. The process leads to the generation of helical light
modes from gaussian beams where the helicity is dependent on the
input polarisation[138]. Brasselet subsequently introduced a proof-of-
concept switchable SLM comprising of electrically-switchable topological
pixels able to generate phase singularities in light across the visible

spectrum[139].
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Crucially, for these advanced applications, reliable methods
of controllably generating and stabilising defects must be developed
to enable the engineering of functional defect patterns and networks.
Recently reported methods have typically been limited to substrate
patterning, typically with photoalignment techniques[140] or by
employing electrically-induced nematic flows[141]. Using these
methods, the creation of large-scale arrays of defect lines has been
demonstrated[142] but these have typically been static networks with a

limited degree of tunability.

In this chapter, we will see that 2PP-DLW allows the precise
generation, stabilisation and electrical-control of defects in a single-step
process over a large area. Furthermore, a number of concepts will be
explored that demonstrate the use of tunable defects in microparticle

transport and advanced electro-optic devices.

6.1.2 Pi-Cells

Nematic pi-cell devices (first introduced in Section 2.8.1) were originally
conceived of by Philip Bos in 1984 as a fast-switching display device[143].
He observed the fast electro-optic response of a nematic LC aligned
between parallel rubbed substrates, as well as favourable viewing angle
characteristics and suggested the devices would find use in fast field-
sequential colour displays. In this chapter, pi-cells are used because, in
contrast with anti-parallel rubbed cells, it is possible to induce different
topologies in the LC by applying a low-voltage electric field across the

device to generate director profiles that are topologically distinct.

The pi-cell consists of two glass substrates coated with parallel-
rubbed alignment layers, sandwiching a layer of LC a few microns thick.

In the ground state, with no applied voltage, the LC director adopts
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FIGURE 6.2: Director profiles of the different director states possible in LC pi-cells.
Transitions between states with topology T1 and topology T2 are defect-mediated.
a homogeneous splay state (or H-state) across the device (Figure 6.2).
Applying a voltage initially causes the alignment to distort, forming first
an asymmetric H-state (H,-state) and, as the voltage is increased above a
critical voltage, V., the bend state (or V-state). The V-state is topologically
distinct from the H-states and grows slowly after nucleation, forming
a domain that is bounded by a strength +% disclination loop, as long
as the voltage remains above V[144]. If the voltage is reduced below
V., the H-state nucleates and grows, slowly consuming the entire device
over a period of 3-5 minutes (at room temperature) via the discontinuous
transition back to the ground state. Reducing the voltage further to
< V/2 results in the bend-state collapsing to a 180° (7r) twisted state (or
T-state). The threshold voltage at which this occurs is labelled V.(T) in

Figure 6.2 and is equal to ~ V./2.

The complete-picture of pi-cell behaviour is evidently complex,
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(Ha1/Ha2)
(Ha1/Ha2)

FIGURE 6.3: Defect formation and random nucleation of topologically discontinuous
director states in a standard LC pi-cell without any fabricated polymer structures. (a)
Random nucleation of the H state at zero applied voltage. The device was initially driven
into the V-state by applying a voltage V > V,, before the voltage was removed to allow
the cell to relax to the ground state. Nucleation of the H-state occurs randomly and can be
seen to originate from the spacer beads in the cell, which cause a strong director distortion
in their vicinity. (b) Growth of the V-state and transition into the asymmetric H-states. A
voltage, V > V. is applied to the cell, allowing domain growth of the V-state to occur
randomly. The disclination line between the V-state and the H-states has an irregular
morphology that depends on where the V-state randomly nucleated in the cell. The H-
state region transitions into a mixture of the two asymmetric H-states, with thread-like
loops marking the boundaries between the H, states. (c) The V-state domain has grown,
and the asymmetric H-state region has largely collapsed into one of the two asymmetric
H-states via H,1 /Hap domain wall annihilation.
but it is only important for the understanding of this chapter to note that
the V and T states are topologically distinct from the H-states and thus
can only exist in the same device with a disclination line separating the
states. Thus we can group the pi-cell states by their topology: designating
the H and Ha states as topology T1, and the V and T states as topology
T2. Furthermore, it should be noted that the nucleation and growth of the
topologically discontinuous states in a conventional pi-cell is a random
process (Figure 6.3) and this is a key factor preventing pi-cells from finding
use in applications[144]. All of these topologically distinct director states
and the disclination lines themselves can be observed and identified in a

straightforward manner with a polarising optical microscope.

6.2 Fabrication Procedure

6.2.1 Polymerisable Mixture Preparation

The polymerisable mixture used in this study consisted of the nematic

LC mixture, E7 (70.7 wt%), reactive mesogen RM257 (Merck) (28.5 wt%)
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and photoinitiator Irgacure 819 (Merck) (0.8 wt%) which was prepared
according to the procedure described in Section 4.1.1. The mixture was
then capillary filled, using a hotplate at 70°C, into 5 pum thick pi-cells
manufactured by Samsung Electronics Co., Ltd. The cells consisted of two
ITO coated glass slides, rubbed parallel and separated by 5 ym spherical
spacer beads, with a pre-tilt of 4 - 6°. After filling, the cells were allowed to
cool to room temperature and prepared for processing on either a custom-

built 2PP-DLW system or a UV LED curing system.

6.2.2 Bulk Curing with UV LED

Initial experiments were performed with a 365 nm UV LED (Thorlabs
High Power UV Curing System CS52010) used to cross-link the reactive
mesogen molecules and create polymer networks. Polymerised regions
were sequentially polymerised with an intensity of 0.3 mW/cm? for 30
seconds, using a series of photomasks placed on the outer surface of the
device glass substrates. The photomasks were made from black vinyl and
cut to the required design by a Roland STIKA SV-8 vinyl cutting machine

configured using Roland CutStudio software.

6.2.3 Direct Laser Writing

Femtosecond laser pulses of duration 100 fs from a Spectra-Physics Mai-
Tai titanium-sapphire oscillator emitting at 790 nm with a repetition rate
of 80 MHz were focussed with a Zeiss 0.5 NA objective lens into the LC
layer of the cell. This numerical aperture was chosen such that the focus
would be longer than the device thickness, ensuring fabrication across
the full thickness of the device. The power of the fabrication laser after
the objective was 23 mW. A Hamamatsu X10468-02 phase-only SLM was
imaged onto the pupil plane of the objective lens in a 4f configuration

to correct for spherical aberrations introduced when focusing inside the
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LC device. A red LED was used to provide transmission illumination
of the device so that the fabrication could be monitored in-situ with a

monochrome CCD without affecting the photocuring process.

Pi-cell devices were mounted onto a stack of high-resolution air-
bearing translation stages (Aerotech ABL1000) that allowed the sample
to be moved relative to the laser focus with high precision and accuracy.
Polymer walls were fabricated by moving the sample under continuous
exposure to the laser beam at a speed of 100 um/s. The devices were
connected to a Tektronix AFG 3022 function generator so that the 1 kHz

voltage applied to the device could be varied during fabrication.

6.3 Results and Discussion

6.3.1 Electrically-Tunable Disclination Lines
Defect Stabilisation with UV Photolithography

Initial experiments were conducted using the UV LED system described
above (Section 6.2.2) to create relatively large polymer stabilised regions
within pi-cell devices. These experiments were performed to gain an
understanding of the behaviour of the pi-cells in order to prepare for more
advanced experiments involving 2PP-DLW. A schematic of the fabrication
process can be seen in Figure 6.4, where the sequential application of
photomasks and two exposures is used to create an uncured channel

540 pm wide in between large regions stabilised in the V- and H- states.

In order to create the two regions, three separate vinyl masks are
required: two larger masks that occupy just over half of the device area
and a thin strip mask which ensures there is a narrow unpolymerised
region in the device (Figure 6.4a). Firstly, the thin mask is placed in the

centre of the device (Figure 6.4b) after which the first of the larger masks
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FIGURE 6.4: Fabrication of a tunable disclination line using bulk UV curing. (a) The
three black vinyl masks used in the fabrication procedure. (b) Placing of the thin mask
in the centre of the device. (c) The first exposure while applying a voltage to the device,
resulting in the stabilisation of the V-state. (d) The second exposure with no applied
voltage to stabilise the H-state. (e) The final configuration of the device with large regions
stabilised in the H and V states and a narrow uncured channel in the centre of the device.
is placed on one side of the device, slightly overlapping with the thin
mask. Then a 1 kHz AC square-wave voltage of 10 V is applied to the cell
electrodes which causes the entire device to transition to the V-state. The
UV LED curing system is then used to polymerise the reactive mesogen
in the exposed area, locking-in the V-state (Figure 6.4c). Then, the first
of the larger masks is removed and the device is disconnected from the
voltage source and allowed to relax to the H-state over a period of several
minutes. For the final exposure, the second large vinyl mask is placed
on the other half of the device, slightly overlapping with the initial thin
mask (Figure 6.4d). Polymerisation proceeds with the same UV curing
conditions used in the first exposure, locking-in the H-state in the other
half of the device. Finally, all the masks are removed from the device,
leaving a device with large regions stabilised in the H and V states with a

narrow uncured channel in the centre, in between the two regions (Figure

6.4e).
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FIGURE 6.5: Polarised optical microscopy (POM) images of a tunable disclination line
fabricated with UV photolithography. The red arrows indicate the position of the defect.
(a) the structure with no applied voltage. The uncured region in the centre of the image is
in the H-state. (b) a 6 V ramp over 5 s is applied to the cell, resulting in the growth of the
V-state and (c) the movement of the defect across the cell. (d) the voltage is switched-off,
causing the H-state to grow and the V-state to collapse to the T-state. (e) the defect moves
back across the cell in the absence of an applied voltage towards the V-state domain.

Polarised optical microscopy was used to investigate the voltage-
dependent dynamic behaviour of the device and micrographs showing
this can be seen in Figure 6.5. By stabilising the H-state and V-state either
side of an uncured channel, a disclination line can be moved across the

gap between the cured regions with the application of a voltage across the

LC device.

Without an applied voltage, the uncured channel is in the H-
state, the ground state of the pi-cell (Figure 6.5a). As the two stabilised
states are topologically discontinuous, there is a disclination line adjacent
to the polymer-stabilised V-state region. Applying a voltage above V.
causes the V-state to grow across the uncured channel, with the growth
originating from the polymer stabilised V-state region (Figure 6.5b). Due
to the coupling between the voltage and the positive dielectric anisotropy
of the liquid crystalline material, the V-state becomes the state with the

lowest free-energy and thus the V-state domain will grow. Because this
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transition from the H to V states is a topologically discontinuous transition
from topology T1 to topology T2 (see director profiles in Figure 6.2), this
process causes the translation of the disclination line at the frontier of the

growing domain.

The disclination line moves along the channel (Figure 6.5¢)
until it reaches the H-state polymer stabilised region, which halts the
progress of the defect. Switching-off the voltage causes the V-state in the
unpolymerised channel to collapse over a period of a few seconds into
the T-state (Figure 6.5d). The H-state, with its lower elastic energy, then
grows from the H-state domain, moving the defect back across the channel

(Figure 6.5e) until it reaches the V-state domain.

This dynamic behaviour is broadly repeatable, however, the
nucleation of the V-state under an applied voltage is not uniform and
results in a defect line that is not straight and has a zig-zag like appearance.
This is likely to be due to variation in the polymer network morphology

along the boundary of the polymerised region.

The fabrication of more-complex polymer structures with this
UV photolithography method is extremely challenging, due to the
need to perform multiple exposures and accurately register a series of
photomasks. In addition, creating true micron-scale features would
require the projection of an image of the photomask into the LC layer
within the glass cell, to prevent the shadowing effect that arises from

placing a photomask on the surface of the outer substrates[145].

The above drawbacks of wusing conventional UV
photolithography in the generation and stabilisation of defects in pi-
cells demonstrates the need for more sophisticated fabrication techniques.
As discussed in Chapter 3, 2PP-DLW can provide the desired micro-scale

resolution and allows rapid-prototyping of fabricated structures. In the
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remainder of this chapter we will see the results of fabricating defects in

LCs using this laser microfabrication technique.

Defect Stabilisation with 2PP-DLW

A schematic illustration of the fabrication of a tunable disclination line
with 2PP-DLW is shown in Figure 6.6. The fabrication process is
conceptually similar to the bulk curing process illustrated in Figure 6.4
but here the polymerisation occurs due to exposure to a tightly-focussed

femtosecond laser beam, rather than a UV LED.

Polymer stabilised Polymer stabilised
H-state V-state

FIGURE 6.6: Schematic illustration showing the cross-section of a pi-cell during
fabrication of a tunable disclination line with 2PP-DLW. Blue rods are LC molecules, red
ribbons are polymer network and red dots are defects.

The director profile of a pi-cell device in the absence of an
applied voltage is shown in Figure 6.6a where the molecules adopt a
slightly-splayed homogeneous configuration between the parallel-rubbed
substrates. The fabrication process begins by applying a voltage above
V., the critical voltage for formation of the V-state (Figure 6.6b), and
translating the device under exposure to the laser (Figure 6.6c) as
described in detail in Section 6.2.3. This results in the fabrication of a
polymer network (represented by red ribbons in the figure) in the form of

a thin polymer wall across the full thickness of the device. This polymer
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wall is stabilised in the V-state as this is the state the device was in at the

moment of fabrication.

The H-state is allowed to form by switching-off the voltage and
waiting a few minutes for the whole device to relax to the ground state
(Figure 6.6d). As the H-state is topologically discontinuous from the V-
state, a defect exists at the interface between the V-state wall and the bulk
of the device. The last step is to fabricate a polymer wall stabilised in
the H-state, parallel to and at a distance of 100 um from the V-state wall
(Figure 6.6e). The final configuration of the fabricated device is shown in
Figure 6.6f, with a 100 um wide unpolymerised channel bounded by a pair

of parallel walls written in the H and V states.

Polarised optical microscopy (POM) images of the fabricated
device are shown in Figure 6.7 where each micrograph is paired with
a drawing of the director profile corresponding to the POM image.
Similar to the bulk-cured device in Figure 6.5, in the off-state of this
laser-fabricated structure, the uncured channel is in the H-state and the
disclination line is adjacent to the V-state polymer wall (Figure 6.7a).
Upon application of a voltage > V, the unpolymerised channel transitions
rapidly from the H-state to the H, state and the V-state begins to nucleate
from the V-state polymer wall (Figure 6.7b). The V-state grows, moving
the disclination line separating the topologically discontinuous director
states across the channel (Figure 6.7c) until it reaches the H-state polymer
wall (Figure 6.7d). It is not possible for the defect to continue beyond
the H-state polymer wall as the wall is fixed in the H-state, which is

topologically discontinuous from the growing V-state.

Switching-off the voltage causes the V-state to collapse over a
period of a few seconds into the T-state (Figure 6.7e). As the voltage

has been reduced below V., the lowest energy state is now the H-state,
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FIGURE 6.7: Polarised optical microscopy (POM) images and director profiles showing
the dynamics of a tunable disclination line under an applied voltage. Red arrows
highlight the position of the defect line in each POM image. (a) With no voltage applied,
the bulk of the device is in the H-state and the defect is adjacent to the V-state wall. (b -
d) A voltage above V. is applied to the device and the defect begins to move across the
channel until it meets the H-state wall. (e - g) Removing the voltage causes the V-state
to relax into a 180° twisted state (T-state), and the defect moves back across the channel.
The H-state grows and moves across the channel with the disclination line at the frontier
of the growing domain, until it is impeded by the polymer-stabilised V-state wall.
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the ground state of the system. However, as the H-state is topologically
discontinuous from the V and T states, it can only grow by a defect-
mediated nucleation and growth process. This can be seen in Figure 6.7f,
where the H-state has begun to grow, with the growth originating from
the H-state polymer wall. The domain continues to grow, moving the
disclination line separating the distinct topologies back across the channel
(Figure 6.7g). After the device has been reset by returning to the ground
state with no applied voltage, the process can be restarted and is highly

repeatable.

In contrast with the bulk-cured device shown in Figure 6.5, the
morphology of the defect line is very straight, matching the straightness
of the laser-fabricated polymer walls. The nucleation of the states from
the polymer walls is highly uniform and regular, leading to straight
defect lines. This demonstrates that 2PP-DLW can be used to design and

engineer these defects with a high degree of precision and control.

There is another detail of note that is revealed when studying the
dynamic behaviour of this structure. Looking closely at the POM image
in Figure 6.7b, a faint orange thread-like line can be seen adjacent to the

V-state polymer wall. This is a domain wall that separates different states.

Referring back to Figure 6.2, it can be seen that there are two
subtly different asymmetric H-states named H,; and H,,. These states
are optically identical and possess the same elastic energy (in a perfect
system), differing only by which substrate the elastic distortion is closest
to. In reality, however, these states can have slightly different elastic
energies due to asymmetries in the exact pretilt angle over the area of
the device. This can result in some areas of a given pi-cell consistently
switching to one H, state each time a voltage is applied. In other areas

of the device, a mixture of H, states can form, with the states separated
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by thread-like domain walls that can be easily seen with polarised
microscopy. An example of this phenomenon is shown previously in
Figure 6.3b where a region with a mixture of the two H, states can be

seen.

If a voltage is suddenly applied to a pi-cell, a mixture of the
two states will form due to the random thermal fluctuations in the
molecular orientation at the instant the voltage is switched-on. Whereas
if a voltage is applied with a slow ramp over a period of a few seconds,
as is the case in Figures 6.5 and 6.7, the LC director will adopt the most
thermodynamically stable configuration, and the distribution of the H,
states is governed by the asymmetries in the pretilt angle over the area of

the device.

The tunable disclination line structures in Figures 6.5 and 6.7
were deliberately fabricated in regions where only one H, state forms
when a voltage ramp is applied. However, it can be seen that a H,1/Ha»
domain wall is visible in Figure 6.7b, immediately adjacent to the V-state
polymer wall. Therefore, it appears that the energetically unfavourable
H, state has been induced by the V-state wall, forming in a region of the
device where it would not normally form. However, this does not affect
the behaviour of the disclination line that subsequently propagates from

the V-state wall.

In this section we have seen how a tunable disclination line can
be fabricated with simple bulk curing methods but that this results in
non-uniform nucleation of topologically discontinuous director states and
zig-zag like disclination lines. In contrast, employing 2PP-DLW allows
controlled and precise fabrication of uniform polymer structures that
induce uniform state nucleation behaviour. In other words, topologically

discontinuous director states will nucleate at the same instant along the
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length of the boundary of a polymer structure, resulting in the formation

of straight disclination lines.

These disclination lines are tunable, that is, their position can be
changed by applying a voltage to the device. Changing the amplitude of
the voltage allows the defect to be moved either forwards or backwards.
This concept will be developed in the following sections that describe:
(i) how the defect behaviour depends on the orientation of the polymer
structures with respect to the rubbing direction; before exploring potential
applications by demonstrating (ii) computer-control of disclination lines,
(iii) defect-mediated microparticle cargo transport and (iv) complex

polymer structures for advanced disclination line control.

6.3.2 Anisotropic Defect Behaviour

The tunable disclination line structures introduced in the above section
were fabricated such that the rubbing direction of the device was parallel
to the polymer walls. As the orientation of the defects is dictated by
nucleation from the laser-written polymer walls this also means that the

defects are parallel to the rubbing direction.

Defects in pi-cells have different natures depending on their
orientation. Figure 6.8 shows director profiles for the possible defect types.
Splay-bend type defects, where the distortion surrounding the defect is of
a splay and bend nature, occur when the disclination line is perpendicular
to the rubbing direction of the device. Conversely, twist type defects
occur when the disclination line is parallel to the rubbing direction and

the defect has a twisted nature[146].

Figure 6.8a shows a 3D schematic director profile of a V-state
domain surrounded by an H-state domain. The red line represents the

defect loop separating the two topologically discontinuous states. The
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FIGURE 6.8: (a) 3D schematic director profile of a V-state domain surrounded by an H-

state domain. The red line represents the defect loop separating the two topologically

discontinuous domains. The rubbing direction is along the Y-axis. (b) 2D projections of
the different types of defect that exist in pi-cells. Adapted from [146].
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rubbing direction is along the Y-axis and the 2D projections in Figure 6.8b
correspond to the same geometry. The nature of the disclination varies
along the length of the defect loop: at the positions marked [SB1] and [SB2]
the defect has a splay-bend nature whereas, at the points marked [T], the
defect has a twisted nature. The 2D projections in Figure 6.8b provide a

visualisation of the distortion at the points [SB1] and [T].

There is a lower elastic energy cost associated with twist
deformations in LCs as compared to splay and bend deformations (this
is expressed in the values of the elastic constants, where usually K», < K,
K7;) and thus twist defects have a lower elastic energy and higher stability
than splay-bend defects. In reality this means that splay-bend defects have
a tendency to distort, forming zig-zag structures to become more parallel
to the rubbing direction, such that the defect obtains a partially twisted
nature and lowers its elastic energy. This phenomenon can be seen in
Figure 6.9 which shows POM images for a tunable disclination line where
the polymer walls were written perpendicular to the rubbing direction.
Looking closely at Figure 6.9b and c, the characteristic zig-zag structure of
the splay-bend type disclination line can be observed. The disclination line
behaves in this way to lower its degree of splay-bend distortion, increasing

its twist distortion and lowering its elastic energy cost.

It was observed that the magnitude of the applied voltage
influences the translation speed of the tunable disclination lines
introduced in the above section. At higher voltages, the defects travel
faster, as the free energy density of the V-state decreases with increasing
voltage, making it energetically favourable for the V-state to grow at a
faster rate. The measured relationship between defect speed and voltage

is shown in Figure 6.10a for the different types of defect in the pi-cell.

Figure 6.10b shows a POM image of the different defect types.
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FIGURE 6.9: Polarised optical microscopy (POM) images and director profiles showing
the dynamics of a tunable disclination line written perpendicular to the device rubbing
direction. Red arrows highlight the position of the defect line in each POM image.
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FIGURE 6.10: (a) Disclination line speeds as a function of voltage at 25°C for different
defect orientations with respect to the device rubbing direction. (b) POM image of the
different types of defect that exist in pi-cells containing the polymerisable mixture used
in this study. A voltage V > V. has been applied to the device, causing the V-state to
grow and the defects to move away from the V-state polymer walls. Twist-type defects
correspond to the case where disclination lines are parallel to the rubbing direction and
splay-bend type defects exist when disclination lines are perpendicular to the rubbing
direction. We can observe the zig-zag distortion of the splay-bend defects.
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The polymer walls were fabricated to create the outline of a square, in
order to force the defects into a particular orientation. At this snapshot,
taken a few seconds after the voltage is switched-on, the V-state is
growing, and the ‘splay-bend 1’ type defect is growing faster than the
other defect types. The image also shows the zig-zag instability observed

in the splay-bend type defects.

Due to the inherent asymmetry of the pi-cell resulting from the
parallel-rubbed substrates, we can see that disclination lines oriented
perpendicular to the rubbing direction (splay-bend type) have a speed
versus voltage relationship that depends on the direction in which they
travel. Splay-bend type defects that are growing in a direction anti-
parallel to the rubbing direction grow at a rate approximately double that
of both twist type defects and splay-bend type defects growing parallel
to the rubbing direction (Figure 6.10a). This dependence of the rubbing
direction on defect mobility is in accordance with previously observed
experimental[147] and numerical studies[146] of pi-cells that have shown
that the defect behaviour is governed by anisotropic hydrodynamics and

flow.

6.3.3 Disclination Line Control System

This section describes the creation of a disclination line control system
which demonstrates precise control of the position and speed of a tunable
disclination line using a control loop to regulate the magnitude of the
voltage applied to the device. If nematic defects are to find applications
in tunable/switchable electro-optic devices, it is essential that they can be
precisely controlled. The disclination line control system described in this
section represents a proof-of-concept for switchable electro-optic devices

employing tunable defects.
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FIGURE 6.11: Schematic diagram of the elements of the control system. The microscope

CCD sends images of the device to the control system program running in MATLAB®.

The program adjusts the voltage applied to the device via the function generator in order
to move the defect to the set position specified by the user.

A schematic showing the elements of the control system is
presented in Figure 6.11. The control system receives a real-time video
feed from a camera (QImaging Retiga R6 6.0) attached to a microscope
(Olympus BX51) imaging the LC device and performs image analysis
to determine the position of the defect line. The voltage output from a

function generator (Tektronix AFG 3022) is regulated by the system to

move the defect to the desired position.
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FIGURE 6.12: Control loop block diagram. The position of the defect is detected with an

image recognition algorithm and compared with the set position. This voltage output by

a function generator connected to the device is made proportional to this error signal in
order to control the position of the defect.

A control loop diagram for the system is shown in Figure 6.12.
The program was implemented in MATLAB® and used both the Image
Acquisition and Instrument Control Toolboxes. Frames from a CCD

camera were analysed in a loop running at 10 iterations (or frames) per
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second. The position of the defect was determined by taking line-sections
across the image and using an in-built function findchangepts to find
abrupt changes in a signal which correspond to the position of the defect.
The position can be detected with an accuracy of +1 um, limited by the
optical diffraction limit and the resolution of the camera. This position is
compared with a set position to produce an error value for each iteration
of the loop (error value) = (set position) — (current position). The voltage
output from a function generator producing a 1 kHz square wave is made

proportional to this error signal.

A GUI was created with a live view of the device (Figure 6.13)
to allow the control loop parameters to be tuned during operation and
the set position to be adjusted manually. The voltage required to hold
the disclination line in place (when the H and V-states are of equal free
energy) was found experimentally. The control loop was configured with
a bias/offset so that the function generator output this experimentally

determined hold voltage when the error signal was equal to zero.
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FIGURE 6.13: Screenshot of disclination line control system GUI. Parameters in white

boxes can be adjusted while the control system is running for the purposes of control

loop tuning, debugging and testing. The set position is indicated with a dashed blue line

and the current position of the defect is indicated with a red cross. The scale on the left-
hand side is in microns.

The optimal configuration was found to be a P-only control
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loop, such that the voltage output of the function generator is directly
proportional to the error signal. A more complex PI control loop was also
implemented during development, where the error after each iteration
is summed to produce an integral error. However, it was found that
this leads to very unstable behaviour, and ultimately the P-only control
loop with a linear offset to account for the hold-voltage produced the best

performance.

In initial versions of the system, the voltage output of the
function generator was controlled by sending SCPI commands (Standard
Commands for Programmable Instruments) directly to the instrument via
a USB interface. Unfortunately this was found to produce instability in the
control loop, resulting from voltage-spikes when the function generator

automatically changes its range setting.

A number of voltage modulation solutions were trialed and the
most successful was to use a National Instruments USB DAQ (NI USB-
6008) to modulate the voltage output of the function generator. In
amplitude modulation (AM) mode, the function generator will adjust its
output amplitude according to a DC voltage received at the mod-in input.
A further complication was that a modulation input voltage of -1 to +1 V
corresponded to an output of 0 — 10 V. As the NI USB DAQ was only able
to produce positive voltages of 0 -5V, a benchtop power supply was used
to offset the output voltage by -1 V, such that a 0 — 2 V output from the

DAQ actually produced a -1 to 1 V input to the function generator.

Figure 6.14a shows the position of the disclination line in
response to a series of changes in the set position. A POM image showing
the live-feed from the microscope camera can be seen in Figure 6.14b, with
an overlay to show the defect position, the set position and a measurement

scale. The tunable disclination line structure is identical to that shown in
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FIGURE 6.14: (a) A disclination line control system responding to an arbitrary series of

changes in set position. (b) Snapshot POM image of the control system in operation. The

set position is indicated with the dotted blue line and the red cross indicates the actual
position of the defect as determined by the image recognition algorithm.

Figure 6.7 and described in the above sections.

Positive changes in the set position correspond to the V-state
growing under an applied voltage. Negative changes in the set position
correspond to the H-state growing and, as this is a relaxation process, the

system responds more slowly when moving in this direction.

By implementing this proof-of-concept of feedback-based
control, the position of a disclination line can be stabilised indefinitely
and controlled programmatically. In addition to the fabrication and
stabilisation of defects shown in the previous section, this section has
demonstrated that it is possible to precisely tune the defect position with

an applied voltage.

6.3.4 Defect-Mediated Microparticle Transport

LC defect networks have been proposed as soft templates for the self-
assembly of nano/micro-particles. The reason for this is two-fold:
1) colloidal inclusions in LC hosts tend to become localised and trapped
at defect cores and, 2) LC mesophases have the ability to self-organise into

complex macroscopic structures[131, 133, 148, 149]. Furthermore, doping
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of colloidal particles into an LC host can result in new physical properties
and functionality that are not intrinsic to the LC material. In addition, LCs
can be employed as a tunable medium to influence the properties of the

nano/micro-particles[132, 150].

Typically, the defect networks that have been designed in
previous studies have been relatively static, with a limited degree of
tunability. In contrast, in this section we will see that by doping a
polymerisable LC mixture with functionalised 1 pm silica microspheres,
defects can be used to pick-up and re-position particles, as a proof-of-

concept for disclination-mediated cargo-transport.

Silica beads with a diameter of 0.9 nm (Bangs Laboratories)
were functionalised with the homeotropic alignment agent
dimethyloctadecyl[3-(trimethoxysilyl) ~ propylJammonium (DMOAP)
(Sigma-Aldrich). DMOAP was supplied as a 42 wt% solution in
methanol. Deionised water was then added to the solution, and the
methanol evaporated at 65°C to form a 1 wt% solution of DMOAP in
water. 30 mg of the silica beads were added to 200 pL of the 1 wt%
DMOAP solution and sonicated for 1 hour at room temperature.
The dispersion was then centrifuged at 3000 RPM for 5 minutes to
sediment the particles. A pipette was used to extract the excess DMOAP
solution, before deionised water was added to the vial. This process of
centrifugation and replacement of the excess DMOAP solution with water

was repeated 5 times.

Finally, the water was evaporated at 105°C on a hotplate. A
mixture was made of 5.5 wt% DMOAP-functionalised silica beads, E7
(Merck) (64.4 wt%), RM257 (Merck) (31.5 wt%) and Irgacure 819 (Merck)
(1.5 wt%). This mixture was capillary filled into 5 pm thick pi-cells,

as described in Section 6.2.1. On examination with a microscope, the
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microspheres were seen to be dispersed throughout the device.

Using 2PP-DLW, a tunable disclination line structure was created
in the cell, with parallel H and V state polymer walls separated by 100 pm,
similar to the devices described above in Section 6.3.1. The cell was
examined in-situ during fabrication so that the polymer wall structures

could be fabricated either side of a silica microsphere.
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FIGURE 6.15: (a) A 1 pm silica microsphere is towed by a disclination line across the gap

between topologically discontinuous polymer walls upon removal of a voltage V > V. at

t =0. (b) When the disclination line encounters the microparticle (c) it carries it across the
channel to the polymer-stabilised V-state wall. Scale bar is 50 pm.

Figure 6.15 shows the microsphere being dragged by the
disclination line across the 100 pm wide channel separating the
topologically discontinuous polymer walls. The device, which is initially
driven into the V-state with an applied voltage above V., is switched-off
at t = 0, causing the H-state to nucleate from the polymer wall on the left
hand side. The H-state grows, moving the defect from left to right. When
the defect reaches the microparticle it traps it and transports it across the
channel. The voltage can be adjusted to tune the position of the defect and

thus the location of the particle trapped in the defect.

Controlling the motion of microparticles suspended in an LC
in this manner opens up new possibilities for research and technologies
that exploit LC colloids. As discussed previously in Section 6.1.1, the
inclusion of colloidal particles in LCs is a vast area of research, with
applications spanning self-assembly of nanoparticles, metamaterials, and

tunable plasmonics. One of the significant advantages of this approach, as
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opposed to DC voltage-based electrophoresis of dispersed particles, is the
use of an AC driving voltage. Developing methods for voltage-induced
micro/nano-particle transport with AC driving schemes is of significant
interest, as it avoids unwanted electrochemical reactions that can occur

when using DC fields[151].

6.3.5 Defect Confinement and Control

The laser-written structures presented in the above sections are relatively
basic, consisting of simple pairs of polymer walls written in topologically
discontinuous states. With the capabilities offered by 2PP-DLW, including
the ability to fabricate polymer structures to arbitrary designs, it is possible
to engineer much more complex behaviour in the stabilised defects. This
section explores several concepts for defect confinement and control of

defect dynamics.

For example, it is possible to permanently stabilise topology T2
(the V and T states) within a device over relatively large areas by forming
enclosed square wells with 2PP-DLW (Figure 6.16). This is of technological
interest because the V-state is the fast-switching state used in display
applications of pi-cells, and the slow transition from the H-state to the V-
state leads to a significant priming time (time taken for the device to reach
an operational state after being switched-on) for such devices[152].

b

FIGURE 6.16: POM images of a (a) 40 um, (b) 100 pm and (c) 600 um pitch bend-state

square polymer lattices in the absence of an applied field. The V-state polymer walls

stabilise the higher energy bend-state, preventing the relaxation to the splay-state within

the square wells. Without an applied voltage the region inside the wells relaxes to the
T-state but does not relax to the H-state.
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The device was driven into the V-state by applying a voltage
above V. and the square lattices were fabricated in this state. Upon
removal of the voltage, the bulk of the device will relax slowly back to
the H-state, while the regions confined by the V-state polymer walls relax

into the T-state and remain in this state indefinitely.

Surprisingly, this stabilisation phenomenon persists even at very
large lattice spacings. Figure 6.16c shows a 600 x 600 pm square fabricated
in the V-state. After removal of the applied voltage, the region within the
square relaxes to the T-state but will not further relax to the H-state. This
phenomenon persists indefinitely, with the devices unchanged after being
left for many months. Topology T2 has been permanently stabilised within

the square region defined by the laser-written polymer walls.

This can be understood by considering the nature of the
transition between states with topology T2 and T1. For a device to relax
from topology T2 to T1, the lower energy T1 state must nucleate from
a given point. In a normal pi-cell, such as the one shown in Figure 6.3,
nucleation occurs at points in the cell which have a large elastic distortion
such as clusters of spacer beads and near electrode edges. In these
laser-stabilised devices there are no such points within the square lattices
and accordingly there are no nucleation points for the H-state to form.
Although the rest of the device has relaxed to the H-state, the director
reorientation that has propagated across the device cannot penetrate the
topologically-discontinuous V-state polymer walls, preserving the state

within the square.

Applying a voltage to these stabilised devices causes the T-state
to rapidly switch to the V-state, as there is no topological discontinuity
between these two states. Conventionally, pi-cells have a long priming

time due to the slow transition from the H-state at zero applied voltage,
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to the technologically useful V-state. This result shows that it is possible
to employ 2PP-DLW to engineer a pi-cell device without the slow H-to-V
state transition step, thus overcoming a fundamental limitation that has
prevented pi-cells from finding technological applications.

Cooling

»
>

FIGURE 6.17: POM images of cooling V-state square polymer lattices with pitches (a)

10 pm, (b) 20 pm, (c) 30 pm, written with 2PP-DLW in a pi-cell. The device is first heated

to the isotropic phase in all cases. As the device cools, small domains of both H- and V-

state will form (red and yellow droplets, respectively). The polymer walls encourage the

V-state to form in their immediate vicinity. For the smaller pitches (a) and (b), the V-state

ultimately dominates and persists inside the lattice as the device is cooled. Scale bars are
100 pm.

Furthermore, V-state polymer lattices with a small pitch cause the
V-state to spontaneously form when cooling the device from the isotropic
phase. This represents a significant step towards ruggedisation for pi-cell
devices. Ordinarily, cooling a pi-cell device from the isotropic phase in
the absence of an applied voltage will first result in the formation of small
domains of both H- and V-state before finally the H-state dominates, as it
is the ground state of the system. However, in Figure 6.17 it can be seen

that the V-state is encouraged to form as the device cools by the presence
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of the polymer walls. For the 10 and 20 pm pitch cases, the V-state will
ultimately dominate and persist within the lattices as the device is cooled

to room temperature.

Figure 6.18 shows defect rings formed by circular polymer walls
laser-written in the H-state. When the device is driven to the V-state and
subsequently switched-off, the defect will grow from the circular H-state
polymer wall. When the defect lines meet, they annihilate, forming a

continuous H-state domain as the state continues to SrOwW.

FIGURE 6.18: Polarised optical microscopy (POM) images of circular disclination lines
growing as the device relaxes to the ground state. The device is initially in the V-state
with a voltage applied. The voltage is switched off at t = 0.

It should also be noted that the H-state is stabilised within the
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circular regions defined by the polymer walls. Therefore, even when a
voltage in excess of V. is applied to the device, these regions do not switch
into the V-state. The growth of the V-state throughout the device is halted

by the polymer walls written in the topologically discontinuous H-state.

FIGURE 6.19: Polarised optical microscopy images of parallel confining V-state channels.

Varying the spacing between adjacent laser-written channels affects the speed of

propagation of the H-state as it grows. In the channels with smallest width, the splay-

state cannot penetrate the channels. The device is initially in the V-state and at t = 0 the
voltage is switched off.

The polymer structure in shown in Figure 6.19 demonstrates
that the speed of a disclination line is influenced by confinement with

topologically discontinuous polymer walls. A schematic illustration of the
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280um

360um
FIGURE 6.20: Schematic illustration of the laser written polymer wall design for the
parallel confining V-state channel structure in Figure 6.19. The red line represents an
H-state polymer wall and the blue lines represent V-state polymer walls.
device design is shown in Figure 6.20. The structure consists of a series of
parallel polymer walls written in the V-state, with an increasingly large
gap between each wall. When the applied voltage is switched-off, the H-
state nucleates from the H-state polymer wall on the right (Figure 6.19a),
and the disclination line separating the topologically discontinuous states
begins to travel across the device. When the disclination line meets the
confining channels that were written in the V-state, the motion is impeded
and the degree to which the defect slows-down clearly depends on the
width of the gap between the walls. For the narrowest channels, the H-
state is unable to penetrate between the polymer walls as it would be
energetically unfavourable to have such a strong degree of distortion in

the narrow channel width.

Figure 6.21 shows a bifurcated channel structure inspired by
recent developments in microfluidics technology. This represents a totally
new approach to LC microfluidics where the ‘flow’ is a wave of director
reorientation in the form of a propagating disclination line, rather than
conventional fluid-flow through a channel with microscale dimensions.
The bifurcated channel is designed to guide the disclination separating

the H and V states as the device transitions from one state to another.
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The structure consists of a series of polymer walls written in the V-state
which define the edges of the channel, and a single H-state polymer wall

fabricated in the widest part of the channel.

FIGURE 6.21: POM images of a microfluidics-inspired bifurcated defect channel. The

walls defining the channel were laser-written in the V-state while, inside the channel, a

wall was written in the H-state. When the voltage is switched off at t = 0, the H-state
nucleates from this wall and a defect travels down the channels.

The device is first switched into the V-state with the application
of a voltage above V.. Then, at t = 0, the voltage is switched-off and the H-
state nucleates from the polymer wall written in the H-state (Figure 6.21a)
before propagating along the channel (Figure 6.21b). The H-state is unable
to penetrate through the V-state polymer walls that define the channel
boundary, as they have been stabilised in a topologically discontinuous
state (structure design is shown in Figure 6.22). When the propagating
disclination line separating the two states reaches the junction to the two
separate channels, it is forced to move along these narrower channels

(Figure 6.21c and d). In accordance with the result shown in Figure 6.19,



128 Chapter 6. Electrically-Tunable Topological Detects
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FIGURE 6.22: Schematic illustration of the laser written polymer wall design for the

bifurcated channel structure in Figure 6.21. The red line represents an H-state polymer
wall and the blue lines represent V-state polymer walls.

the speed of the defect depends on the confining channel width, and thus

the defect travels much more slowly in the narrower channels.

6.4 Summary and Conclusions

Ordinarily, topologically discontinuous states nucleate randomly across a
pi-cell device, forming approximately spherical domains that are bounded
by disclination lines. In this chapter, we have seen that using 2PP-DLW to
precisely polymerise different topologically discontinuous states within a
pi-cell allows control of this nucleation process, leading to engineering
of the dynamic behaviour and morphology of the defect lines. By
carefully tailoring the shape of the polymer structures, it is possible to pre-
configure/program the motion of the disclination lines that respond when
the voltage applied to the device is altered. Thereby bringing order to the
usually-random and disordered process of defect nucleation and growth

in LC devices.

As seen in Chapter 5, polymerisation of a tunable LC resin creates
polymer features with a controllable alignment, which function as 3D

alignment surfaces for neighbouring LC molecules. Using this method,
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different molecular alignments and topologies can be polymerised in the
same device with resolution on the microscale. This chapter has exploited
this capability in order to stabilise topologically discontinuous states and

disclination lines inside an electrically-addressable pi-cell device.

Laser-written defects were found to have a completely reversible
tunability, and the velocity of the disclination lines has been shown to
depend on the magnitude of the applied voltage and the orientation of
the defect with respect to the device rubbing direction. The morphology
of defect lines was found to depend on the device rubbing direction, with
defects written perpendicular to the rubbing direction possessing zig-zag

instabilities.

In addition to studying the fundamentals of the tunable defect
behaviour via simple structures consisting of parallel topologically
discontinuous polymer walls, the work presented in this chapter also
explored several concepts looking towards future applications. To
demonstrate the potential for tunable electro-optic devices that employ
pi-cell defects, a disclination line control system was designed and
implemented. A control loop was designed, which used image analysis
techniques to determine the real-time position of a disclination line from a
live-feed from a microscope camera. As a proof-of-concept, a disclination
line was controlled and moved to desired positions over a 100 um range

with 1 pm accuracy.

It has been shown that colloidal microparticles can be picked-
up and towed by these tunable defects. This is of interest because
LC defects have shown promise as versatile scaffolds for the self-
assembly of nano and microparticles. However, existing demonstrations
of this concept have typically been static structures, with limited or no

tunability. Introducing tunability into such systems may enable more
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advanced applications in tunable metamaterials and functional plasmonic

nanomaterials.

The final section of this chapter has demonstrated several
advanced concepts for controlling defects in pi-cells via rapid prototyping
with 2PP-DILW. It was found that topology T2 can be preserved and
stabilised indefinitely within square regions enclosed by polymer walls
written in the V-state. This could be critical for future applications of pi-
cells that exploit the fast-switching V-state and cannot tolerate the long

warm-up time with which it is usually associated.

Lastly, the concept of LC defect microfluidics was introduced,
where a growing state appears to ‘flow’ down a channel created by
topologically discontinuous polymer walls. Several structures were
shown, highlighting a high degree of control over the dynamic behaviour
of the defects. The ability to confine topologically discontinuous
states presents a way forward to develop complex electro-optic devices
employing defects. = This concept could be particularly powerful
when combined with pixelated backplane electronics to produce next-
generation spatial light modulators with topological pixels[137-139]. It
may also find use in lab-on-chip applications that require particles to be

sorted and moved in a controlled way within a liquid crystal matrix.

It is clear that LC defects are a rich area of study within soft matter
photonics, with interest coming from both a fundamental and engineering
perspective. This chapter has shown that a wealth of new behaviour and
functionality can be unlocked with laser-based microfabrication inside LC
devices, bringing unprecedented control over the processes governing of

state nucleation and defect growth inside LC pi-cells.
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Chapter 7

Switchable Diffractive Optical

Elements

This chapter describes the fabrication of switchable diffractive optical
elements (DOEs) including diffraction gratings and computer-generated
holograms with 2PP-DILW in LC materials. = The devices can be
switched with the application of a uniform electric field and complex
behaviour can be engineered by employing the 3D capabilities of the
laser microfabrication technique. A finite-element model of a laser-written
diffraction grating is developed in order to link together a continuum
theory simulation of the LC director, and the propagation of light
through the grating, and is successful in predicting diffractive behaviour.
Laser-written bilayer switchable LC-DOEs are demonstrated, as well as
switchable computer-generated holograms. These devices may find use
in applications where greater flexibility than a fixed DOE is desirable, but
a fully-programmable spatial light modulator is excessive.

“Laser light flickered all over him as if he was a packet of biscuits at a
supermarket check-out.”

Douglas Adams
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7.1 Introduction and Background

As we have seen in Chapters 5 and 6, 2PP-DLW is a powerful technique for
fabricating birefringent polymer structures inside liquid crystal devices on
a micron scale. In Chapter 5, polymer pillars and walls with dimensions
~1 pm were written into LC devices to produce optical patterns that
could be viewed with a polarising optical microscope. By applying the
same voltage magnitude to the device as that which was used during
the fabrication of the polymer structure, the structure became invisible.
In this chapter, this switchable-invisibility concept is extended to create
diffractive optical elements (DOEs) that can be turned on and off with the

application of a voltage.

The strength of this approach lies in the ability of 2PP-DLW to
fabricate 3D polymer architectures, thereby enabling next-generation DOE
designs with advanced functionality. Furthermore it allows fabrication
of polymer structures with an arbitrary spatial distribution, such that
complex diffraction patterns can be produced from phase holograms
fabricated into an LC device. These switchable devices have the
potential to sit in-between fully programmable but expensive spatial light

modulators and cheap but inflexible static DOEs.

7.1.1 Diffractive Optical Elements (DOEs)

Diffractive optical elements are optical components that manipulate the
spatial distribution of light intensity when illuminated with coherent
light. They range from diffraction gratings that split a beam into a
number of diffracted beams to complex computer-generated holograms
that diffract light into a recognisable image[153] (see Section 7.1.2).
Applications of DOEs span across a vast number of industries and include

holographic displays[154, 155], augmented reality/virtual reality[156,
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157], spectroscopy[158, 159], aberration correction[160, 161], beam
steering[162], beam shaping[163, 164] and 3D depth sensing[165-167].

Diffraction gratings are periodic arrays of structures that produce
a periodic modulation in the amplitude or phase of a wavefront incident
on the grating. The result of this is that coherent light incident on
a diffraction grating will be split into one or more diffracted beams
travelling in different directions. An amplitude grating consists of an
array of apertures, and the classic Young’s double slit can be considered
an example of a very simple amplitude grating. A major downside
of amplitude gratings is low optical efficiency because, by definition, a
large fraction of the light is absorbed or reflected by the grating and not
transmitted. In contrast, phase gratings produce a modulation in the
phase of light incident on the grating, due to a periodic modulation in the

refractive index and can theoretically diffract light with 100% efficiency.

DOEs are generally fabricated by diamond tool machining[168]
or conventional lithographic methods such a photolithography, e-beam
lithography and holographic interference lithography[169]. While these
methods have proven successful for fabricating DOEs, there are significant
drawbacks that limit their use in advanced DOE designs. In the case
of diamond tool machining, designs are limited to circularly symmetric
elements and the smallest possible feature sizes are several times larger
than the diamond tool tip[169]. Lithographic methods are more flexible
but generally restrict device design to planar structures and require
complex multi-step cleanroom fabrication procedures. In contrast, in
this chapter, we will see how 2PP-DLW can be used to fabricate novel
3-dimensional switchable DOEs, enabling novel device designs with

enhanced switching functionality.

Due to the combination of their high birefringence and sensitivity
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to external fields, LCs have found use as switchable optical materials
for a variety of diffractive optical elements, in particular switchable
phase gratings and phase holograms (sometimes called kinoforms). In
the following discussion LC-DOE (Liquid Crystal Diffractive Optical

Element) will be used to describe any DOE that contains liquid crystal.

The earliest implementations of LC-DOEs have used a variety
of conventional lithographic methods to pattern surface relief structures
into standard negative photoresists before they were transformed into an
active device by adding a layer of index-matched LC[77, 78, 170-173].
However, the fabrication of useful devices using this principle is limited
by the complex multi-step fabrication processes required. Furthermore,
some authors report challenges in controlling the alignment of the LC on
the fabricated polymer structures, with unwanted defects inhibiting the

device performance[170].

Arguably the most successful LC-DOE technology is based on
a composite material known as holographic polymer dispersed liquid
crystal (H-PDLC) which is formed by exposing an LC device containing
a mixture of LC and photosensitive isotropic monomer to an interference
pattern[174, 175]. The holographic interference pattern can be oriented
transverse to the LC cell, such that the photopolymerization process
forms a series of stratified layers across the thickness of the device
with the grating vector perpendicular to the substrates. Alternatively,
the interference pattern can be oriented such that a series of polymer
"slices" forms across the device, with the grating vector parallel to the
substrates. This causes the LC to diffuse into the layers in between
the polymer-rich layers, creating an alternating profile of LC-rich and
polymer-rich layers[176]. With appropriate index-matching between
the polymer and the LC, H-PDLC devices can function as electrically-

switchable Bragg gratings with a very high diffraction efficiency and



7.1. Introduction and Background 135

have therefore found use in applications where Bragg spectral and spatial

selectivity is desirable[177].

However, a significant disadvantage of H-PDLC is that,
compared to bulk LCs, large electric fields (15 - 20 V/pm) are required
to switch off the diffraction, due to the confinement of the LC into micro-
or nano-meter sized droplets[175, 176]. In response to this, a variation
of H-PDLC called POLICRYPS (POlymer LIquid CRYstal Polymer Slices)
was developed by Caputo et al. that switches with external fields of just
a few V/pm and provides diffraction efficiencies of up to 98%[178, 179].
Similar to H-PDLC, POLICRYPS gratings are fabricated by holographic
interference lithography but are formed at a temperature above the
clearing temperature, which dramatically improves the morphology of the
gratings as compared to H-PDLC. The uniform morphology and lack of
imhomegeneities in the structure of POLICRYPS gratings reduces losses
due to scattering, which can be considerable in H-PDLC gratings[176,
180]. However, owing to the reduced confinement of the LC regions in
POLICRYPS gratings, they typically have slower switching speeds than
equivalent H-PDLC gratings[176].

Although the interference lithography fabrication process for H-
PDLC/POLICRYPS is flexible and fast, it is limited to producing gratings
that are on (i.e. produce a diffraction pattern) in the absence of an applied
tield. For some optical applications, including AR/VR, it is desirable
to use gratings that do not consume power in the off-state and are
therefore "hidden" and operate in "reverse-mode" (non-diffractive in the
off state)[181]. H-PDLC/POLICRYPS technologies are unable to provide

a solution for such applications.

Early attempts at reverse-mode LC-DOEs have been fabricated

using interference of UV lasers to create a modulated intensity pattern that
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is encoded directly into a device containing a UV-sensitive polymerisable
LC/reactive mesogen mixture[181, 182]. Applying a voltage to the
device after fabrication causes the LC in the unpolymerised channels to
reorient, producing a refractive index mismatch between the polymer
structures and the LC. As the cell can be switched between diffractive
and non-diffractive states, it can be considered an electrically-switchable
PSLC (Polymer Stabilised Liquid Crystal) diffraction grating operating
in reverse-mode. However, employing such holographic interference
fabrication methods limits grating designs to simple periodic structures.
Within these constraints, the most complex LC-DOEs created in this
way have been 2D hexatic lattices of micropillars which produce hexatic

diffraction patterns[182].

In this chapter, 2PP-DLW is used for the first time to engineer
electrically-switchable 3D LC-DOEs with the ability to switch between
two distinct diffractive modes. Due to the freedom over the design of
the phase patterns comprising these DOEs, and the additional degree-
of-freedom offered by voltage-dependent 3D fabrication, enabling both
reverse-mode and conventional mode operation; they have considerable
potential to be used in next-generation diffractive optics and rival the

reigning switchable LC-DOE technology H-PDLC.

Raman-Nath and Bragg Diffraction Regimes

In general there are two types of behaviour exhibited by diffraction
gratings which leads to their classification into operating into one of two
regimes: (i) the Raman-Nath regime and (ii) the Bragg regime. Gratings
are classified according to a dimensionless parameter, Q,

27tAd
Q= nA2

(7.1)
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where d is the grating thickness, n is the average refractive index of the

grating, A is the grating period and A is the incident wavelength[183, 184].

When Q < 1, a grating is considered "thin" and will operate in the
Raman-Nath regime and will exhibit many orders of diffraction. Whereas,
when Q > 10, a grating is said to be "thick" or a volume grating and
will only exhibit diffraction when the Bragg condition is met, making
them highly sensitive to the angle and wavelength of incident light.
Gratings with 1 < Q < 10 are said to operate in an intermediate regime

with properties that are a mixture of the two extremes.

7.1.2 Holography

Holography (from the Greek 'holos’; 'whole’) is the study of DOEs known
as holograms that diffract light to form complex images in a diffraction
pattern (or "replay field") and was first invented by Dennis Gabor in
1947 in his search for a method to improve the resolution of electron
microscopes[185]. However, his discovery did not attract a great deal
of attention from mainstream scientists at the time[186], and it was not
until the invention of the laser in the 1960s that holography became a
discipline in its own right. Holography is now a vast field, spanning
across art, science and engineering with applications in information
processing, security & authentication, data storage, 3D displays, sensors

and microscopy[187].

The basic holographic principle as described by Gabor involves
recording the light field scattered off an object onto a photographic
recording medium. To accomplish this, a beam of coherent light is split
into an "object beam” and a 'reference beam’. The object beam is expanded
and goes on to illuminate the object, scattering light onto a photographic

plate, while the reference beam is expanded directly onto the plate. The
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two beams form an interference pattern on the plate that encodes the
information about the light field produced by the object. When the
hologram is illuminated by a reference beam identical to that used to
record the hologram, a reconstruction of the light field is produced. Thus
an observer will see an exact replica of the object scene, complete with

parallax and occlusion[187].

Computer-generated holograms (CGHs) were first demonstrated
by Brown and Lohmann in 1966[188] and used a radically different
approach to the generation of holograms compared to Gabor’s traditional
holographic recording method. They employed a fully computer-
generated approach to hologram design and used a numerical algorithm
to calculate the hologram from an image of the target, removing the need

for a physical target object[189].

In 1972, Gerchberg & Saxton invented a fast algorithm for
generation of a phase-only CGH from a desired target image[190]
which is now known as the Gerchberg-Saxton algorithm or the Iterative
Fourier Transform Algorithm (IFTA). It is considered the easiest CGH
optimisation algorithm to implement and is the fastest to converge
towards a solution[184]. The iterative algorithm takes a target image as an
input and aims to minimise the mean-squared error between the fourier
transform of a hologram and the target image. The initial "guess" of the
solution is simply a hologram of random phase. This hologram is fourier
transformed and the phase of this result is extracted and multiplied by
the amplitude of the target image. The inverse fourier transform is then
taken and the phase of the result extracted to obtain an updated guess of
the hologram solution. By running this process iteratively, the hologram

converges to a solution with a low mean-squared error.

Femtosecond laser micromachining is well-suited to fabricating
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CGHs due to the flexibility of the fabrication technique and the ability to
write in a maskless fashion in 3-dimensions. Zhao et al. first described
the fabrication of an amplitude-mode CGH manufactured in this way,
using a regeneratively amplified femtosecond laser to ablate holes in a 200
nm thick layer of aluminium[191]. Subsequently, several groups reported
the fabrication of amplitude-CGHs buried inside silica glass using
femtosecond laser-induced microexplosions[192, 193]. Reflection mode
CGHs have also been realised, with a similar laser ablation technique
applied to the surface of a silicon wafer[194]. Laser-induced micro-
ablation of mass-produced polymer materials including polycarbonate
has also been reported for the manufacture of CGHs, fresnel zone plates
and gratings[195]. More sophisticated results have been obtained by
using techniques originally developed for laser writing of waveguides
in borosilicate glass to fabricate phase-only CGHs[196-198], where such
methods result in a slight change in the refractive index but do not cause

void formation, as in microexplosion/ablation laser writing.

A significant limitation of these early efforts towards laser-
writing of CGHs is that the structures fabricated were fixed optical
elements, with no degree of switchability. In contrast, in this chapter
the first use of 2PP-DLW in fabricating switchable binary CGHs in
polymerisable LC devices is described. By exploiting the 3D fabrication
capabilities of 2PP-DLW, it may be possible to fabricate multi-layer
multiplexed CGHs in a single device that can be switched on and off with

the application of a uniform electric field.
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7.2 Methods

7.2.1 Fabrication Procedure

A number of methods were developed to fabricate the DOEs described in
this chapter. These new methods were necessary due to the complexities
of fabricating in 3D and over a large area of a device. This section
describes (i) the basic fabrication procedure for simple diffraction gratings,
(ii) the special methods developed for 3D fabrication, and (iii) the factors

that need to be considered for fabrication over a large device area.

Fabrication of Diffraction Gratings

The simplest example of fabrication of a diffraction grating with 2PP-DLW
is shown in Figure 7.1. The LC device is mounted on top of the translation
stage stack in the 2PP-DLW system described in Section 4.2 and moved
so that the focus of the fabrication laser traces a series of parallel polymer
walls in the device. As the polymer walls appear ~1 um wide (as studied
by polarised optical microscopy), the walls must be spaced at least 2 pm

apart.

The mixture was a polymerisable nematic LC mixture containing
E7 (70.7 wt%), reactive mesogen RM257 (Merck) (28.5 wt%) and
photoinitiator Irgacure 819 (Merck) (0.8 wt%). This mixture was prepared
following the procedure described in Section 4.1.1 before it was filled into
anti-parallel rubbed LC cells manufactured by Instec Inc. These cells had
planar ITO electrodes, allowing a uniform electric field to be applied to the
LC mixture during and after fabrication. Cells with thicknesses of 5 pm, 9

pm and 20 pm were used in this study.

Although Figure 7.1 shows fabrication at zero volts (i.e. without

an applied electric field), it is possible to apply a voltage during fabrication
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FIGURE 7.1: Schematic cross-sectional view of the fabrication process of a 1D diffraction

grating inside a liquid crystal device. 2PP-DLW is used to write a series of parallel

polymer walls inside the device. The grating period is of the order of the device thickness.
Regions where a polymer network has formed are indicated by pink shaded regions.

and polymerise structures that preserve the voltage-dependent alignment

of the LC at the moment of exposure, as seen in Chapters 5 and 6.

4,

20 pm
]

FIGURE 7.2: POM image of a grating with a 2.5 ym period where the fabrication laser

power was changed during the fabrication. A voltage of 10 V has been applied to

the device to observe the switching behaviour of the uncured regions. In the lower

left and upper right of the image, the writing laser power was too high, resulting in

polymerisation in between the polymer walls that inhibits the switching. In the centre of

the image, the power was at an appropriate level to form polymer walls without curing
surrounding regions.

For structures with a small spacing between the adjacent polymer
features, the fabrication laser power is a critical experimental parameter.
If the power is too high, the excess energy delivered to the sample causes
curing of the regions in between the polymer walls. This restricts the

uncured areas of the device from properly switching, preventing the

generation of the refractive index contrast that is required for diffraction.
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An example of a structure fabricated when the power was too high is
shown in Figure 7.2. To address this issue, the laser power was carefully
adjusted such that it was just above the polymerisation threshold,
delivering the minimum necessary energy to the sample. This threshold
power was found empirically to be 41 mW at a writing speed of 100 um/s

for the mixture containing E7, 30 wt% RM257 and Irgacure 819.

Fabrication of 3D Structures

In this chapter, the 3D fabrication capabilities of 2PP-DLW are exploited to
fabricate switchable multilayer DOEs. These consist of two separate DOEs
that are fabricated in the same region of the device but at different heights.
This has to be performed in a thicker device, so that the DOEs are spatially

separated in the z-direction.

Fabricating 3D structures required that the fabrication method
be adapted so that polymer structures could be reliably tethered to a
desired substrate. To do this, a “cell thickness scan” process was developed
whereby a series of adjacent polymer lines were written in the device, with
a lateral spacing of 5 pm and a known height-step between each wall. A
schematic of the process is illustrated in Figure 7.3 where the staircase-like

structure of the polymer walls can be seen.

By observing this laser writing process in-situ with the in-built
microscope, information can be obtained about the position of the laser
focus. An example of a microscope image of the cell thickness scan is
shown in Figure 7.4. The polymer walls in the very centre of the cell are
observed to float in the LC mixture as they are not tethered to a substrate.
By initiating the cell thickness scan with the laser focus located within
the bottom substrate, it is possible to establish the position of the bottom

substrate by observing where the polymer structures begin to form.
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FIGURE 7.3: Schematic showing the process of performing a cell thickness scan across

the thickness of an LC device. This procedure provides information about the height of

the laser focus and allows 3D fabrication to be performed in an accurate manner. In this

schematic, the polymer structures are not to scale and, in practice, there are gaps of 5 pm
in the y-direction, between each wall.
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FIGURE 7.4: POM image of a cell thickness scan taken with the CCD mounted in the DLW

system. The lines are fabricated with a separation of 5 um in the y-direction and 1 pm

in the z-direction. The walls that were fabricated in the centre of the cell are untethered

and therefore have drifted from the position in which they were originally fabricated.

Each line is labelled with its distance from the centre of the cell in pym and the labels are
staggered for readability.
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For 3D fabrication, it is important to consider the focal splitting
phenomenon resulting from focussing a polarised laser beam through a
birefringent material at high NA[199, 200]. As thicker LC devices are
required for 3D fabrication, this effect becomes very pronounced because
the laser travels a longer distance through the birefringent LC, resulting
in a greater degree of splitting. The phenomenon is observed because, in
general, the extraordinary refractive index seen by light passing through a
birefringent material depends on the propagation direction. In the cone
of light produced by tight focussing at high NA, the individual rays
therefore have different optical path lengths, stretching the focus in the

axial direction and producing spherical aberration.
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FIGURE 7.5: Spherical aberration induced by high NA focussing in an LC material. Blue
arrows indicate the electric field vectors and red lines are showing path of light rays. (a)
Writing laser polarisation parallel to the optic axis, which results in polarisation-related
spherical aberration. (b) Writing laser polarisation perpendicular to the optic axis, with
no polarisation-related spherical aberration. The optic axis of the LC is oriented along
the x-axis in both cases and a front and side view for each geometry is shown.
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This phenomenon is illustrated in Figure 7.5a, where the
polarisation is parallel to the optic axis of the LC. In this experimental
geometry, the focal depth of a light ray depends on its position in the
cone of focussed light. Two viewing angles of the geometry are illustrated
to highlight this and each show the extremes of this source of spherical
aberration. Note that, in practice, the focus will be spread between these
two extreme positions, with other focal depths resulting from the rays
originating from other parts of the cone of light which enter the material
at different angles. However, in one particular experimental geometry,
where the polarisation is perpendicular to the optic axis of the LC (Figure
7.5b), then irrespective of the angle the light ray enters the material, it
will always see the ordinary refractive index, n,, removing this source of

spherical aberration.

In all cases except when the polarisation is perpendicular to the
optic axis and in addition to the spherical aberration, the polarisation
eigenmode corresponding to the extraordinary mode possesses an
additional phase aberration due to the dependence on the ray propagation
direction. The aberration is complex but can be shown to have a significant
difference in defocus from the ordinary mode (which does not depend on
the propagation direction). This can lead to split foci, resulting in two
distinct voxels spatially separated along the axial direction, reducing the
resolution of the technique and prohibiting precise fabrication in a thin

layer[201].

In general there are two approaches to compensating the
birefringence-induced focal splitting and spherical aberration effect: (i)
The fabrication laser must be polarised radially or azimuthally or (ii)
the laser must be polarised linearly in an orientation perpendicular to
the optic axis of the birefringent material (the case illustrated in Figure

7.5b). In this instance, the second option was chosen, as this could
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be straightforwardly implemented with a half waveplate in the optical
setup. In this configuration, all rays in the tightly-focussed cone see the
ordinary refractive index, eliminating the focal splitting effect. Producing
a radially or azimuthally polarised beam would require g-plates, a spatial
light modulator or another complex phase-control element. This was
not investigated further, as the simpler approach using a half waveplate

achieved the desired result.

Fabrication of Structures Over a Large Area

In this chapter, the fabrication and characterisation of large diffraction
elements called computer generated holograms (CGHs) are described.
These structures consist of many thousands of polymer walls written over
a large area (up to 2 x 2 mm). It was found that this type of process
presented some unique problems which had to be overcome for successful
fabrication. Namely, (i) limited controller memory, (ii) sample flatness and

(iii) fabrication duration.

The first issue was related to the limited memory of the controller
for the high-resolution translation stages. Due to the complexity of the
structures, the AeroBasic fabrication scripts were up to 258,815 lines long,
with a file size of up to 10,741 KB. This value is in excess of the memory
of the controller, which is 2048 KB. Moreover, for some of the results
described in this chapter, an older controller with a memory of just 32
KB was used, making the problem even more severe. To solve this issue,
a LabVIEW program was written to process the large fabrication scripts,
splitting each script into multiple sub-scripts smaller than the memory
of the controller. The program sequentially passed each sub-script to the
stage controller, appending the scripts with commands to open and close

the laser shutter. These shutter commands were essential, as there is a
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delay of a few seconds while the stage controller reads and compiles the

sub-script, during which time the laser would be fixed in one position.

The second issue emerges from the difficulty in mounting the
sample to be perfectly flat (i.e. normal to the axis of the laser beam). For
polymer structures written over a small area, this is not a significant issue
as the deviation in the z-direction resulting from a slope in the sample is
negligible over short distances. However, for large structures, such as the
2 x 2 mm CGHs described later in this chapter, even a very slight slope
could lead to a significant deviation in the position of the focus of the laser
as the fabrication proceeds. As can be seen in Figure 7.6, this resulted in
larger structures "fading out" as the focus moved into the glass substrates

as a fabrication routine progressed.

FIGURE 7.6: POM image of a large polymer structure "fading out" during a fabrication

routine due to a large sample tilt. The fabrication started on the left hand side of the

image and proceeded to the right. The structures become progressively more diffuse as

the focus of the fabrication laser moves into the glass substrate, before fabrication ceases

completely as seen on the right hand side. The white arrows indicate the orientation of
the crossed polarisers and the scale bar is 100 pm.

A method to calibrate the slope in a sample was developed to

compensate for this effect. Using the cell thickness scans described above,
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an estimate could be obtained for the slope by writing at three points
just outside of the area in a cell designated for the fabrication of a large
structure. As three points define a plane, these values were input to
a MATLAB script that generates the AeroBasic fabrication script. The
generation script was modified to compensate for the slope so that each

linear move-command would also have a component in the z-direction.

The third problem was that the fabrication of such large
structures initially took several days. Due to the narrowness of the
polymer walls (~1 um), the size of the structures, and the high fill-
factor of 50% (proportion of the fabrication area that is polymerised), the
fabrication time will inevitably be much longer than smaller structures
with a lower fill-factor. However, significant improvements to the writing
speed were made by adopting a different approach to the laser writing

process.

For much of the laser writing described in this thesis, the
AeroBasic fabrication scripts incorporate commands that control an
electronic optical shutter which modulates the exposure of the sample
to the laser, as described in Section 4.2. For the fabrication of large-area
structures, an alternative approach was developed that modulates the
speed of the translation stages rather than the laser shutter. In this way,
the laser could be continuously on and polymerisation was controlled by
the speed of the stages. For regions where polymerisation was not desired,
the stages were moved at 10 mm/s, as opposed to the usual speed for
fabrication of 100 um/s. Increasing the speed of the stages to this level
effectively lowers the dose received by the polymerisable resin to be below
the threshold dose for polymerisation. The MATLAB code that generated
the AeroBasic fabrication scripts for this speed-modulation method was
written by Hassan Daginawalla, a final-year undergraduate student in the

Soft Matter Photonics group 2019-20.
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The speed-modulation method reduced the fabrication time for
a2 x 2 mm CGH from ~107 hours to ~6 hours (a reduction of 94.4%),
compared to previous laser writing methods. This was because in earlier
methods, pauses had to be incorporated into the AeroBasic fabrication
scripts in order to allow time for the mechanical shutter to open and
close. Further reductions in fabrication time were attributed to the faster

scanning speed over unpolymerised regions.

7.2.2 Characterisation Procedure

An optical setup was built to characterise the DOEs described in this
chapter. A schematic optical layout of the setup can be seen in Figure

7.7 and an annotated photograph of the setup is shown in Figure 7.8.
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FIGURE 7.7: Schematic of the optical setup used for characterising diffractive optical
elements. The optical path of the 635 nm laser diode is indicated by red lines and the 660
nm LED illumination path is indicated with purple dashed lines.

The coherent light source was a continuous wave 635 nm laser
diode (Thorlabs PL202) which had a beam diameter of ¥3 mm and
an optical power of 1 mW. The output power was reduced to 100 pW
with a variable ND filter to provide a suitable power for the CCD and

photodiode.

It was important to be able to change the input polarisation to the

DOE and this was accomplished with a A /2 waveplate. To selectively and
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CCD
(microscope)

FIGURE 7.8: Photograph of the DOE characterisation setup. The path of the 635 nm laser
diode is indicated by a solid red line and the path of the 660 nm fibre-coupled LED is
indicated with a solid purple line. The CCD focussed on the white screen is mounted
out-of-plane, above the path of the 635 nm characterisation beam.
precisely illuminate a particular DOE within a device, the beam had to be
reduced from its I3 mm nominal diameter and so the beam was shrunk
by two lenses in a keplerian telescope configuration. For some diffractive
structures written over a very small area, the beam had to be focussed with

a 300 mm lens in order to produce a beam size small enough to fit entirely

within the area of a structure.

The setup had to flexible enough to accommodate LC devices
where a number of different DOEs were fabricated across the active device
area. To achieve this, precision targeting of the laser was enabled by
mounting the sample on a stack of precise manual translation stages

(Thorlabs PT1) with a travel range of 25 mm in X and Y.

To aid with locating and identifying DOEs in the device, a
simple optical microscope was built, with illumination provided by a

tibre-coupled 660 nm LED. This wavelength was chosen to remove any
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FIGURE 7.9: Image of a device containing a number of diffraction gratings, as seen by
the microscope CCD in the characterisation setup. The 635 nm laser is passing through
a large diffraction grating with dimensions 600 x 600 pm on the right side of the image.
Other diffraction gratings present in the device can be seen on the left side of the image.
potential for further polymerisation occurring during the characterisation
process. A full-colour CCD camera (Thorlabs DCC1240C) was used to
provide a magnified image of the device so that it could be moved to
the correct position for the laser to pass through a particular diffractive

structure. An example of an image of a device taken with this CCD can be

seen in Figure 7.9

The diffraction pattern could be recorded in one of two possible
ways: (i) taking an image of the white screen using a full-colour CCD
(Thorlabs DCU224C) with a camera lens attached or (ii) recording the
diffraction intensity directly with a photodiode (Thorlabs PDA36A-EC).
The CCD method had the advantage of quickly obtaining an image of the
entire diffraction pattern, however, it required further image processing
to establish quantitative values for diffraction intensity. An example of
a recorded diffraction pattern is shown in Figure 7.10. In both cases,

stray light was reduced by switching off the lights in the laboratory and
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blocking any other light sources. For the photodiode measurements, a 10
cm lens tube was mounted to the front of the photodiode to further reduce

any unwanted stray light.

1st Oth

FIGURE 7.10: Example of a diffraction pattern recorded by the CCD focussed on the
screen in the characterisation setup. The diffraction orders have been labelled.

An image processing method was developed to convert CCD
images of diffraction patterns into intensity values. MATLAB was chosen
to automate the process due to its powerful Image Processing Toolbox and
data visualisation capabilities. Figure 7.11 illustrates the process in the

form of a flowchart.

As shown on the left side of Figure 7.11, the CCD records large
1280 x 1024 pixel images of the screen. The diffraction pattern only
occupies a small region of this image and so the first step is to crop the
image using the MATLAB Image Processing Toolbox function imcrop. To
compensate for unwanted rotation of the diffraction pattern with respect
to the orientation of the camera, the image is also rotated so that the
diffracted orders sit along a horizontal line using imrotate. Then the image
is converted from full RGB colour to a greyscale image using rgb2gray
before a threshold is applied (pixel value > 10) to form a thresholded
mask. The function regionprops is used to obtain centroids of the spots
and these coordinates are used to centre a series of 30 x 30 pixel crops on
the greyscale image. To obtain the intensity of each diffracted order, a sum
is then performed over all the pixels in each of these cropped images. This
process can be repeated for a series of images of the diffraction pattern
at different voltages to obtain the diffraction intensity as a function of

voltage.
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FIGURE 7.11: A flowchart showing the steps of the image processing method to obtain
diffraction intensity from CCD images of diffraction patterns. The original image is
cropped and rotated using the functions imrotate and imcrop before being converted to a
greyscale image with rgb2gray. This is then made into a mask by applying a threshold of
pixel value > 10. This thresholded mask is processed by regionprops, a MATLAB function
to obtain centroids. The coordinates of the centroids are then used to centre a series of
30 x 30 pixel crops on the greyscale image. The pixel values are then summed for each
image to obtain a relative measure of intensity for each diffracted order.

As an alternative to the CCD method for obtaining quantitative
diffraction data, another method was developed where the intensity of
the diffracted orders were recorded by using a photodiode. This process
involved aligning the photodiode with the beam of a diffracted order and
running a sweep of the voltage applied to the device, while recording the

output of the photodiode. A comparison of data obtained using the each

technique can be seen in the following section.

MATLAB scripts were written to run voltage sweeps and
automate the experimental process of obtaining diffraction data from
DOEs. An arbitrary function generator (Tektronix AFG 3021) was
controlled to provide the AC driving voltage to the DOE, while data was
recorded by either the CCD focussed on the screen or the photodiode.
For the latter method, the voltage sweep had to be repeated for each
diffracted order, realigning the photodiode between each measurement.
The MATLAB script interfaced with the CCD camera via a .NET library,

whereas the photodiode was connected to a digital oscilloscope (Tektronix
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TDS2024C) which was read via SCPI commands to return the voltage

signal from the photodiode.

7.3 Results and Discussion

7.3.1 1D Diffraction Gratings

This work began by testing the simplest possible diffractive optical
element design, a 1D diffraction grating. Starting with a simple structure
provides a useful foundational platform on which to test the method and
evaluate characterisation methods before exploring more complex novel

DOE designs.

Preparation of the mixture and device-filling followed the
method described in Section 7.2.1, using a cell with a thickness of 5 pm.
Following this, a 1D switchable diffraction grating was fabricated via 2PP-
DLW, using the fabrication system described in Section 4.2 with a writing
speed of 100 nym/s and a power of 41 mW. Polymer walls were written
at 0 V so that the device would be in the off-state when no voltage was
applied. The grating was written over an area of 1000 x 1000 pm and

walls were spaced 5 pm apart.

Figure 7.12 illustrates the idealised principle of operation behind
the switchable diffraction grating. With no voltage applied, there is
expected to be no difference in the LC alignment between polymerised
and unpolymerised regions. In this state, the device behaves as a uniform
birefringent layer and no diffraction occurs. When a voltage is applied
with a magnitude above the Fréedericksz threshold, the unpolymerised
regions switch (Figure 7.12b), with the director tending towards vertical
as the voltage is increased. In this switched state, light that is polarised

parallel to the rubbing direction will see a modulation in the effective
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FIGURE 7.12: Schematic representation of a 1D diffraction grating switching under an
applied voltage. (a) The diffraction grating in the off-state with no applied voltage. (b)
The device under an applied voltage large enough to cause the unpolymerised regions
to switch. The red arrow indicate the direction of light propagation through the grating,
and the blue double-headed arrows show the electric field vectors. High values of 1,y
are indicated with an "H" and low values indicated with an "L". In this schematic the
laser is polarised parallel to the rubbing direction and so experiences the largest possible
modulation in the refractive index.
refractive index, with higher values of 1,77 in the polymerised regions and
lower values of n.¢¢ in the unpolymerised switched regions. At infinite
voltage, the unpolymerised regions will tend to n, when the director is
completely vertical. If the light incident on the device is coherent (such

as that from a laser), diffraction will occur as a result of this spatial

modulation in the refractive index.

Note that diffraction should not occur for light polarised
perpendicular to the rubbing direction. In this geometry, the light will
see the ordinary refractive index, n,, across the device, irrespective of the
voltage applied. Thus there is no spatial modulation in the refractive index

and no diffraction occurs.

The device was first investigated with polarised optical
microscopy (POM), and micrographs at 50X magnification at a range of
voltages can be seen in Figure 7.13. The spacing of the walls appears to
be highly uniform, as does the width of the walls themselves and this was
investigated with further image analysis. At 2V, it can be seen that there

are multiple stripes of different colours in the unpolymerised channels in
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between the polymer walls. This is due to the influence of the polymer
walls on the unpolymerised LC. The lateral elasticity deriving from the

walls lowers the free energy for adjacent LC that has the same director

profile as the polymer walls.

-
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FIGURE 7.13: POM images of a 5 pm pitch diffraction grating at 50X magnification with

applied voltages 0 - 10 V in 2 V steps. The polymer walls were written at 0 V. At an

applied voltage of 2 V, the influence of the polymer walls on the adjacent unpolymerised

LC is visible. At higher voltages, the anchoring of the polymer walls is overcome and

the director is near vertical at 10 V. The walls remain bright as the director is locked-in

and the walls therefore remain birefringent. The orientations of the crossed polarisers are
indicated by white arrows in the first image.

i0v

Image analysis was performed to assess the uniformity of the
wall-spacing and obtain an estimate of the width of the polymer walls.
It should be noted that obtaining these values from microscope images is

an estimate from an indirect measurement method and ideally scanning
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electron microscopy would be used to provide direct measurements. As
the appearance of the polymer structures is influenced by the behaviour of
the unpolymerised LC adjacent to the structures, analysis was performed
using the POM image of the grating at 10 V. This is preferred because at
higher voltages the dielectric coupling with the applied field dominates
over the elastic influence of the polymer walls on the unpolymerised LC.
Adopting this voltage for the analysis should provide the best estimate of
the true width of the polymer walls that can be obtained with this type of

microscopy.

The analysis was conducted by performing horizontal line-scans
across a greyscale version of the POM image of the grating under an
applied field of 10 V (shown in Figure 7.13). These line scans were
averaged to reduce noise, and the result is plotted in Figure 7.14a where
each wall is represented by a peak. The scale was calibrated using a
microscope calibration slide with an etched scale. The MATLAB function
findpeaks was used to find the location of the peaks and these values are
plotted against the peak number in Figure 7.14b. The linearity of Figure
7.14b shows that there is a constant spacing between each polymer wall
that comprises the grating. The mean of the distances between adjacent
walls was found to be 5.00 pm exactly and the standard deviation was 0.08

pm which is of the order of the resolution of the image of 0.09 pm/ pixel.

An estimate of the polymer wall width can be obtained with
an optional output from the findpeaks function, which calculates the full-
width of the peak at half-prominence. Averaging these widths gives a
value of 0.87 pm and the standard deviation is just 0.02 pm, showing a
very high polymer wall uniformity. It can be seen that there is a slight
asymmetry in the base of the peaks in Figure 7.14a which could indicate
that the polymer walls are not perfectly parallel to the rubbing direction

of the device.
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FIGURE 7.14: Image analysis of a POM image of the 5 um period grating under an

applied voltage of 10 V. (a) pixel intensity versus position in pm. (b) position in pm

versus peak number. The regularity of the peak position shows there is a highly regular

spacing between the walls. The uniformity of the peaks themselves shows the walls have
a highly uniform structure.
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Diffraction characterisation was performed using the DOE
characterisation system described in Section 7.2.2, with the 635 nm laser
diode polarised parallel to the rubbing direction of the device. A 300 mm
lens was used to focus the beam to a spot ~300 pm in diameter to ensure

that the entire beam passed through the grating.

The diffraction pattern was recorded using the CCD method (see
Section 7.2.2) for a range of voltages from 0 - 10 V in 0.1 V steps and for a
range of exposure times. Figure 7.15 shows a subset of these images (0 -
10 Vin 1 V steps, 40 ms exposure). In the off-state at 0 V, the polymer
network is in the same state as the unpolymerised channels and so there
is no refractive index contrast and almost no diffraction. As the voltage is
increased, a diffraction pattern appears once the unpolymerised LC begins
to switch, producing a refractive index contrast between the polymer
walls and unpolymerised channels. The grating clearly produces multiple
diffracted orders, as is characteristic of the Raman-Nath regime, and is in
accordance with the Q-factor (see Section 7.1.1) for this grating of Q = 0.50.
This diffraction behaviour is explored further in the following section on

director and optical modelling in COMSOL.

Diffraction angles were measured by analysing an image of the
diffraction pattern where all the orders were clearly visible, such as the
image for 10 V in Figure 7.15. The scale of the images was obtained
by measuring a known distance in a calibration image taken with the
CCD. With knowledge of the distance from the device to the screen, the
diffraction angles could then be calculated with basic trigonometry. A
MATLAB script was written to obtain the centroids of the diffracted spots
and automate this calculation. Figure 7.16 shows the experimental angles

and the theoretical values derived from the standard diffraction grating
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FIGURE 7.15: Images of the diffraction pattern from a 5 nm pitch diffraction grating as
a function of voltage. A 40 ms exposure was used to record the images with the CCD.
The voltage range is 0- 10 V in 1 V steps. Below 2 V, only the zero order is visible as the
unpolymerised regions of the grating in between the polymer walls have not switched.

equation for light at normal incidence,

nA =dsin@, (7.2)

where 7 is the order of diffraction, A is the wavelength of light, d is the

grating pitch and 0, is the angle of diffraction of order .

As the grating pitch d was obtained from the POM images in
Figure 7.13 with an uncertainty of 0.09 pm, the dashed lines in Figure
7.16 show the maximum and minimum theoretical values corresponding
to the uncertainty in the measurement of d. The errors in the experimental
measurements are estimated from the experimental error in calibrating
the image scale and measuring the distance from the device to the
screen. Although the experimental data is within the uncertainty range
of the theoretical predition, the fact that all of the experimental values
are slightly lower than expected suggests there is a systematic error in
the measurement. This is most likely to originate from an inaccurate

measurement of the distance between the device and the screen.
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FIGURE 7.16: Diffraction angles for each diffracted order. Theoretical values are obtained
from the grating equation nA = dsinf, and experimental values were obtained by
measuring the distance between diffracted orders in an image of the diffraction pattern.

The images of the diffraction patterns were processed following
the image analysis procedure described in detail in Section 7.2.2 to
produce graphs of diffracted order intensity as a function of voltage which
are presented in Figure 7.17. This process was repeated for CCD exposure

times of 0.3 ms, 5 ms, 40 ms, 200 ms and 500 ms. The intensity data was

normalised to the intensity of the zero order at 0 V.

For all exposure times except the lowest of 0.3 ms, the zero
order was found to saturate the CCD. Saturation of the CCD significantly
reduces confidence in the accuracy of the relative intensities of the
diffracted orders. As Figure 7.17 indicates, the exposure time (and
therefore degree of saturation) has a significant impact on the results. In
particular, it is impossible to draw firm conclusions about the relationship
between the intensity of the zero order and the other diffracted orders as
the relationship varies depending on the exposure. As a key parameter

for evaluating DOE performance is the diffraction efficiency;, it is crucial to
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FIGURE 7.17: Diffracted order intensity as a function of voltage obtained using the CCD
method. Three different CCD exposure times for each image capture are shown: (a) 0.3
ms exposure, (b) 500 ms exposure and (c) 40 ms exposure.
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accurately measure these intensities.

In the case of an exposure of 0.3 ms, we have greater confidence
in the relative intensity between the zero order and the first order, as no
pixels were saturated on the CCD. However, using such a short exposure
time leads to a poor signal/noise ratio, as can be seen in the noisy data at
higher voltages. Furthermore, the lower intensity 3rd and 4th orders are

not detected at all when using such a low exposure time.

It is clear that, while the CCD method can be used to obtain a
qualitative indication of the diffractive behaviour, it is not suitable for
obtaining accurate quantitative data of diffraction intensity. An alternative
is to use a photodiode to directly record the intensity of the diffracted
orders, as also described in Section 7.2.2. Figure 7.18 shows the result of
such a measurement.
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FIGURE 7.18: Diffracted order intensity as a function of voltage obtained using the
photodiode method.

Examining the behaviour of the diffracted orders at low voltage

(<1V), it can be seen from Figure 7.18 that there is a low non-zero intensity

associated with orders 1 and 2. Indeed, looking closely at Figure 7.15,
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faint 1st and 2nd order spots are visible at 0 V. This suggests that the
formation of the polymer network slightly disturbs the alignment of the
LC, changing the effective refractive index, resulting in weak diffraction
at 0 V because of the difference in 1,7 between the polymer walls and the

unpolymerised channels.

As the voltage is increased, the 1st order disappears at 1.2 V,
which suggests that, as the unpolymerised regions begin to switch, they
match the n,¢¢ of the polymer walls. This implies that the polymerisation
process slightly reduces the 7, ¢¢ in the polymer walls. It therefore appears
that in the formation process of the fibrils of the polymer network, the
order parameter of the LC is slightly reduced, lowering the n,¢¢ in the

walls.

Studying the Fréedericksz transition allows us to see the elastic
influence of the polymer walls on the switching behaviour in the LC. The
effective Fréedericksz threshold voltage is 1.2 V for the fabricated device,
which is higher than the pre-polymerised value of 0.7 V. This shows that
the influence of the polymer walls has increased the magnitude of the field

required to reorient the director.

As the intensity data plotted in Figure 7.18 was measured
directly, we have greater confidence in the intensity relationship between
the different orders. This is critical because an important evaluation
parameter for diffractive optical elements is the diffraction efficiency,

which is defined for a diffracted order # as,

DE, = —% (7.3)

where I, is the intensity associated with order n and I is the incident

light intensity.
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Diffracted order | Max. intensity voltage / V | Diffraction efficiency
1 1.8 0.332
2 2.3 0.124
3 25 0.054
4 2.8 0.043

TABLE 7.1: Peak diffraction efficiencies for each order of diffraction.

Table 7.1 lists the extracted diffraction efficiencies for each order.
As the diffraction efficiency of a given order varies with voltage, these
values were calculated at the maximum intensity of each order. The
voltage corresponding to this peak intensity is indicated in the table. The
maximum diffraction efficiency in the first order of 33.2% is comparable to
a value of ~34% previously reported by Kossyrev et al. for a PSLC reverse-

mode grating fabricated with a UV interference technique[182].

Diffraction Grating Modelling

The simple 1D diffraction grating described in the previous section
represents a useful experimental system to verify our understanding of
the 2PP-DLW process as applied to DOEs. Through observations of the
fabricated grating with polarised optical microscopy and studying the
diffraction pattern, we have made reasonable hypotheses about the way
the grating behaves on a microscopic level. However, verification of the
microscopic phenomena is needed to complete our understanding of the

system.

In this section, a multi-component model is described and used to
validate our understanding of the 1D diffraction grating. The objective of
this is to build a model that links LC continuum theory with wave-optics
diffraction modelling, to better understand the microscopic behaviour
in laser-written switchable diffraction gratings. Taking this approach
produces a direct link between the director in the grating and the resulting

diffraction pattern, allowing us to understand the implications of the
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experimental results. Thus there are two distinct components of the
model: (i) LC director modelling and (ii) diffraction modelling, that are

coupled in order to produce a full description of the system.

The finite element package COMSOL Multiphysics was used for
this simulation and it was chosen for a number of reasons including its
efficient FEM solver engine, Wave-Optics Module, Optimization Module,
support for coupled partial differential equations (PDEs) and versatile
post-processing and visualisation capabilities. The COMSOL interface
supports arbitrary experimental geometries, 2D and 3D modelling and
has many modules that simplify the implementation of simulations and
models. For this simulation, however, a custom approach had to be
employed as there is no liquid crystal modelling module available for

COMSOL.

To model the LC director, the Euler-Lagrange equations for the
elastic free energy had to be cast in the form accepted by the COMSOL
custom PDE interface. The theory behind these equations and how they
are codified for input into COMSOL is described in detail in Section
2.6.1. By instructing COMSOL to solve the Euler-Lagrange equations
for the director, n; the lowest energy state of the system can be found,
giving a solution to the energy-minimisation problem and producing the

equilibrium configuration of the director.

For wave optics modelling of diffractive structures, only a single
unit cell of the DOE needs to be computed. COMSOL’s wave-optics
module can take this single unit cell and extrapolate to a periodic infinite
structure by applying periodic boundary conditions. Therefore, the first
part of the model, which models the director in the grating, also only
required a single unit cell of the grating, significantly simplifying the task

of simulating the device. The geometry of the model is illustrated in Figure
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7.19, which shows the relationship between the grating schematics of the

previous section and the geometry of the COMSOL director model.
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FIGURE 7.19: The geometry of the COMSOL model in relation to a schematic of a
switchable diffraction grating. Red arrows represent the liquid crystal director. The
model is a single unit cell of a 1D diffraction grating, with two regions: one representing
the unpolymerised LC and the other representing the polymer wall. The director
configuration shown here is the equilibrium state for no applied electric field.

The model geometry consists of a single unit cell of the grating,
which is comprised of a wider region of unpolymerised LC and a narrower
region representing the polymer wall. The geometry was built in a fully
parametric manner, using global parameters that controlled the device
thickness, grating period and polymer wall width. Built in this way, it
is possible to easily change the geometry of the model by changing the

value of these parameters, avoiding the need to use the geometry interface
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when modifying the model. This approach also allows the Optimization
Module to be used where necessary in order to fit these parameters to the

experimental data.

The two regions were governed by PDEs of the same form, but
with different material parameters, such that the polymer wall could
be modelled as a liquid crystal with a higher elastic constant than the
unpolymerised region[202-204]. By running the model and studying the
results, appropriate values were found for these material parameters by

running an optimisation routine.

Arrow surface plots, such as those in Figure 7.19 were found to be
an expedient way of visualising the results of the director simulation. This
is a convenient COMSOL visualisation plot where each arrow has an x-
component and a y-component that determines the length and orientation
of the arrow. Therefore, the x-component was set to n, and the y-
component was set to n,, the x and y components of the director. To
complete the visualisation, the arrows were placed in a 15 x 15 regular
grid across the unit cell, and the 'base’ (effectively the centre of rotation)

of the arrows was set to centre.

In FEM modelling, after defining the geometry and the governing
equations, the next steps before a solution can be calculated is to define
the boundary conditions. Two types were employed: Dirichlet (fixed)
boundary conditions and periodic boundary conditions, the locations of
which are shown in Figure 7.20. Dirichlet boundary conditions specify
the values that a solution must take along the boundary of a domain and
were used in this model to represent the strong-anchoring of the alignment
layers on the inside of the glass substrates. The rubbed polyimide
alignment layers used in these devices had a pretilt, 6,; = 1 - 3°, and

so 2° was chosen as a first-approximation. As the model is in terms of
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the components of the director, this pretilt angle had to be specified as

ny = cos 0yt and ny, = sin 0.
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FIGURE 7.20: Types of boundary condition employed in the COMSOL FEM director
model. There is a fixed (Dirichlet) boundary condition along the top and bottom of the
geometry, to represent the strong anchoring of the rubbed polyimide alignment layer
on the inside of the cell substrates. Periodic boundary conditions are used on the lateral
boundaries of the unit cell, to represent the periodicity of the diffraction grating structure.

Periodic boundary conditions were used to represent the fact this
model is just a single-unit cell of a larger periodic structure. Figure 7.20
shows where the boundaries were employed, namely the left and right
lateral domain boundaries of the model. Imposing this condition means

that the solution along these boundaries must be equal and thus this

geometry faithfully represents the unit cell of a larger periodic structure.

The final step before running the FEM solver is to discretize the
geometry by defining a mesh. This is integral to finite element analysis,
which relies on subdividing a large system into smaller, simpler domains
called finite elements. The mesh has a finite number of points and is a
numerical approximation to the true solution. Therefore the accuracy of
the solution depends on the granularity of the mesh. However, in practice,
computation time increases with increasing mesh granularity and so a
compromise is normally sought between granularity and computation

time.
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FIGURE 7.21: Mesh used for the continuum theory model of the LC director. The mesh
size is 0.25 pm.
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FIGURE 7.22: Mesh used for the wave-optics part of the diffraction grating model. The
mesh size is approximately 0.08 pm.
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For the continuum theory part of the model, a mesh size of
0.25 pm was chosen (Figure 7.21), as using finer elements produced no
significant change in the solution, but had a considerable impact on the
computational work required and the calculation time. For the wave-
optics part of the model, the element size was chosen automatically by
COMSOL, which takes into account the physics being simulated. A finer
mesh was found to be necessary, with an element size of 0.08 um selected

by the FEM solver (Figure 7.22).

Polariser Analyser

| |
635 nm Photodiode
laser diode LC device

FIGURE 7.23: Optical layout for performing an LC device transmission experiment. The
easy axis of the polariser and analyser are crossed at 90 ° to each other, while the optic
axis of the device is 45° to the easy axes of the polariers.

To accurately simulate the switchable diffraction grating and
provide a good match with the experimental data, it was necessary to
obtain the material parameters that were input to the model. Although the
mixture is ~70 wt% E7, a well-characterised LC material, the addition of

~30 wt% of reactive mesogen results in significant changes in the material

properties.
Material parameter | Value Description
Ae 12.0 Dielectric anisotropy
1, (635 nm) 1.5 Ordinary refractive index
1. (635 nm) 1.69 | Extraordinary refractive index

TABLE 7.2: Material parameters derived from FDM modelling.

To obtain the material parameters, the transmissive behaviour
of an uncured 5pm thick device was studied as a function of voltage
between crossed polarisers, with the optic axis of the device at 45° to

the polarisers, using a wavelength of 635 nm (Figure 7.23). The resulting
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FIGURE 7.24: Transmission vs voltage for the polymerisable LC mixture in a cell of
thickness 5 pm. Experimental data is plotted as orange crosses while the results from
the modelling are shown as a blue line.
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experimental data was fitted with a simple finite-difference method (FDM)
director modelling program that incorporated a Jones matrix subroutine.
The theory behind FDM is explained in Section 2.6.2 and the Jones matrix
method is explained in Section 2.7.2. By adjusting the material parameters
in the FDM model to fit the experimental data, an estimate could be
obtained of the true material parameters. The experimental data and the

tit are shown in Figure 7.24 and the derived material parameters are in

Table 7.2.

The second major component of the model involved simulating
the propagation of light through the LC diffraction grating. The COMSOL
wave-optics module was used for this part of the model as it allows for
solving electromagnetic wave problems at optical frequencies. To model
the propagation of light through a material in COMSOL, we have to
specity its refractive index. This was accomplished by taking the solution
from the director modelling and mapping this onto a spatially varying

refractive index via the equation for the effective refractive index,

(7.4)

where n, and n, are the ordinary and extraordinary refractive indices
respectively, and we have assumed the polarisation of the input light is

parallel to the x-axis (the rubbing direction of the device).

The form of this equation can be understood by considering the
limiting cases of n, and n,. For example, when n, = 1 and n, = 0,
the director is uniformly pointing along the x-axis, and therefore light
polarised parallel to the x-axis would propagate according to an effective
refractive index equal to n,. Conversely, when n, = 0 and n, = 1,

the director is oriented vertically and the input light would propagate
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according to a refractive index of n,, as it is now travelling along the optic

axis of the material.
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FIGURE 7.25: Director profiles and effective refractive index map for the diffraction
grating at a range of different voltages.

Figure 7.25 illustrates the mapping between the director and the
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effective refractive index experienced by light polarised parallel to the
y-axis, for a range of different applied voltages. Regions of the device
where the director is oriented vertically have an effective index of n, = 1.5
whereas regions where the director is oriented horizontally tend towards
n, = 1.69. As the voltage increases, more of the unpolymerised region is
oriented vertically, and thus the area with an index of n = 1.5 increases.
This effect can be seen as the increasing size of the blue area in Figure 7.25

as the applied voltage increases.

To properly represent the propagation of light through the
diffraction grating, the geometry had to be extended to incorporate the
glass substrates bounding the thin LC layer. Figure 7.26 shows the
extended geometry, where the glass substrates have been represented
by 10 pm thick layers of material with n = 1.5 either side of the LC
layer. Although the bounding substrates are in reality approximately
700 pm thick, the results of the simulation did not change significantly
when increasing the substrate thickness in the simulation above 10 pum.
Therefore, to reduce computational complexity, these artificially-thin

substrates were employed in the model.

To add electromagnetic wave propagation to the model, input
and output 'ports” must be specified that instruct COMSOL where
electromagnetic energy enters or exits the model. These ports must be
along a boundary in the geometry and have been labelled in Figure
7.26. Furthermore, for this model, the ports must be specified as periodic
ports, to represent the infinitely large repeating structure of the grating.
Finally, a Floquet-type periodic condition is imposed on the lateral edges
of the entire geometry, which instructs the wave-optics module that this

geometry is a unit cell of a larger periodic structure.

Having set up the continuum theory director model and the
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FIGURE 7.26: Overall geometry for wave-optics model. The effective refractive index is

shown for an applied voltage of 3.5 V. Each domain has been labelled with the component

of the diffraction grating that it represents. The input and output ports are shown at the

top and bottom of the geometry and the propagating wave moves from the top to the
bottom of the structure.
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wave-optics model, and coupled them together such that the solution
of the director model is used to define the refractive index for the
wave-optics model, we can now evaluate the theoretical transmission
for each diffracted order. Parametric sweeps of the voltage parameter
were performed to study the transmission as a function of voltage and

to compare with the experimental results from Figure 7.18.

The material parameter inputs to the model were tuned by
running an optimisation routine using the COMSOL Optimization
Module. A BOBYQA (Bound Optimization BY Quadratic Approximation)
optimisation algorithm was used with a least-squares objective,
comparing the simulation output with the experimental data shown in

Figure 7.18.

The parameters tuned by the optimisation algorithm were:
* Elastic constant for the unpolymerised region - Ky ¢
* Elastic constant for the polymerised region - K,

e Width of the polymer wall - d

The results from the optimised model are presented in Figure 7.27
where the experimental results from Figure 7.18 have been plotted again
to provide a comparison. The optimised parameter values are K;c = 9.79
PN, Kpol = 1,500,000 pN and dpol = 0.93 pm. The results from the model
show a good fit with experiment, with just a small deviation from the
experimental data. Possible causes of the difference between experiment

and the model are explored in the following discussion.

Director profiles superimposed onto a map of the effective
refractive index at a selection of key voltages are shown in Figure 7.28.
Studying the behaviour of the director in the grating allows us to obtain

a greater understanding of the diffraction behaviour. At 0 V (Fig. 7.28a),
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FIGURE 7.27: Optimised model transmission versus voltage for diffracted orders
compared with experiment. Experimental data is plotted with dashed lines and model
data is plotted with solid lines. Model parameters: K;c = 9.79 pN, K,,,; = 1,500,000 pN
and d,; = 0.93 pm.
the grating has a uniform effective refractive index of almost 1.69 (it is
not quite equal to 1.69 due to the 2° pretilt of the cell) and consequently
there is no diffraction. At ~1.5V (Fig. 7.28b), the director in the centre
of the unpolymerised region begins to reorient, resulting in a decrease in
the refractive index to ~1.63. And, as there is now a difference between
the refractive index in the polymer wall and in the unpolymerised region,
diffraction begins to occur around this voltage, with most of the light
being coupled into the first order at ~1.8 V. As the voltage is increased
turther, the director in the centre of the unpolymerised region has an
increasingly vertical orientation (Figs. 7.28c, d), enhancing the magnitude
of the modulation in the refractive index. The result of this effect is that
the light is increasingly coupled into higher orders, as the phase difference
of the light passing through the unpolymerised and polymerised regions

of the grating increases.
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FIGURE 7.28: Director profiles and effective refractive index from the optimised model

for voltages corresponding to (a) 0V, (b) 1.5V, (c) 2.7 V and (d) 10 V. The director is shown

here with white arrows to enhance visibility on the multicoloured map of the refractive
index. Model parameters: Krc = 9.79 pN, K5y = 1,500,000 pN and d;,,; = 0.93 pm.
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FIGURE 7.29: Model results for an artificially-low K. (a) Transmission versus voltage
for diffracted orders. Director profile and effective refractive index for (b) 2.7 V and (c)
10 V. Model parameters: Ky c = 9.79 pN, Kp,; = 500 pN and dp,;; = 0.93 pm.
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It was found that the elastic constants for the unpolymerised
(Krc) and polymerised (K,,) regions have a significant influence on the
behaviour of the model. The nature of the influence can be understood
by running the model for artificially low or high values of the parameters.
Figure 7.29 shows the results of the model for K,,;; = 500 pN, four orders
of magnitude lower than the optimised value. By comparing with the
optimised results in Figure 7.27, it can be seen that the value of K,
strongly affects the diffractive behaviour at higher voltages but has a
minimal impact at lower voltages. For voltages from 0 V - 2.7 V, the low
Ko model has almost identical results to the optimised model. Whereas,

at voltages > 2.7V, there is a strong deviation from the optimised model.

This effect can be understood by examining the director profiles
for key voltages along the transmission versus voltage plot. At 2.7 V
(Fig. 7.29b), this low K,, model begins to show reorientation in the
polymerised region. At higher voltages, the polymer wall has a large area
of vertically-oriented director with a refractive index of 1.5, illustrated in
Figure 7.29c. The artificially-low value of K, has effectively caused the
grating to have a second Fréedericksz threshold at ~2.7 V, corresponding

to the polymerised region.

It is interesting that the optimisation algorithm found that the
best parameter for K,, was such a high value of 1,500,000 pN. This
suggests that the polymer network fabricated by 2PP-DLW is strongly
locking-in the LC, preventing it from switching even at reasonably high
voltage. A value of K = 1,500,000 pN in a standard LC device would

correspond to a Fréedericksz threshold of 373 V.

The elastic constant in the unpolymerised region, Kic,
predominantly influences the voltage at which the LC begins to switch and

the diffracted orders appear. Figure 7.30 shows the effect of an artificially
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low and high K} c. It can be seen that a low value of K; - = 1 pN causes the

LC in the unpolymerised region to switch at a voltage of ~0.4 V, compared

to the optimised model which switches at ~1.5 V and has a K;¢c = 9.79

PN. Whereas for a high value of K;c = 20 pN, the LC switches at a higher

voltage of ~2 V.
a 1 1 1 ) 1 1 1 1
Kic=1pN — 0Oth order
09 F Koo = 1,500,000 pN 1st order | |
08k dpo = 0.93 pm 2nd order | |
’ 3rd order
07 F —— 4th order | 4

Normalised Intensity
o o
B [6)]

©
w

o
[N

©
-—

0
b
09 KLC =20 pN
: Koo = 1,500,000 pN
0.8 F dp0| =0.93 Mm

Normalised Intensity
© © o o o o
N w ~ ()] (o] ~
T T T T T T

o
—
T

— Oth order
1st order
2nd order
3rd order
—— 4th order

Voltage / V

FIGURE 7.30: Model results for K| ¢ set to a value that is (a) too low or (b) too high. Model
parameters: K ¢ =1 or 20 pN, K,,; = 1,500,000 pN and dpol = 0.93 pm.

It is notable that the optimised model value of K;c = 9.79 pN
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is slightly lower than expected for a mixture predominantly consisting
of E7, which has elastic constants of Kj; = 11.1 pN, Ky = 6.5 pN and
K33 = 17.1 pN[205]. Under the one-constant approximation used in this
model, a value of K = ~ 11.6 pN would be expected to give appropriate
results for E7[206].

A possible cause of this artificially-low K¢ could be due to
the assumption in modelling the polymer network as a region with a
uniform elastic constant. Due to polymer diffusion during the laser
writing process, it is expected that there will be a gradient in the polymer
network density, with the strongest network in the centre of the fabrication
laser focus. This gradient in polymer network density is likely to cause
a gradient in the elastic constant, with the highest K in the centre of
the polymer wall and a lower K towards the wall edges. However, in
this simulation, the polymer wall is modelled as a region of uniform
elastic constant. Therefore, the optimisation algorithm may be artificially

lowering K¢ to compensate for the uniformly rigid polymer network.

There are a number of other assumptions made in the model that
could explain why the results do not perfectly match the experimental
reality. The pretilt was assumed to be 2°, as the manufacturer of the LC
cells gives a pretilt value of 1 - 3°, but no direct measurement of the pretilt
was obtained. A lower pretilt would increase the Fréedericksz threshold

of the device, causing the diffraction to switch on at a higher voltage.

Another possible cause of the inability to perfectly match
the model to experiment could be the simplified device structure
implemented in the model. The real device has an ITO layer and a rubbed
polyimide alignment layer on both substrates, which were omitted from
the model and could affect the measured diffraction efficiency by causing

the diffracted orders to be partially reflected.
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As this model was based on the one-constant approximation for
the distortion free energy, the true nature of the elastic behaviour of the
LC is markedly simplified. Implementing a full model with all three elastic
constants would have significantly increased the mathematical complexity
of the model, as well as the computational load on the FEM solver. As a
result of this, a one-constant model was implemented, but this could be

another cause of the failure to perfectly match the experimental data.

Finally, another notable weakness of the model is in the
assumption of a uniform electric field across the device. This is a
simplification because the local electric field actually depends on the
coupling between the dipoles in the LC molecules and the external electric
tield. Thus the permittivity changes as the director reorients, which
affects the magnitude of the local electric field. To properly model the
electric field would require solving Laplace’s equation for the electric
potential with a dielectric permittivity tensor that depends on ny, n, and
n,. Implementing this approach in the model is possible, but increases
the computational load and significantly complicates the optimisation

process.

Despite the clear limitations of this simple model, it has still
provided a very reasonable fit to the experimental data. More importantly,
it has shed light on the behaviour of the LC director in the grating and has
allowed us to understand and relate this to the diffraction. The model
shows that the polymer network strongly restricts the director in the
polymer wall region, with an extremely high effective elastic constant of
1,500,000 pN. Whereas the unpolymerised region has an elastic constant
of 9.79 pN and, above a voltage of ~1.5V, the director reorients, producing
a modulation in the refractive index between the two regions and the onset
of diffraction. Finally, the model predicts a polymer wall width of 0.93 ym,

which is in good agreement with the value of 0.87 pm obtained from the
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analysis of the POM images of the grating shown in Figure 7.14.

7.3.2 Multilayer Diffraction Gratings

One of the powerful advantages of 2PP-DLW, as compared to many
other lithography techniques, is the ability to fabricate in 3-dimensions.
In conventional photolithography, pseudo-3D structures can be built up
slowly, in a layer-by-layer fashion with multiple processing steps in
between the fabrication of each layer. This process is both time-consuming
and technically challenging as each step in the process has to be tested
and refined throughout the development of the fabrication procedure. In
contrast, 2PP-DLW enables structures to be rapidly fabricated on multiple
planes within a transparent material, without laborious intervening

processing steps.

In this section, the 3D capabilities of 2PP-DLW are employed
to rapidly-prototype multilayer switchable DOEs. The advantage of
writing multiple diffractive structures within one device is to increase the
functionality and utility of the device. Rather than just being able to switch
a DOE on and off, as in the previous section, multilayer gratings enable

switching between at least two different diffraction patterns.

The strength of these devices lies in the simplicity of their
operation. The clear competition for mutlilayer switchable DOEs are
phase-only LCOS (Liquid Crystal On Silicon) spatial light modulators
(SLMs) which were commercialised in the early 2000s and are now
a mature technology. They allow a user to switch between arbitrary
pixellated DOE designs with a switching speed of a few ms[207].
However, these devices are quite costly as they require complex active-
matrix CMOS backplane electronics to drive the pixels of the LC layer. In

contrast, the multilayer DOEs described in this chapter allow switching
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between different phase patterns in an incredibly simple LC device with
uniform ITO electrodes. These devices therefore have the potential to sit

in-between fixed DOEs and fully-programmable pixellated SLMs.

A conceptual schematic of a multilayer switchable DOE
consisting of two orthogonal gratings is presented in Figure 7.31. The
polymer walls of grating A are fabricated such that they are tethered to
the bottom substrate of the device and the polymer walls of grating B are
tethered to the top substrate. Note that this simple schematic shows the
gratings as having the same period but with orthogonal orientations of
the polymer walls. In practice, any arbitrary structure could be written,
ranging from 1D gratings with varying pitches, to 2D gratings, to totally

arbitrary phase holograms.

Top Substrate

Polymer walls

Device (grating B)

thickness

Polymer walls
<« (grating A)

Bottom Substrate

FIGURE 7.31: Schematic showing the configuration of a bilayer switchable diffractive
optical element. Grating A has been tethered to the bottom substrate and grating B has
been tethered to the top substrate of the device.

In order to fabricate a switchable DOE, where the device can
switch between the two different diffraction gratings, the writing voltage
for the polymer walls comprising each grating must be different. This
is similar conceptually to the read-on-demand structures described in
Chapter 5. There are particular similarities with the microbicycle structure
(Fig. 5.10), where multiple voltage-dependent director profiles were
stabilised in close proximity within an LC device. In contrast, for

these multilayer DOEs, polymer walls with different director profiles are
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stabilised in precisely the same region of the device, but are spatially
separated across the thickness of the device. Note that for the polymer
structures in Chapter 5 the feature of interest was the appearance of the
structures when viewed with polarised optical microscopy. Whereas for
DOEs, it is the phase difference imparted on light passing through the

structures that is the key phenomenon of interest.

Figure 7.32 illustrates a schematic cross-section of the fabrication
process. The focus depth of the laser is changed during fabrication, such
that one grating is tethered to the bottom substrate, and a second grating
is tethered to the top substrate. In addition to the change in fabrication
height, the voltage applied to the LC layer is also changed during the
process so that the polymer walls comprising each grating are written at
different voltages. Note that, for clarity in this schematic, grating A is
shown being written at 0 V and grating B at an arbitrary voltage above
the Fréedericksz threshold for the device. In practice, however, it is not
required for one of the fabrication voltages to be 0 V. Other technical
details regarding the techniques that were developed for fabrication in 3D

are described in the Methods section of this chapter (Section 7.2.1).

The switching behaviour after fabrication of a bilayer grating
device is conceptually illustrated in Figure 7.33. At the write-voltage
for grating A (0 V), grating B is active, as the polymer structures
comprising grating B have locked-in a non-zero voltage state. This creates
a refractive index modulation for grating B, between the unpolymerised
and polymerised regions, while for grating A the director alignment is

uniform across both regions.

In order to switch to grating A, an applied voltage with a
magnitude equal to the write-voltage for grating B is applied to the device,

rendering grating B inactive and switching grating A to an active state.
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FIGURE 7.32: Schematic showing the fabrication procedure for a bilayer grating inside

a liquid crystal device. (a) Grating A is fabricated such that the polymer structures are

attached to the bottom substrate. During the fabrication there is no voltage applied to the

device and the polymer structures lock-in the LC alignment at 0 V. (b) A voltage above

the Fréedericksz threshold is then applied to the device, causing unpolymerised regions

of the device to switch. Grating B is then fabricated in the same region of the device but
attached to the top substrate (superstrate).

The unpolymerised regions of the cell are now in the same state as the
state locked-in for grating B, so there is no refractive index modulation for
grating B. However, there is a refractive index modulation for grating A,
owing to the difference in the director profile between the polymer walls

of grating A and the switched unpolymerised regions.
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FIGURE 7.33: Schematic showing the effect of voltage when switching between two

gratings in a bilayer diffraction grating written into a liquid crystal device. (a) In the

absence of an applied voltage, grating B (which was written with the voltage on) is active.

(b) Conversely, when the fabrication-voltage for grating B is applied to the device, grating
A is active, as this was written with no voltage applied to the device.

The voltages used for fabricating each of the two gratings needs
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to be carefully selected to ensure maximum diffraction efficiency. For
maximum diffraction efficiency in a binary phase grating, the phase
difference should be equal to 7[169]. Therefore we must find the
relationship between phase and voltage for this device, so that the
polymer structures of each grating can be written such that they have
a phase difference equal to 7r. As the dependence of phase on voltage
depends on the particular device and mixture, it is best established
empirically by studying the transmissive behaviour of the device when

oriented between crossed polarisers.

The optical layout in Figure 7.23 was used to obtain the
transmission versus voltage between crossed polarisers for a 20 um thick
device containing the polymerisable LC mixture used in this study. It
is necessary to use a larger cell thickness for bilayer DOEs in order
to spatially separate the gratings in the z-direction. The result of this
experiment is shown in Figure 7.34. There are many more oscillations in
the transmission when compared to a 5 pm cell (Fig. 7.24), due to the

increased effective birefringence resulting from the greater cell thickness.

To select suitable voltages for the fabrication of each grating we
choose the voltages of a peak and a trough in the transmission-voltage
graph. Peaks are where the device is effectively functioning as a half-
waveplate, and the polarisation is rotated by 90° from the polariser axis
to the analyser axis. Troughs are where the device is functioning as a full-
waveplate (lambda plate) and the polarisation orientation is unchanged
from the original orientation of the polariser, resulting in extinction after
the analyser. The transmission of a birefringent layer between crossed
polarisers, T, with its optic axis at 45° to the polariser axes, can be related

to phase, ¢, through the equation[16],

T = sin? (g) (7.5)
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pm thick device containing the polymerisable LC mixture.
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Note that this relation is, strictly speaking, the transmission normalised
to the maximum transmission through the device. See Section 2.7.2 for
a complete description of the transmission through an LC device at an

arbitrary angle to the polariser transmission axis.

Using the above equation, the phase can be extracted from the
transmission versus voltage, and the result of this is shown in Figure 7.35.
Although in theory any two voltages with a phase difference equal to 7
could be selected, in practice it was most suitable to choose the highest-
voltage peak and trough, because the period between oscillations in the
transmission becomes longer at higher voltages. This is equivalent to
the gradient of the phase versus voltage graph decreasing as the voltage
increases. Therefore any small error in the applied voltage will be less
likely cause a dramatic change in the phase. Following this approach, for
20 pm thick devices, 3.7 V and 6.7 V were chosen as the write voltages for

the two gratings.

To initially test the multilayer diffraction grating concept, a
relatively simple orthogonal grating design was chosen, where the
polymer walls of the grating B were written perpendicularly to the
polymer walls of grating A. This configuration is convenient because
the diffraction patterns from each grating are easy to interpret and the
orthogonality of the diffraction patterns should be highly apparent. Using
the cell thickness scans described in Section 7.2.1, the polymer walls were
fabricated as close to the substrates as possible, to ensure the gratings were

both spatially separated in the z-direction and tethered to the substrates.

Figure 7.36 shows a sequence of polarised optical microscopy
images of the DOE under different applied voltage conditions. This
collection of microscope images were all taken in the exact same region

in the cell, so changes in appearance between the images are due solely
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FIGURE 7.36: Polarised optical microscopy images of a bilayer orthogonal grating written

in a 20 pm thick cell. The images shown were taken in the exact same position in the

device, so that the only difference in the conditions under which each image was taken

was the magnitude of the voltage applied to the LC cell. The white arrows indicate the
orientation of the crossed polarisers and the scale bar is 50 pm.
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to the change in the magnitude of the voltage applied to the device. The
grating tethered to the bottom substrate, grating A, was written at 3.7 V
with a grating period of 20 um and is vertically oriented in these images.
Whereas grating B was tethered to the top substrate, was written at 6.7 V

with a period of 10 um, and is horizontally-oriented.

At an applied voltage of 3.7 V, grating A is invisible in the POM
images due to the homogeneity between the bulk director and the director
of the polymer walls locked-in at 3.7 V. Thus, at this voltage, grating B
is most visible because the polymer walls comprising this grating were
locked-in at 6.7 V and therefore have a different director profile to the bulk.
The horizontally oriented polymer walls of grating B are clearly visible in

Figure 7.36 at 3.7 V.

Conversely, at an applied voltage of 6.7 V, grating B becomes
invisible as the director in the bulk of the device is in the same director
state as the polymer walls of grating B. Therefore, at this voltage, grating
A is most visible due to the difference in the director in the bulk of the
device and the polymer walls of grating A, as can be seen in Figure 7.36 at

6.7 V.

The diffraction patterns produced by this bilayer switchable DOE
are presented in Figure 7.37 for the same applied voltage magnitudes
shown in the POM images above in Figure 7.36. Note that the distances
between diffracted orders in the vertically-oriented diffraction pattern are
larger, as they are produced by grating B which has a smaller pitch than
grating A. Below 3 V, a mixture of the horizontal and vertical diffraction
patterns is clearly visible. As the voltage is increased, the horizontal
diffraction pattern disappears near 3.7 V, the writing voltage for grating A.
Increasing the voltage further, the vertical diffraction pattern completely

disappears at 6.7 V, the writing voltage for grating B. In this way, the
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FIGURE 7.37: Diffraction patterns from a 20 pm thick switchable orthogonal grating.

At the writing voltages of 3.7 V and 6.7 V, only one diffraction pattern is visible, while

at other voltages a mixture of the two patterns is observed. For the diffraction pattern
visible at 3.7 V, it appears actual index-matching occurs at 3.0 V, instead of 3.7 V.
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diffraction pattern generated by the bilayer grating can be switched by

applying a voltage of either 3.7 or 6.7 V to the device.

However, on closer inspection, it appears that the vertical
diffraction pattern produced by grating B is in fact most visible at 3.0 V,
rather than the writing voltage of 3.7 V. This effect could be caused by
the polymer walls written at 6.7 V exerting an elastic influence on the
unpolymerised LC in the device. Locking-in this higher voltage creates an
anchoring surface in the cell that influences the bulk LC to be more tilted
than the 0 V equilibrium state of the cell. This would effectively lower the
correct index-matching voltage for grating A written at 3.7 V, as the LC in
the bulk will switch at a lower voltage due to the influence of the polymer

walls anchored at 6.7 V.

Having demonstrated a simple bilayer grating consisting of
two spatially-superimposed orthogonal diffraction gratings that can be
switched by applying a uniform voltage, we will now explore the
fabrication of a bilayer grating that exploits some of the other unique
capabilities of 2PP-DLW. For comparison, using interference lithography,
the conventional method for making switchable LC gratings, it is
straightforward to create simple 1D gratings. However, there is a
significant challenge in creating more complex structures, as this requires
interference of multiple beams. Furthermore, to fabricate completely
aperiodic gratings (such as computer generated holograms) requires
holographic masks, further adding to the complexity of the technique.
In contrast, with 2PP-DLW, we can use free-form arbitrary patterning
and fabricate highly aperiodic structures with ease, such that it is just as

straightforward to fabricate a simple 1D grating or complex CGH.

Figure 7.38 shows a schematic of a bilayer grating where one of

the two gratings in the device has a triangular structure. The fabrication
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FIGURE 7.38: Schematic showing the configuration of a bilayer switchable DOE where
one grating is a triangular grating. Grating A, the triangular grating, has been tethered
to the bottom substrate and grating B, a conventional 1D grating, has been tethered to
the top substrate of the device. Note that the specific gratings shown are representative
structures only.
of this device is conceptually similar to the orthogonal bilayer grating
described above but with a more complex grating design. A device of
the same cell thickness used for the orthogonal grating, 20 pm, was used,
which meant that the relationship between phase and voltage was the
same as in Figure 7.35. Therefore, the same voltages, 3.7 V and 6.7 V were

used as writing-voltages for the fabrication of this bilayer DOE, as that

ensures a phase difference equal to 7T between the two gratings.

POM images of the triangular bilayer grating at a range of
applied voltages are shown in Figure 7.39. Grating A was comprised of
periodic triangular elements with a pitch of 5 ym written at 3.7 V, while
grating B was a 1D diffraction grating with a pitch of 5 pm written at 6.7
V. Therefore, at an applied voltage of 3.7 V, grating A is invisible and only
grating B, the 1D grating is visible. Conversely, at an applied voltage of
6.7 V, grating B is invisible and only grating A, the triangular grating, can

be seen.

The diffraction patterns generated by this DOE are shown in
Figure 7.40 for the same range of voltages as shown in the POM images
above in Figure 7.39. Similarly to the bilayer orthogonal grating, at an

applied voltage of 3.7 V, only the 1D diffraction pattern produced by
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FIGURE 7.39: POM images of a bilayer DOE where one layer is a triangular grating.
The images shown were taken in the exact same position in the device, so that the only
difference in the conditions under which each image was taken was the magnitude of the
voltage applied to the LC cell. The focus of the microscope is in the centre of the cell. The
white arrows indicate the orientation of the crossed polarisers and the scale bar is 50 yum.
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FIGURE 7.40: Diffraction patterns from a 20 pm thick switchable bilayer DOE where one

layer is a triangular grating. At an applied voltage of 3.7 V, only a horizontal diffraction

pattern is visible, while at other voltages a mixture of the two patterns is observed. At
6.7 V, the hexatic diffraction pattern resulting from the triangular grating is visible.
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grating B is visible. As the voltage is increased to the writing voltage
of grating B, 6.7 V, the pattern changes to the hexatic diffraction pattern

produced by grating A, the triangular grating.

The bilayer DOEs described in this section are the first
demonstration of a new type of switchable LC diffraction grating.
Although LCs have been used in switchable diffractive optics, these
previous technologies can typically only be switched between being on
or off (i.e. producing a diffraction pattern, or not producing a diffraction
pattern). In contrast, bilayer DOEs engineered with 2PP-DLW can be
switched between two totally different diffractive states by exploiting
the ability to laser write polymer structures at different voltages and on

different layers within a device.

Furthermore, with many existing LC-DOE technologies, there is
no flexibility to choose the mode of operation of the grating. POLICRYPS
and H-PDLC gratings are completely restricted to operating in the
conventional mode, where the diffraction is on by default (default
meaning when no voltage is applied). On the other hand, existing
demonstrations of PSLC gratings have operated in reverse-mode, where
the diffraction is off by default[181, 182]. In contrast, gratings engineered
here with two-photon polymerisation can be fabricated to operate in either
conventional or reverse-mode by simply changing the voltage used to
fabricate the polymer structures. If the polymer structures are fabricated
at 0V, the grating will operate in reverse-mode and be off at 0 V. However,
if the polymer structures are fabricated at an applied voltage above the
Fréedericksz threshold, the grating will operate in the conventional mode

and be on at OV.
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7.3.3 Computer Generated Phase Holograms

As shown throughout this thesis, 2PP-DLW can be used to fabricate
arbitrary patterns inside transparent materials. In this section, we extend
the discussion from diffraction gratings to computer-generated holograms

that produce recognisable images in the far-field diffraction pattern.

The arbitrary patterning capabilities of 2PP-DLW represent a
significant advantage over conventional high-resolution microfabrication
methods. An example of such a method is interference lithography, where
the periodicity of a diffraction grating is dictated by the distance between
fringes in an interference pattern. Consequently, it is possible to produce
gratings with a very small period, but impossible to produce structures

that are aperiodic.

Computer generated holograms are optical elements that
produce a recognisable image, in the far-field diffraction pattern (in
holography, this is sometimes called the replay field). The phase maps that
define a hologram are highly aperiodic and so 2PP-DLW is well-suited to
the task of fabricating a CGH, due to the ability to arbitrarily control the

exposure pattern of the writing laser.

The optical system for capturing data from CGHs was slightly
different from the characterisation system used to obtain data from the
diffraction gratings described in the previous section. A schematic of
the optical layout is shown in Figure 7.41, which highlights the use of a
Fourier transform lens to bring the far-field diffraction pattern to the focus
of the lens where it can be captured with a screen or a CCD. In practice, it
was found that the image quality resulting from capturing a replay field
directly onto a CCD was vastly superior than images taken of a replay

field projected onto a screen.

CGHs were generated wusing the Gerchberg-Saxton
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FIGURE 7.41: Schematic of the optical layout for capturing diffraction patterns produced
by computer generated holograms. A Fourier lens is used to bring the far-field diffraction
pattern to the focus of the lens for capture by a CCD or screen.
algorithm[190] described in detail in Section 7.1.2 and implemented
in MATLAB. The target image was a 512 x 512 pixel binary image of the
Oxford University crest that was resized to a 128 x 128 pixel image before
being placed in the upper left corner of a black 256 x 256 pixel image.
The reason for placing the desired target in the upper corner of the image
input to the GS algorithm is to prevent overlap in the replay field with the
zero order spot and the conjugate image. The output of the GS algorithm

was a 256 x 256 pixel binary hologram.

The binary CGH was fabricated in a 5 um thick LC cell following
the method described in Section 7.2.1, using the same anti-parallel rubbed
polyimide LC cells and same mixture as those used for all DOEs described
thus far. Also described in Section 7.2.1 are the modifications to the
fabrication procedure that are required for fabricating CGHs over a large
area. The hologram was written over an area of 2048 x 2048 um, such that

each pixel of the hologram was a size of 8 x 8 pm.

A MATLAB script converted the hologram design into an
AeroBasic fabrication routine that wrote the hologram line-by-line with
a spacing of 1 um between adjacent lines. The speed modulation method
(see Section 7.2.1) was employed to considerably reduce the fabrication
time. The writing voltage for the fabrication was 0 V, as the DOE was
intended to operate in reverse-mode and be off in its default state with no

voltage is applied.
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FIGURE 7.42: POM images at an applied voltage of 0 V and 10 V of a 256 x 256 pixel

binary CGH designed to produce an image of the Oxford University crest in the replay

field. The inset images show the first order of the replay field at 0 V and 10 V. A zoomed-

in image is shown for the device under an applied field of 10 V. The white arrows indicate
the orientation of the crossed polarisers in all the images.

Figure 7.42 shows POM images of the switchable CGH taken with
a magnification of 10X. At 0 V, the hologram is largely invisible, due to
index-matching between the unpolymerised and polymerised regions of
the structure which were written at 0 V. At an applied voltage of 10 V,
the unpolymerised regions have switched, highlighting the polymerised
pixels of the CGH that have locked-in the 0 V state. The unpolymerised
pixels are therefore free to switch, while the polymerised pixels have been
locked-in. The inset zoomed image was taken at 20X magnification and

shows the detail of the structure of the hologram.

The inset images in Figure 7.42 show the first order of the
diffraction pattern produced by the hologram at 0 V and 10 V. The zero
order spot is visible in the upper left of the images. Similarly to the
1D diffraction grating described in Section 7.3.1, the 1st order is faintly
visible at 0 V. This effect can likely be attributed to the formation of the
polymer network disturbing the equilibrium alignment of the LC, slightly

decreasing the order parameter in the polymerised region.

Figure 7.43 shows the first order of the replay field at voltages
from 0 V to 5.5 V in 0.5 V steps. It can be seen that the replay field

becomes completely invisible at 1 V and goes through another minimum
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FIGURE 7.43: Images of the first order of the replay field produced by a CGH designed
to create an image of the Oxford University crest. The voltages range from 0 V to 5.5 V in
0.5V steps. There are minima in visibility at 1 V.and 2.5 V.
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of visibility around 2.5 V. We can assume that at these minima, the phase
of polymerised and unpolymerised pixels must be equal and therefore no
diffraction occurs. Furthermore, the fact that the actual phase-matching
condition occurs at 1 V rather than 0 V supports the hypothesis that the
formation of the polymer network slightly lowers the order parameter of
the LC and decreases the n,¢¢ of the polymerised pixels. At 1V, the LC
has just begun to switch and therefore n,¢, in this state is slightly lower
than the equilibrium state at 0 V, showing that the 7,7, of the polymerised

pixels is slightly lower than the 7,/ of the unpolymerised mixture.
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FIGURE 7.44: Flowchart showing the image analysis process for obtaining an estimate of
intensity from images of the diffraction pattern.

To further analyse the effect of voltage on the intensity of the
replay field, an image analysis routine was performed on images of the
type shown in Figure 7.43. A schematic flowchart of this process is shown
in Figure 7.44. The images were first masked by drawing a polygon
around the Oxford University crest. This mask was applied to a greyscale
version of the original RGB images to produce greyscale images of the

replay field that excluded the zero order and surrounding optical noise.
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The pixels in these masked greyscale images were then summed to obtain

an estimate of the intensity of the image for each applied voltage.
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FIGURE 7.45: Normalised intensity of the first order against voltage for a CGH designed
to produce an image of the Oxford University crest in the replay field.

The relationship between the first order intensity and voltage
is shown in Figure 7.45. The overall shape of this graph including the
minima in intensity at 1 V and 2.4 V as well as the maximum in intensity
at ~1.5 V can be understood by considering the dependence of phase
on voltage for this polymerisable mixture in a 5 pm thick device (Figure
7.46). This can be obtained from studying the dependence of transmission
versus voltage in between crossed polarisers, in the same way as described

previously for a cell of thickness 20 pm.

Red vertical lines have been drawn on the graph in Figure 7.46
at a voltage of 1 V and 2.4 V, corresponding to the intensity minima.
Horizontal red lines show the phase at these voltages. At 1 V, where
the unpolymerised pixels and polymerised pixels are perfectly phase-

matched, it can be seen that the phase is slightly decreased from the



206 Chapter 7. Switchable Ditfractive Optical Elements

3n T b
§2W‘ b
©
g AP = 27
(O]

n
©
<
o
s i
0 1 1 1 1 1 1 1 1
0 1 2 3 4 5 6 7 8 9 10

Voltage / V

FIGURE 7.46: Phase against voltage for the polymerisable mixture in a device of thickness
5 pm for light of wavelength 635 nm. Red lines have been drawn from the minima in
intensity at 1 V and 2.4 V for a laser written CGH, to show the phase of the device at
these voltages. Purple lines have been drawn from the intensity maximum at 1.5 V to
show that the phase difference from the intensity minima is equal to 7z at this point.
phase at 0 V. This further supports the hypothesis that the polymerisation
slightly decreases the 7, of the mixture, such that index-matching occurs

at a slightly higher voltage than expected.

The minimum at 2.4 V in Figure 7.45 is shown in Figure 7.46 to
have a phase difference of 27t from the device at 1 V. Minima are expected
to occur whenever the phase of the unpolymerised and polymerised pixels
of the CGH are equal and at any 27t multiple thereof. Conversely, maxima
in a binary hologram should occur when there is a 77 phase difference
between unpolymerised and polymerised pixels. Purple lines show the
phase of the device at the intensity maximum of 1.5 V, which is indeed
separated by 7t from the phase at each intensity minima; explaining the
existence of the maximum at 1.5 V in the intensity versus voltage graph in

Figure 7.45.
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7.4 Summary

This chapter has described the first application of the 2PP-DLW fabrication
technique to manufacturing LC-DOEs using a tunable LC resin. The
process is remarkably flexible, whereby the switching behaviour of DOEs
can be programmed during the fabrication by simply changing the write-
voltage of the polymer structures that comprise the DOE. These devices
have favourable properties that mean they are well-positioned to compete
with existing switchable DOE technologies. The key findings of this
chapter are presented below along with discussion, comparisons with

other technologies and potential avenues to explore in future work.

Firstly, parallel polymer walls were written in an LC deviceat 0V,
to form a 1D switchable diffraction grating. The switching properties of
this DOE were studied and compared with a COMSOL wave-propagation
model of the LC director in the grating. This model provided a good
match with the experimental data and increased our understanding of
the switching behaviour inside the grating by showing that the polymer
walls very strongly anchor the director, with an effective elastic constant

of 1,500,000 pN.

Following this, bilayer switchable diffraction gratings were
demonstrated by exploiting the 3D patterning capabilities of 2PP-DLW.
Initial work was in the form of a bilayer orthogonal grating, where the
device could be switched between producing vertically and horizontally
oriented diffraction patterns with the application of voltages used during
the fabrication. To further explore the unique possibilities offered by
2PP-DLW, a bilayer grating was fabricated where one grating had a
triangular structure. In order to create such a grating with interference
lithography would require interference of multiple beams or multiple

separate exposures. Whereas, with 2PP-DLW, not only can this structure
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be easily fabricated in a single step, it can also be fabricated on a specific

plane of the device in order to create a multilayer DOE.

Finally, a switchable computer generated hologram that
produced an image of the University of Oxford crest in the replay field was
tabricated inside an LC device, and its switching properties were studied.
The voltage-dependence of the intensity of the first order of the replay
tield was examined and explained by considering the voltage-dependent

phase of the pixels comprising the CGH.

One of the most significant benefits of this approach to switchable
DOEs is that the 2PP-enabled fabrication process supports multiple
modes of operation. In many previously-reported LC diffraction gratings,
including the industry-leading H-PDLC technology, fabricated devices are
optically active by default (when no voltage is applied), such that a voltage
is required to switch the device off. This limitation means that H-PDLC
devices consume power in the off-state, which can be an undesirable
characteristic for many applications where power consumption is of
importance. In contrast, with LC-DOEs made via 2PP-DLW, gratings can
be engineered to operate in reverse-mode and be optically inactive with
the voltage off, by simply writing the polymer structures at 0 V during

fabrication.

Although the simple 1D grating described in this chapter was
fabricated such that it operated in reverse-mode, it could also be designed
to work in conventional mode (with the diffraction on by default). To
fabricate such a grating would simply require that the polymer walls be
fabricated while a voltage above the Fréedericksz threshold is applied to
the device. This would create a grating that was optically active when
the voltage was off, and could be switched to an optically inactive state by

applying a voltage equal to the write voltage. Therefore, in employing this
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fabrication technique for LC-DOEs, the grating designer is free to easily
chose the mode of operation depending on the specific application and

the desired switching properties of the DOE.

There are a number of contemporary applications of DOEs that
could exploit some of the switchable LC-DOEs described in this chapter.
LC-DOE gratings manufactured with 2PP-DLW could find use in 3D
depth mapping technologies where gratings are used to create structured
light illumination patterns. Versions of this technology, where DOEs
are referred to as "dot projectors", are found in Apple’s Face ID system
and Microsoft’s Kinect, but are limited to producing a fixed dot grid
to illuminate a scene. For the high-resolution depth sensing required
to process the movements of individual fingers and subtle changes in
facial expression, illumination grids of thousands of infrared dots are
projected onto a scene of interest and processed by cameras and dedicated

ASICs[208].

There are several methods disclosed in the prior art for optical 3D
depth mapping using time-coded illumination[209], beam steering[210]
and switchable DOEs[211]. The bilayer LC-DOEs described in this chapter
may find use in such applications as a switchable dot projector, able to
project two different illumination patterns onto a scene. Alternatively,
the simpler 1D switchable diffraction gratings may be similarly useful,
as being able to switch the light source between flood illumination and
dot projection may allow different sensors to collect multiple types of
optical information with a single light source[211]. As many applications
that use 3D depth mapping technology, including head-mounted displays,
require extensive miniaturisation and have stringent power consumption
requirements, there may be an advantage in combining multiple optical

functions in one switchable device.
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7.5 Future Work

As this chapter represents the first demonstration of switchable LC-DOE
technology enabled by 2PP-DLW in an LC resin, there are many potential
areas to explore in future work. These include some extensions of the
existing experiments already described, and totally new concepts that
have not yet been empirically explored. The following discussion presents

some of these ideas for future work.

1D Conventional-Mode Gratings

The versatility of this approach to LC-DOEs should be tested by writing
simple 1D diffraction gratings at write-voltages above the Fréedericksz
threshold. By doing this, the grating should operate in the conventional
mode where the diffraction is on at 0 V, as seen in H-PDLC and
POLICRYPS devices. Although the reverse-mode grating described in
this chapter is arguably more useful, there are some applications where
conventional mode operation may be preferred. Therefore, it is essential to
establish the versatility of the fabrication process and study the switching

behaviour of a variety of gratings manufactured via 2PP-DLW.

Blazed Gratings

3D fabrication is a clear advantage that 2PP-DLW holds over other
microfabrication approaches, and this capability was used to manufacture
the bilayer gratings described in this chapter. This work could be extended
by attempting the fabrication of 3D switchable blazed gratings. This
would involve fabricating a 3D grating, with a sawtooth-like cross section,
in a layer-by-layer fashion tethered to the bottom substrate of a thick
polymerisable LC device. The unpolymerised LC above the grating
could then be switched to produce a contrast in the refractive index

and switch the diffraction grating on. The blazed structure could be
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designed to diffract the majority of the incident light into one particular
order. Gratings of this type are commonly used as input and output
couplers in augmented reality waveguide technology[212] and the single-
order diffraction efficiency is therefore a critical performance indicator to

measure and evaluate.

Multilayer Cascaded CGHs

Multilayer 3D laser writing could be extended to more-complex diffractive
structures by combining bilayer gratings with computer generated
holograms. There is considerable interest in stacked or "cascaded"
CGHs for applications including multiplexed information display[213,
214], colour images[215] and multiwavelength optical interconnects[216].
Furthermore, stacked CGHs have been employed to improve image
resolution[217] and diffraction efficiency[218] over conventional single-
layer CGHs. Therefore there is considerable potential in using 2PP-
DLW to pattern two different CGHs in the same area of a cell in order
to manufacture a switchable bilayer LC-CGH device. As in the bilayer
DOEs demonstrated in this chapter, the CGHs would be fabricated at two
different write-voltages with a phase difference equal to 7t to produce
the highest possible diffraction efficiency, while preserving the ability to

switch between the CGHs.

Chiral Gratings

One of the additional advantages of using LC materials in the manufacture
of DOEs is their ability to self-organise into structures with complex
microstructures that exhibit unusual physical and optical properties.
This is observed in chiral LCs where the constituent LC molecules
spontaneously assemble into microscopic helices that collectively behave

as a 1D photonic crystal. If the pitch of the chiral helices is of the
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order of the wavelength of light, a photonic bandgap is observed for a
range of wavelengths whereby circularly polarised light is forbidden from
propagating through the material unless it has the same handedness as

the chiral helices.

The spontaneous self-organisation of chiral LCs could be
employed to manufacture chiral diffraction gratings with unique
polarisation-sensitive behaviour. This would involve doping a small
quantity of chiral dopant into a polymerisable LC mixture such that a
uniform standing helix structure forms inside a standard LC cell with a
pitch on the order of the wavelength of light. A diffraction grating could
then be written in the cell with 2PP-DLW, to lock-in this chiral structure in
a series of parallel polymer walls. After fabrication, the grating could be
made optically active by applying a large voltage to unwind the chiral
helix, causing the unpolymerised regions of the device to switch to a
vertically oriented director profile. Due to the flexibility of 2PP-DLW,
the fabricated structure could be a hologram or another complex DOE,
leading to the interesting possibility of the device being able to split light

into separate replay fields with different circular polarisations.

Tunable LC-DOEs

It is notable that the LC-DOEs fabricated with 2PP-DLW in this chapter,
have been switchable, but not tunable. That is, their switching behaviour
is inherently discrete rather than continuous. For many applications of
DOEs, such as in beam steering and adaptive optics, it is essential that
a device have a tunable phase profile. In the case of beam steering
applications, this is required so that a beam can be steered continuously
over a given range, and in adaptive optics it is critical that the strength
of an aberration mode can be adjusted smoothly to precisely correct for

aberrations in an optical system.
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One potential solution to this is found by observing that it is
possible to obtain an approximation to tunable behaviour by using a
series of binary switchable elements. This was employed by Facebook
Reality Labs in their recent demonstration of a cascaded switchable LC
lens device developed to solve the pernicious vergence-accommodation
conflict in head-mounted displays[219]. In a similar manner, it would be
interesting to stack a series of multilayer laser written DOEs to obtain an

approximation to continuous switching behaviour.

Another possible solution to the manufacture of tunable LC-
DOEs with 2PP-DLW could be to use the anchoring strength of the laser
written polymer network as another degree-of-freedom in the fabrication
process. By varying the power of the fabrication laser, a gradient of
network-strength could be formed in the device such that weakly locked-
in regions still switch, but to a lesser extent than strongly locked-in
regions. This would create a device with a phase pattern that could
be tuned with the application of a simple uniform voltage. Note that
it would not be possible to completely reconfigure the phase pattern of
the device, as in bilayer DOEs, but the magnitude of the phase variation
across the pattern could be adjusted. This would be particularly suited
for applications in adaptive optics where aberrations can be decomposed
into a series of distinctive aberration modes. A tunable LC-DOE device
could be patterned to correct for a particular aberration mode, and the
magnitude of the correction could be adjusted simply by varying the

voltage applied to the device.

Slanted/Tilted Gratings

There is a growing need for slanted gratings that function as beam
combiners in emerging AR/VR technology, as they typically have

high diffraction efficiencies and greater spectral bandwidth than Bragg
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gratings[220]. The LC-DOE fabrication methods described in this chapter
could be adapted to create such gratings in a relatively straightforward
way by tilting the sample plane with respect to the propagation direction
of the fabrication laser. This would create polymer structures that are tilted
relative to the device substrates by an angle equal to the tilt of the sample
plane. Future work in this area could proceed by fabricating some DOEs
of this type with a simple 1D grating design in order to assess the impact

on the diffraction efficiency and the switching of the device.

Greyscale Gratings and Holograms

The ability to write LC-DOEs at a range of voltages opens up the
possibility of writing gratings and holograms with greyscale phase. That
is, where the phase is not purely binary, but takes a range of quantised
values between 0 and 27r. Using this approach, the unit cell of a blazed
grating could be fabricated by writing a series of parallel polymer walls,
varying the write voltage for each wall, such that together they form a
linear phase-ramp. Repeating this unit cell across a large area of an LC
device would engineer a fixed blazed grating. Due to the influence of
lateral elasticity of the locked-in walls, it is likely that the nominal write
voltages would need to be adjusted to take into account the anchoring

introduced by the walls during the fabrication.

In addition to blazed gratings, this greyscale phase technique
would enable multi-level phase holograms with significantly improved
diffraction efficiency over the binary holograms discussed in this chapter.
Theoretically, the maximum diffraction efficiency for a 4 phase level
hologram is 81%, which is vastly improved from the theoretical value
of 40.5% for a binary phase hologram. Increasing this further to 8 phase
levels should result in a theoretical diffraction efficiency of 94.9%[169, 184].

However, a downside of writing greyscale phase in this manner is that it is
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not immediately obvious how these devices can be switchable and they are
likely to be fixed elements, unless an as yet unforeseen innovation in the
fabrication process can be discovered. Therefore, the approach described
above for fabricating 3D phase gratings, where the grating is written in
the off-state and the height of the polymer structures determine the phase

depth, may be a better solution for creating switchable greyscale DOEs.

Switching Speed

For any switchable device, the switching speed is clearly an important
tigure of merit. Thus far, no measurements have been undertaken of
the switching speed in any of the LC-DOEs described in this chapter. A
clear direction for future work would be to obtain such measurements and
understand any structure-property relationships that exist in this area. For
example, would changing the height of the fabricated polymer structures
in a bilayer device affect the speed of switching between the two gratings?
Questions like this could be answered by fabricating a range of devices

with altered design parameters and characterising their performance.

Locking-in Isotropic Polymer Structures

The LC-DOE devices discussed so far were written at room temperature,
with the polymerisable LC mixture in the nematic phase. Drawing
inspiration from POLICRYPS, which is a fabrication technique that differs
from H-PDLC only in that the process is performed at a temperature above
the clearing point, gratings could be fabricated in the isotropic phase. In
POLICRYPS devices, vastly improved grating morphology results from
avoiding the formation of nematic droplets during the curing process,
allowing complete phase-separation between the polymer and the LC[176,
178, 179]. Therefore, it would be interesting to explore laser writing at
an elevated temperature with LC-DOEs to evaluate the impact on grating

morphology and performance.
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Non-switchable LC-DOEs

Possibly the largest impediment to developing the switchable LC-DOEs
described in this chapter into a useful technology is the presence of
unreacted monomer in the device post-fabrication. This limits the
usable wavelengths to those longer than the absorption spectrum for the
photoinitiator. For applications of DOEs in AR/VR displays, blue light
at 450 nm and green light at 520 nm are critical wavelengths, both of
which are likely to cause further photopolymerisation and destroy the
switchability of the device. Future development of this technology should
therefore involve optimisation of the mixture composition such that the
minimum quantity of unreacted monomer remains in the device post-

fabrication.

An alternative approach would be to deliberately sacrifice the
device’s switchability and post-cure the laser-written structure with UV
flood illumination. This would produce high-quality fixed DOEs that can
be used with any wavelength (because there is no possibility of further
polymerisation). This method offers the intriguing possibility of tuning
the unpolymerised regions to give the maximum diffraction efficiency
before curing the device but this would require using a laser with a
wavelength longer than the absorption spectrum of the photoinitiator to

characterise the device before the final curing step.

Tunable LC Defect Gratings

There is potential in combining the tunable defect concepts discussed in
Chapter 6 with switchable LC-DOEs. Recently, Serra et al. demonstrated
tunable defect arrays in an LC device that could produce diffraction
patterns[221].  Using an array of pillars fabricated on a substrate
with photolithography, they could control the nucleation of an array

of umbilical defects which spontaneously form in a negative dielectric
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anisotropy LC mixed with ionic dopants and filled into a homeotropic
cell. Furthermore, they demonstrated a degree of tunability in the array
spacing by changing the voltage and frequency of an applied AC electric
tield. They demonstrated that this could cause changes in the diffraction
pattern, but the method was somewhat crude and only provided a

tunability range of 13.1 - 26.2 pm in the array spacing.

The method described by Serra et al. is refining a random
nucleation process, exploiting the self-organisation properties of LCs and
obtaining some degree of control with voltage. However, as shown in
Chapter 6, 2PP-DLW allows complete control over the nucleation points
of defects in pi-cells and could therefore be used to fabricate a tunable
defect-based diffraction grating with a much wider tunability range. This
could involve fabricating an array of tunable channels inside a pi-cell and
varying the voltage to change the position of the defect trapped within the
channels. With appropriate structure design, it may be possible to change
the effective period of a grating in this way and obtain wide tunability by

simply varying the voltage magnitude applied to the device.

7.6 Conclusions

The results described in this chapter are the very first demonstration of
2PP-DLW enabled fabrication of switchable LC-DOEs using a tunable LC
resin. At each stage of the development process, the unique capabilities
and properties of 2PP-DLW have been explored and utilised to design
novel devices that are challenging or impossible to fabricate with other

methods.

There is clearly a vast array of potential avenues to explore with
2PP-DLW in LC-DOEs. It should be noted that the list of future work
areas above is not exhaustive and that the proposals could be combined

to form hybrid concepts. For example, the fabrication of slanted gratings
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could be combined with the concept of bilayer DOEs to manufacture next-
generation waveguide coupler devices that could be switched between

two different slanted gratings.

These switchable LC-DOEs have the potential to fill a gap that
exists between fully-programmable SLM devices and fixed diffractive
optical elements. They may fail to match the versatility of SLMs but
do provide simple electronic control of diffraction in an inexpensive
and compact package. Therefore they could excel in an application
where some degree of switchability/tunability is required but a fully
programmable device is excessive and wasteful. They may first find
use as aberration correction devices, where switching between different
phase-profiles with a uniformly applied voltage significantly simplifies
the operation of such a device compared to the complex active-matrix

backplane electronics needed to drive an SLM.
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Chapter 8

Conclusion

This chapter summarises the key findings of this DPhil thesis and charters
a route forwards by detailing possible future work in the area of two-
photon polymerisation in liquid crystal materials.

“All of this has happened before, and all of this will happen again.”
Leoben Conoy, Battlestar Galactica
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This thesis describes a significant exploration of two-photon
polymerisation direct laser writing (2PP-DLW) in liquid crystal (LC)
materials. The fabrication of microscale polymer structures was studied
in a number of different LC device geometries and several potential
applications were considered including authentication markings,
microparticle manipulation and switchable diffractive optical elements.
This chapter summarises the key findings of this thesis and suggests some

areas that could be explored in future work.

As this thesis concerns the use of LCs as a resin material in 2PP-
DLW, Chapter 2 presented a review of the theory and background of these
fascinating anisotropic materials. Modelling approaches for LCs were
discussed, and critical reviews of advanced alignment technologies and
polymer stabilisation were provided such that the work described in thesis

can be appreciated in a broader context.

In Chapter 3, the physics of two-photon absorption was
elucidated in order to explain the unique attributes of two-photon
polymerisation direct laser writing. Following this, the existing limited
research on 2PP-DLW in LC materials was summarised and reviewed. The
vast majority of this research has involved the use of 2PP-DLW to pattern
negative photoresists which function as alignment surfaces when used as
part of an LC device assembly. There have been some studies of polymer
stabilisation using reactive mesogens and 2PP-DLW but, unlike the work
conducted in this thesis, they have not exploited the stimuli-responsive

characteristics of LCs.

As part of the work described in this thesis, a bespoke two-
photon polymerisation system was designed and built which was
specifically tailored to fabrication in LC materials. The experimental setup

is described in Chapter 4 and detailed consideration was given to future
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development of the system. Incorporating adaptive optics in the form of a
spatial light modulator into the setup would enable future experiments to
be conducted in parallelisation of fabrication processes. Additional gains
in fabrication speed could also be made by augmenting the system with a
pair of galvanometer mirrors to steer the beam in the LC resin. This thesis
did not address the scalability or throughput of 2PP-DLW in LCs but this

is a critical area to consider for use in future manufacturing applications.

A spatial light modulator would also enable experiments to be
conducted on the impact of aberrations and aberration-correction on 2PP-
DLW in LC devices. Due to the mismatch in refractive index between
the glass substrates and the LC mixture, focussing the fabrication laser
into an LC device will introduce spherical aberration to the optical system
that results in a lengthening of the polymerised voxel. This effect was
not a significant limiting factor for the work described in this thesis,
however, any future work that relies on fabrication of smaller voxels may
require aberration correction to precisely localise the polymerisation to the

smallest possible volume.

It was shown throughout this thesis that applying an electric field
to LC devices during 2PP-DLW fabrication opens up the possibility of
creating devices with spatially-varying properties. However, LCs respond
to a variety of external stimuli, including temperature and magnetic fields.
A fruitful area for future work could therefore be to investigate the effect
of varying the temperature of the device during fabrication, which would
allow the nematic order of the fabricated polymer features to be tuned.
It would be particularly interesting to fabricate polymer structures in
the isotropic phase and study the effect they have on surrounding LC
molecules after the device is cooled back into the nematic phase. The
custom-built 2PP-DLW system described in Chapter 4 was designed such

that a hot stage could be added to the three-axis translation stage stack
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without interfering with any other components of the system.

The stabilisation of voltage-dependent states of the nematic
Fréedericksz cell was explored in Chapter 5, where the flexible patterning
capabilities of 2PP-DLW were used to create reconfigurable microscale
images formed using polymer stabilised pillars. The voltage-dependent
visibility of the structures relied on electrically-tunable refractive index
matching between the unpolymerised mixture and the polymer-stabilised
structures. The mechanism behind this effect was explored with the use
of director modelling which confirmed the hypothesis that the polymer
structures ‘'memorise’ or stabilise the director profile at the moment
of fabrication. Therefore, when the read-voltage was made equal to
the write-voltage, the polymer structure would disappear due to the
director profile of the bulk LC matching the stabilised director profile
of the structure itself. This was used to demonstrate a concept for next-
generation authentication devices using LCs, in the form of a microscale
switchable QR code that could only be read when a voltage was applied

to the device.

Future work on voltage-dependent visibility could explore the
impact of other variables on the efficacy of this effect. For example, the
lateral spacing of the polymer micropillars is likely to affect the switching
of the unpolymerised LC mixture. Experiments could be performed by
laser-writing micropillar arrays at a range of spacings and analysing the
visibility using the image analysis techniques described in Chapter 5. The
dimensions of the polymer structures may also have an impact on the
switching characteristics, and the effect of this could be investigated in
a similar manner by writing micropillars with a range of dimensions and

studying their electro-optic properties and voltage-dependent visibility.

Chapter 6 extended the results of the previous chapter to
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the stabilisation of director states with topological discontinuities.
States of the nematic LC pi-cell were stabilised in microscale polymer
structures with 2PP-DLW, and control over the nucleation of topologically
discontinuous states and the movement of defects by tailoring the design
of the structures was demonstrated. The fundamental behaviour of
disclination lines was explored by studying the defect speed as a function
of applied voltage and by changing the orientation of the line relative
to the device rubbing direction. Furthermore, a disclination line control
system was developed which represents a proof-of-concept for electro-
optic devices that employ electrically-tunable defects. As many emerging
applications of defects in LCs concern the interaction of defects with
colloidal inclusions; microparticle cargo-towing was demonstrated in

which a silica bead was trapped by a defect and moved across an LC cell.

Chapter 6 also explored some more advanced concepts for
controlling defect nucleation and growth via confinement of defects with
laser-written topologically discontinuous polymer walls. In work that
was inspired by developments in microfluidics, the movement of a defect
along a bifurcated channel was demonstrated, showing a remarkable

degree of control over defect dynamics.

Future work in this area could be to lay the foundations for
emerging next-generation spatial light modulators that consist of arrays of
"topological pixels’. In order for laser-written tunable defects to find use
in such applications, it will be essential to characterise the repeatability
and any hysteresis present in the voltage-dependent behaviour of defects
generated with 2PP-DLW. Experiments to investigate this could proceed
by fabricating an array of the tunable defect structures described in
Chapter 6 over a large area of a pi-cell device. The structures could
be characterised simultaneously by adapting and extending the tunable

disclination line control system developed for control of just a single
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structure. Image analysis techniques could be devised to detect the
position of each defect in an array, such that statistical analysis can be
performed in order to assess the repeatability of the defect behaviour.
Developing such a system would also enable systematic investigation
of the effects of other fabrication parameters, including the voltage
amplitude used to lock-in topologically discontinuous states and the

height of the polymer structures within the cell.

Chapter 7 described the fabrication and characterisation of
switchable LC diffractive optical elements (DOEs) enabled by 2PP-DLW.
Starting with a demonstration of a simple 1D diffraction grating created
by laser-writing of parallel polymer walls, a wide exploration of the
possibilities of fabrication of LC-DOEs with 2PP-DLW was conducted. A
modelling approach was developed that connected a simulation of the LC
director in a grating to the propagation of light through the grating, and

showed that polymer structures strongly lock-in the director.

Using the ability of 2PP-DLW to write in 3D, bilayer switchable
DOEs were demonstrated that could be switched between producing
different diffraction patterns with the application of a voltage across
the device. In addition, complex grating designs that produced
hexatic diffraction patterns were demonstrated in order to highlight the
flexibility of fabricating DOEs with 2PP-DLW compared to conventional
lithography techniques. Finally, a computer-generated hologram (CGH)
was fabricated and the voltage-dependence of the intensity of the replay
tield was analysed and understood in terms of the phase of the pixels

comprising the structure.

A large number of potential concepts for future work in the area
of LC-DOEs written with 2PP-DILW were described in Section 7.5, with

key ideas including the fabrication of blazed gratings, multilayer CGHs,
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chiral nematic gratings and tunable (rather than switchable) gratings.
There are a vast range of topics to explore in this area that are interesting
both from a fundamental and applications perspective. An intriguing
possibility lies in combining the tunable defects described in Chapter 6
with the switchable diffraction gratings of Chapter 7 to fabricate tunable

defect arrays which produce diffraction patterns.

A key drawback of all of the switchable laser-written devices
that are described in this thesis is their vulnerability to undergo further
polymerisation after the completion of the fabrication process. It should be
noted that devices had to be characterised on a microscope with a filtered
illumination source to block wavelengths that could be absorbed by the
photoinitiator and might cause further polymerisation. In the case of the
LC-DOEs demonstrated in Chapter 7, the devices were characterised with
the use of a low-power red laser diode in order to avoid causing any

turther polymerisation and destroying the switchability of the device.

Therefore, a crucial area of future work is to improve the
ruggedness of the devices, such that they are stable when exposed to
ambient lighting conditions. A possible approach to this would be to
remove the LC resin after fabrication with the use of a solvent such as
acetone, sometimes referred to as ‘washing-out” the LC cell. Following
this, the cell could be refilled with a standard nematic LC mixture
containing no reactive mesogens. However, this approach is known to
cause damage to polymer-stabilised liquid crystal networks, sometimes
resulting in shrinkage and other structural modifications and therefore
may not be suitable. It also significantly increases the number of steps
involved in fabrication of a device and is therefore unlikely to find use as

part of a manufacturing technique.

Another approach to ruggedisation with respect to ambient light
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exposure may be to optimise the reactive mesogen concentration of the
polymerisable mixture. By calculating the total polymerised volume of
a structure, it may be possible to dope only the required amount of
RM and photoinitiator into a host LC. However, this may result in a
decrease in the network density such that the polymer stabilised structures
do not adequately anchor the LC in the alighment at the moment of
polymerisation. Comprehensive studies employing imaging techniques
including scanning electron microscopy and atomic force microscopy may
be useful for providing information on the density and structure of the

polymer stabilised LC network in the course of mixture optimisation.

Further development of the polymerisable LC resin with the
goal of improving the index-matching between the polymer and the host
LC would also enhance the performance of devices that rely on the
voltage-induced invisibility phenomenon introduced in Chapter 5 and the
switchable LC-DOEs demonstrated in Chapter 7. This would enhance the
invisibility of the polymer features when viewed under a microscope and
would minimise or eliminate any diffraction from laser-written diffraction
gratings designed to be off at 0 V. There are a vast range of LC materials,
photoinitiators and reactive mesogens that could be used in 2PP-DLW
and optimising the polymerisable mixture is a crucial piece of future
work. This would be a complex optimisation process as there are a large
number of parameters to consider, including the refractive indices of the
RM and the LC, the absorption of the photoinitiator, the clearing point
and the effective elastic constants of the mixture. The proprietary negative
photoresists used in commercial 2PP-DLW have undergone considerable
development to optimise their two-photon absorption characteristics and
this is one of the key reasons that it is possible to fabricate features smaller

than the optical diffraction limit in such materials.

In summary, the work in this thesis has involved the fabrication
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and manipulation of polymer-stabilised liquid crystal networks using
2PP-DLW for new applications in photonics. Due to its focus on LC
materials, this work is an important contribution to the development
of advanced alignment and control technologies in LC devices, as
many of the engineered alignments are challenging or impossible to
produce with conventional methods. However, it also represents a
contribution to the development of 2PP-DLW, in particular in the area of
smart/multifunctional resists, where a device is engineered by applying
external stimuli to alter the properties of the resist during fabrication.
Liquid crystals are an excellent candidate for further development of
smart resists due to their ability to self-organise and to respond to a range
of external stimuli including temperature, electric fields and magnetic

fields.
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