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Abstract

Liquid crystals have become natural candidates for use in electro-optic devices for their ability
to change the orientation of the director with the application of an electric field, and exhibiting
large range of refractive index. The aim of the work presented in this thesis is to fabricate liquid
crystal optoelectronic devices such as electrically switchable liquid crystal diffraction gratings
and polarization rotators by exploiting the holographic surface relief effect in photopolymer and

by developing novel polymer dispersed liquid crystals (PDLCs).

Alignment of liquid crystals is commercially achieved by creating grooves on a conducting
layer such as polyimide or indium tin oxide (ITO) by rubbing. This process has disadvantages
such as creation of static electricity and dust which are undesirable. An attractive alternative
technique to rubbing is investigated. A photopolymer layer coated on a conducting ITO layer
on a glass plate has the grooves inscribed holographically in it. An acrylamide based dry
photopolymer developed in the Centre for Industrial and Engineering Optics, Dublin Institute of
Technology is used in this study. The dependence of photoinduced surface relief on the
holographic recording parameters, chemical composition of photopolymer and on physical
parameters of the photopolymer layer were studied. A model explaining the mechanism of
surface relief grating formation is proposed. Electrically switchable diffraction gratings and
polarization rotators were fabricated by filling these grooves with liquid crystals using the

capillary filling technique.

In the second approach, holographic switchable diffraction gratings were fabricated using a
novel PDLC, which was also developed in the Centre for Industrial and Engineering Optics.
PDLCs consist of microscopic liquid crystalline droplets embedded in a polymer matrix.
Preliminary results for the recording parameters and the physical parameters of the PDLC layer
needed to fabricate gratings are presented. The redistribution of LCs was observed by using

techniques such as phase contrast microscopy and Raman spectroscopy.

The electrically switchable diffraction gratings were characterized using linearly polarized light
by measuring the dependence of the intensity in the first diffracted order on the applied electric
field. The polarization rotator was characterized by studying the influence of the applied electric
field on the twist angle and the variation of intensity in the zero and the first orders of
diffraction. The capabilities of the photoinduced surface relief effect in the photopolymer and of

a newly developed PDLC material for the fabrication of liquid crystal devices are demonstrated.
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INTRODUCTION

Liquid crystals (LC) have attracted increasing interest due to their unique physical
properties. These are soft materials with properties intermediate between solids and
liquids [1, 2]. LCs have become natural candidates for use in electro-optic and data
storage devices [2-6] for their ability to change the orientation of the director, which is
the direction of preferred orientation of molecules, with the application of electric field
and exhibiting large variation of refractive index [1-4]. Optical properties such as
birefringence [1-4, 7, 8], dichroism [9, 10], fluorescence [11-13] and light scattering

[14-17] have proved useful for the development of new opto-electronic devices.

The main aim of this research is to fabricate LC opto-electronic devices, such as
electrically switchable diffraction gratings and polarizing components by using the
holographic surface relief effect in a photopolymer and by developing new polymer
dispersed liquid crystals (PDLCs). The LC devices have applications in integrated
optics [18], information processing and optical communication [4, 19-21]. They have a
large ability to control the direction and/or polarization states of light beams in
optoelectronic circuits and in advanced interferometers [22]. A brief discussion on LCs,
including different types of LCs and classification and different alignment techniques is

given in chapter 1.

Uniform alignment of LCs is an essential requirement to fabricate LC devices. Liquid
crystal displays (LCD) are the most common applications of LC technology.
Commercially the current technique chosen to align LC molecules for large—scale

production of LC devices is to create grooves by the rubbing of polyimide layers. This



technique has some disadvantages such as creation of static electricity and dust which
are highly undesirable for active matrix LCDs [23, 24]. To overcome these problems
several alignment methods have been developed and they are explained in detail by
Hasegawa et al [23]. These methods can be divided into two categories. One uses
surface alignment caused by the anisotropy of the surface. The other method aligns the
LC based on an electric or magnetic field. When the electric or magnetic field is
removed, the aligned LCs on the surface aligns the bulk of the LCs. Some of the
alignment methods are summarized in chapter 1. In the present work the fabrication of
LC opto-electronic devices was carried out by using holographic technique and
exploiting the surface relief effect in the photopolymer as an alternative to the rubbing

technique [23-28].

Holography is a technique of reproducing a 3-dimensional image of an object by means
of interference of light waves in a photosensitive recording medium [29]. It is a widely
used technique, which has a variety of applications in optical information processing
[30], data storage [31], optical elements [32] and computer-generated holograms [33].
There are different holographic materials used for recording holograms among which
photopolymers have reached a primary position [34, 35]. The advantage of being self
developing when exposed to light pattern makes them a practical alternative to other
conventional recording materials [36-40]. In this work an acrylamide based dry
photopolymer developed in the Centre for Industrial and Engineering Optics (IEO),
Dublin Institute of Technology [39, 40] was used for the production of surface relief
gratings. A brief discussion on the basic principles of holography, types of holograms

and maximum achievable diffraction efficiencies is given in chapter 2 which also gives

10



information about different recording materials for holography along with

photopolymers and the mechanism of recording in IEO photopolymer.

A diffraction grating is the simplest possible hologram. It is created by exposing
photosensitive material to an interference pattern created by two plane beams of light of
suitable wavelength. If a variation of thickness of photosensitive material is produced
then it is called a surface relief grating. The surface relief gratings observed on
photopolymer layers have the ability to align LCs and take the place of the grooves
generated using rubbing [41-43]. There are two methods of creating surface relief on the
photopolymer layer, lithographic [44] and holographic photo patterning [23, 24, 42]. In
this work holographic recording of patterns in photopolymer layers is emphasized. So it
was important to characterize the photoinduced surface modulation observed in the
photopolymer layer. The optical recording of surface relief gratings is based on the
photopolymerization reactions caused in bright regions of the interference pattern. The

photopolymerization processes are explained in chapter 2.

The composite materials in which LC droplets are embedded in a polymer matrix are
known as polymer dispersed LCs (PDLC) [45-54]. Though there are a number of
impressive reports describing the performance parameters of these materials [45-54]
there is still a growing need to produce materials that offer high diffraction efficiencies
(DE), low switching fields and fast response and decay speeds. Chapter 2 also describes
a new PDLC material developed in the IEO which was used to fabricate switchable

diffraction gratings.
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The first objective of this research was to study the dependence of surface relief
amplitude modulation on the holographic recording parameters such as spatial
frequency, exposure intensity, total exposure, post exposure treatments and on the
chemical composition of photopolymer layers and also on the physical characteristics of
the layers such as thickness and temperature. Good optical quality layers play an
important role in holographic recording. In this work good optical quality samples were
prepared by two different coating techniques, spin coating and gravity setting. Detailed
explanation of these methods will be given later in the thesis. The amplitude
modulation of surface relief gratings was measured using a white light interferometer
MicroXAM S/N 8038 (WLI) (ADE Phase Shift, Arizona). These results are presented in
chapter 3. In holographic technique there is more flexibility in controlling the surface
relief amplitude modulation by changing recording parameters and/or chemical
composition of photopolymer and/or physical parameters of photopolymer layer; that is
the height and shape of the grooves can be controlled whereas in rubbing technique
there is very little possibility of controlling height of the grooves. Based on the above
studies a mechanism for the formation of the surface relief in the photopolymer, which

is the second objective of this research, is described in chapter 3.

As already stated the main aim of this project was to fabricate LC optoelectronic

devices. For this it was important to identify which LCs are suitable for fabrication of
these devices, which is the third objective of this project. High optical anisotropy (An)
and dielectric anisotropy (A€) are important when choosing LCs as they result in higher

diffraction efficiency (DE) and lower switching fields [45].

12



Among different phases of LC, nematic LCs are mostly used for the fabrication of LC
optoelectronic devices. LCs are very sensitive to temperature changes and are in fact
used for measuring temperature. The nematic to isotropic (N-I) transition temperature of
the LC also plays an important role in choosing the LCs. LCs are birefringent and
characterized by two refractive indices, ordinary and extra ordinary. The LCs are
chosen in such a way that their ordinary refractive index n, matches the refractive index
of host photopolymer which is important for the operation of LC devices. In this work
E7, E49, Z1.I-3700-000 LCs and BL LCs from Merck Company (Merck KGaA, 64271

Darmstadt, Germany) were used.

This fourth objective of the project was divided into two parts; first to fabricate the
devices such as switchable LC diffraction gratings and twisted nematic LC devices by
using surface relief effect in the photopolymer and a new PDLC material, and second to

test these devices.

For switchable LC diffraction gratings using the surface relief effect, the LC cells were
fabricated by sandwiching LCs between conducting ITO coated glass plates in which
one of two plates was coated with a photopolymer layer a few micrometers thick. This
photopolymer layer was then holographically patterned to form a surface relief grating.
Electrical contacts were made to the conductors by using silver loaded epoxy resin.
There are two different methods for introducing LC between the grating and the
adjacent plate to form a cell, the one drop filling method and the capillary method [2].
These are explained in chapter 4. Firstly birefringence was measured to know whether

the LCs were aligned in the surface relief gratings or not. Ellipticity and azimuth of the

13



LC were also measured. The methodology of measurement and the results are presented

in chapter 4.

To test whether the diffraction gratings are switchable, electric field was applied to the
cell. The diffraction efficiency (DE), defined as the ratio of intensity of the first order
diffracted beam to the incident intensity, of the device was measured at different
voltages. DE results demonstrating electrical switching of such diffraction gratings are

presented in chapter.4.

Another device fabricated using surface relief effect is a twisted nematic LC device,
which consists of two parallel photopolymer layers with sinusoidal surface relief
profiles on ITO coated glass plates, oriented so that the wave vectors of the two gratings
are orthogonal. The main difference between the device presented in this work and a
twisted nematic LC cell fabricated by standard rubbing technique is the existence of
limited number of additional switchable diffraction orders. This is due to the nature of
the two surfaces used to orient the LCs. The fabrication technique is described in
chapter 5. The electro optical switching behaviour in the diffracted orders is
characterized along with that in the zero order. The influence of the applied electric field
on the twist angles in the zero order and in the first order of diffraction of the grating
was studied. The variations of intensity in the zero and first orders with applied voltage
were measured with the twisted nematic LC device placed between crossed polarizers

and results are presented in the chapter 5.

In the second approach switchable diffraction gratings were optically recorded in a

PDLC material. A novel PDLC material is developed at IEO. Details of the fabrication
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and preliminary results of the characterization of PDLC diffraction gratings are
presented in chapter 6. The redistribution of LCs was observed by using phase contrast
microscopy and Raman spectroscopy. Results of electro-optical switching behaviour of

PDLC diffraction gratings are also presented in chapter 6.

Finally, conclusions from this work are presented in chapter 7. The results show that the
surface relief effect in an acrylamide based photopolymer and a new PDLC material
developed at IEO centre are promising for the fabrication of LC optoelectronic devices.

The results are published in various international journals [57-59].
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1. LIQUID CRYSTALS

1.1 Introduction

Liquid crystals are an intermediate state between crystalline solids and amorphous
liquids [1, 2]. The liquid crystalline phase was first observed by an Austrian botanist
Friedrick Reinitzer in 1888 when he was working with cholesteryl benzoate, an organic
compound. He observed that, when heated, it showed two melting points. At 145 °C the
solid turned into a cloudy liquid and on further heating to 179°C the cloudy liquid
became clear. Shortly afterwards a German physicist, Otto Lehmann, determined the
cloudy liquid to be an intermediate state of matter between solid crystalline and liquid
phases [3]. He suggested the name LC for this cloudy liquid as it shows properties of

both liquids and solids.

LCs are complex molecular systems which are of increasing interest in technological
applications such as photonic components, including LCDs due to their unique
properties such as self organizing nature, fluidity with long range order, cooperative
motion, anisotropy of various physical properties (optical, electrical and magnetic) and
change in alignment with applied external fields [4]. The molecules (mesogens) are
asymmetric, typically rod-shaped, and on average their long molecular axes are oriented

parallel to a preferred direction specified by a unit vector 2 called the director [5].

LCs can be divided into thermotropic and lyotropic LCs [2, 6]. Thermotropic LCs
exhibit a phase transition into the LC phase as the temperature is changed whereas

lyotropic LCs exhibit phase transitions as a function of concentration. The reactions of

23



lyotropic LCs, which are used in the manufacture of soaps and detergents, depend on
the type of solvent they are mixed with. Thermotropic LCs are mainly of interest for
optical device technologies. Many thermotropic LCs exhibit a variety of phases as
temperature is changed. The LCs are characterized by positional and sometimes
orientational order. Depending upon the amount of order in the material, there are
different types of LC phases. The degree of ordering in the material is quantified by a

parameter called the order parameter (S) given as

S=1/2<300820—l> ____________________________________ (1.1)

where @ is the angle between the director and the long axis of the each molecule. The

brackets denote an average over all of the molecules in the sample [1, 2, 6].

1.2 Liquid crystal phases

In 1922, a French scientist, George Friedel classified the LCs into three different phases
known as nematic, cholesteric and smectic based on their structure [3, 5, 7, 8]. The

properties of these phases will be explained below.

1.2.1. Nematic phase

The nematic phase LCs show the least ordered mesogens having average alignment of
the long molecular axis along the director (n) as shown in figure 1.1. These have no
long range of positional ordering. The extent of alignment along the director, n in
figure 1.1, is characterized by the order parameter (S). In the nematic state S normally
varies from 0.6-0.8 at low temperatures to 0.3-0.4 near the transition to the isotropic

state [9]. Most of the nematics are uniaxial.
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Figure 1.1 Structure of nematic phase.

1.2.2. Cholesteric phase
The cholesteric phase is generally considered a chiral nematic phase where the director

is subject to helical distortion as shown in figure 1.2.

Figure 1.2: Structure of cholesteric phase.

The average molecular director is perpendicular to the helical axis and turns around it in
a regular way. The distance along the director over which the mesogens twist by 27
radians is called the cholesteric pitch (P). Cholesteric LCs show the peculiar
phenomenon of selective reflection of light. Since the pitch is temperature dependent

this enables their use a number of applications such as in thermometers [6].

25



1.2.3. Smectic phase

Smectics are characterized by ordering in the layers. In this phase along with orientation
in a preferred direction, the mesogens form a layered structure as shown in figure 1.3.
Smectic phases occur at lower temperatures than nematic phases and are more viscous
as the easiest mode of flow is for the layers to slip over one another. Depending on the
orientation of the director relative to the layer normal and the degree of ordering within

the layer smectics are subgrouped from A to H [5].
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Figure 1.3 Structure of smectic phase.
In general the more ordered phases occur at lower temperatures and, as the temperature
increases, LCs pass through the smectic phase first then the nematic/cholesteric and
finally the isotropic phase liquid state. This is shown schematically below where T; <

Tr< Tj;.

i i i Isotropic
Solid Smectic I Nematics/ Otrop
AtoH Cholesteric Liquids

Ts

T, T,

From the commercial point of view nematic LCs have attracted more attention than

other phases. They are most commonly used in information displays and optical
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communication. The reason is that nematics show rod shaped, long range of
orientational order and no positional order. The mesogens align in a particular direction
called the director when an external electromagnetic field is applied, which allows

control of optical properties, as LCs are birefringent.

A material that has different properties for different directions is called an anisotropic
material. As a result of orientational order, nematic LCs exhibit anisotropy in many of
their properties such as dielectric, optical, elastic and viscosity. The existence of these
anisotropic properties of LCs gives rise to different phenomena which are interesting for

the fabrication of electro optical devices [1, 2].

The anisotropy of the dielectric permittivity (A€) is defined as Ae = g|- €, (g is the
permittivity parallel to the director and €; is the permittivity perpendicular to the
director) and can be either positive or negative. The value of A€ ranges from -6 to +50
[2]. In electro optical applications, an electric field is applied to an LC device to control
the orientation of the LC molecules. LCs with positive dielectric anisotropy tend to
align parallel to the applied electric field while LCs with negative dielectric anisotropy
align perpendicular to the electric field. Depending on the switching principle (parallel
or perpendicular to the electric field), both types of LCs can be used for LC devices. If
low switching voltage is desired, LCs with a large value of dielectric anisotropy should

be used.

Anisotropic materials possess more than one index of refraction. This phenomenon is
known as double refraction or birefringence or optical anisotropy [1]. Optical anisotropy

is defined as An = n. - n, where n. is the extra ordinary refractive index and n, is the
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ordinary refractive index. Depending on the values of n. and n,, birefringence can be
positive or negative. The birefringence effect is observed when a beam of polarised light
propagates through such an anisotropic medium. The refractive indices are different for
the two orthogonally plane polarised components of the beam. Phenomena such as
reflection or transmission or absorption in anisotropic media depend on the polarization
of the incident light beam. Because of this behaviour birefringent materials can be used
to fabricate a polarizer which can transmit a light component which is plane polarised
parallel to the optical axis of the material or can be used as an analyzer to determine the

state of polarization of light.

The anisotropy of nematic LCs causes the components of light with electric fields
perpendicular and parallel to the director to traverse the LC with different velocities,
resulting in a phase difference between the two components. This phase difference
depends on the thickness of the material. When the thickness is adjusted to obtain a
phase difference of 90°, the incident linearly polarised light emerges as circularly
polarised light or vice versa. The phase difference can be used to fabricate the devices
such as phase retarders or polarization rotators. By adjusting the external electric field,
the properties of the propagating light such as state of polarization can be altered. In this

work nematic LCs are used to fabricate the optoelectronic devices.

Another physical property of LCs which influences the dynamical behaviour of the
system is viscosity. LCs shows five anisotropic viscosity coefficients depending on the
orientation of the director with respect to the flow of the material. For nematic phase

LCs show three different translational viscosities 77;, 7, and 73, defined as follows,

1n;: The director is perpendicular to the flow pattern and parallel to the velocity gradient.
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12: The director is parallel to the flow pattern and perpendicular to the velocity gradient.
n3: The director is perpendicular to the flow pattern and perpendicular to the velocity
gradient.

These viscosities are called Miesowisz viscosities. When the director is perpendicular to
the flow the translational viscosity is at its maximum that is, 7:>7;> 7.

There is also a specific case which is also possible and small is 77;, and is defined as,
712: The director is suspended at an angle of 45° with both the flow pattern and the
velocity gradient.

An important parameter considered when discussing reorientation of LCs in an electric
or magnetic field is the rotational viscosity (y).When the director is not held in its place
it will be affected by a torque, creating a hydrodynamic torque and as a result
rotational viscosity is experienced. The dynamic response of the LC devices depends

mainly on the rotational viscosity [2].

The elastic constants of LCs are the material parameters which determine the restoring
torque which arises when the system is perturbed from its equilibrium configuration.
When an electric field is applied to reorient the molecules to control the effective
birefringence in an electro optical device, it is the balance between the electric and
elastic torque that determines the static deformation of the LC director. Any
deformation can be divided into a combination of the three deformations namely splay,

twist and bend [1, 2].

Using Oseen-Frank elastic theory, the deformation free energy density can be written as

(2],
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F=2 1k (V1) + ka (VX n) + k., (nXVX 0) 1 — - (1.2)

where kj; is the splay elastic constant, k; is the twist elastic constant, and k33 1s the bend

elastic constant, all with order of magnitude 10N,

The voltage needed to reorient the LC molecules is related to the elastic constants as
well as the dielectric anisotropy. When the applied voltage is minimum the LCs remain
undeformed but when voltage is increased to a certain threshold voltage, deformation
begins and increases with the increase in the voltage. The minimum voltage needed to

reorient the LC molecules in a parallel structure is given by

_ /@ ______________________ 1.3
Vm—ﬂ' EOAS ( )

1.3. Alignment methods

In nematic LCs there are basically three alignments which are widely used for different
applications. They are homogenous (parallel), homeotropic (perpendicular) and twist

alignments [2].

In homogeneous alignment the director of the LC is parallel to the substrate surfaces
and aligned in a specific direction. Homogeneous alignment can be obtained by the
oblique evaporation of SiO or MgF, on to the surfaces or by the unidirectional rubbing
of a surface coating of a polymer such as polyvinyl alcohol or polyimide [2, 7, 8]. But
these methods have a number of drawbacks. The process of rubbing is hard to control
and produces static electricity which is undesirable for the production of the active

matrix LC-displays [11]. Alignment by oblique evaporation of metal oxides requires
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quite expensive special vacuum equipment. Photoalignment of LCs is attractive as an
alternative to these methods [3, 11-13]. There are a number of advantages of
photoalignment methods over the common rubbing technique such as no electrostatic
charge generation or dust contaminating the alignment surface and simplified
fabrication technology. A general property of all photo-processed films is that being
optically isotropic before polarized light treatment, they become anisotropic and cause a
homogeneous alignment of LCs after photo processing [14]. Surface relief gratings
fabricated in photopolymers through holographic recording can be filled with LCs to
align them uniformly [11-13]. In this work surface relief gratings in an acrylamide
based photopolymer are filled with LCs. The nematic LCs were aligned along the

grating grooves and so switchable LC devices were fabricated.

In homeotropic alignment, the director of the LCs is perpendicular to the surfaces.
Homeotropic alignment is achieved by coating the glass surfaces with a thin surfactant

layer such as lecithin or by applying an external field normal to the surface [2, 10].

In the twist alignment method, two substrates are treated in the same way as in parallel
alignment but with the alignment direction of the upper substrate at an angle to that of
the lower. A cell showing this type of alignment is called twisted nematic (TN) cell. If

the twist angle is greater than 90° the cells are called super twist nematic (STN) cells.

The operation, method of determination of the director and the twist angle of a TN
device will be explained in chapter 5. When a monochromatic light wave propagating
along the helical axis of a TN layer can be described by two elliptically polarized

optical modes (Eigen modes), then only at a limit known as Mauguin limit, the
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combination of these Eigen modes become linearly polarized, and this linearly polarized

light follows the twist structure during transmission (wave guiding).

The Mauguin limit is defined as dAn >> OA/ © where d is the thickness of the LC layer,
An is the birefringence of the LCs, ¢ is the twist angle and A is the light wavelength.

For a 90° twisted nematic cell this condition reduces to d An >> A/2.

The optical properties of a TN cell were calculated by Gooch and Tarry [2, 3]. The

normalized transmittance (T) in the OFF state in a normal white mode (explained in

chapter 5) is given by
1 sin (7T/2)\/1+u2 ___________________ (1.4)
TTN - 2 1 2
tu

Where u = 2 dAn/A where d is the thickness of the LC layer. For faster response a lower
value of u is selected.

The director of LCs in ON state tends to reorient parallel to the electric field by the
Freedericksz effect. The threshold voltage V;;, of the TN cell is given by the following

equation.

- k11+1(k33_2k22) ____________________________________________________________ (1.5)

Vi
£, AE

The response time from OFF state to ON state is given by 7,, and from ON state to OFF

state is given by 7, given respectively by following equations.

_ V'd; N (1.6)
go AS(V _Vth)

TUV!
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rd (1.7)

This section gives overview on the electro optics of the nematic and twisted nematic
devices. Switchable LC devices can also be fabricated by mixing LCs with the
photopolymer and these are known as polymer dispersed liquid crystals. The next

section gives an over view on PDLC and electro optics of PDLCs.

1.4. Polymer dispersed liquid crystals (PDLCs)

PDLCs are a relatively new class of materials that are emerging as promising for
holographic recording materials and have potential applications in diffractive optical
elements and many applications in optoelectronic devices [15-19]. PDLC films consist
of micron-sized nematic droplets dispersed in a polymer matrix. Several methods have
been developed to create LC dispersions. There are three methods of preparing PDLC
layers depending on the factor causing phase separation: solvent-induced phase
separation (SIPS), thermally-induced phase separation (TIPS) and polymerization-
induced phase separation (PIPS) [3, 6]. These methods are explained clearly in chapter

6.

In the absence of a field the directors of the droplets within the layer are randomly
oriented. As a result, incident light probes a range of refractive index values between n,
and n., which are the ordinary and extraordinary refractive indices of LCs. Since

nematic LCs are optically uniaxial, indices encountered by incident light cannot be all
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equal to the polymer refractive index n, and so incoming light is scattered by the micro
droplets; this is the opaque state (OFF state). When a sufficiently large electric field is
applied, the LC molecules in the droplets are collectively reoriented with their directors
parallel to the applied field. Hence, under this condition n,= n, resulting in optically
clear state (ON state), that is light is transmitted with no scattering. Because of this
behavior PDLCs have potential for a variety of electro optic applications such as

displays and light shutters.

The electro optical response of a PDLC layer depends on different factors such as the
nematic director configuration, size and shape of the droplets and most importantly on
resistivity (p) and dielectric properties of the LCs and polymer. The electric field inside
an LC droplet is not the same as the electric field applied to the PDLC layer between

two ITO electrodes [2].

Assuming that there is only one spherical droplet in a polymeric material in a uniform

electric field (E), the electric field (E) inside the droplet is given by,

o — (1.8)

where & and &, are the dielectric constants of the LCs and polymer respectively.
The dielectric constant for materials with nonzero conductivities can be written as
€= £’+j/p(0 where € is the real component, p is the resistivity and o is the frequency of

the applied voltage.
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In the resistive regime (€ pw<<1) the field inside the droplet can be expressed as,

S — (1.9)

where V is the voltage applied to the electrodes and d is the thickness of the layer.

However there are cases where resistivity of the polymer or the LCs of the PDLC
material are very high where the dielectric constants of LCs and polymer need to be

considered to solve the above equations.

Another parameter to be determined for an electro optic PDLC switch is its threshold
voltage which depends on the configuration of the droplets. The most common

configurations are radial or axial and bipolar and are shown in figure 1.4 [6].
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Figure 1.4 Schematic representation of droplet configurations of (a) radial (b) axial and (c)
bipolar[6].

The radial configuration is observed when the LC molecules are anchored with their
long axes perpendicular to the droplet wall. This configuration shows one point defect
at the centre of the droplet as shown in figure 1.4(a). The axial configuration of the LC

droplets also occurs when the molecules are oriented perpendicular to the droplet wall,

but only when there is weak surface anchoring. This configuration creates a line defect
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that runs around the equator of the spherical droplet, as seen in figure 1.4(b). When an
electric field is applied to a radial droplet, the molecules adopt the axial configuration.

This is the switching transition for a PDLC layer from opaque to clear. When an electric
field of EdR =~ K/Aee,/2d, is applied to PDLC layer this switching transition

occurs. The radial configuration is restored when the field is removed. Applying

equation (1.9) the threshold voltage for the radial droplets is expressed as,

1/2
1 d(p, k
=— | 22| —— | e -(1.10
VthR 40 d (plc j[g AS} ( )

e

where d, (surface extrapolation) = k/W, (W, is the anchoring strength).

The switching voltage can be reduced by choosing materials with lower p,/p;. or a small
thickness PDLC layer. Larger droplets could also be used to obtain lower threshold
voltage since they do not require such a small d, value, but making the droplets too

large results in more scattering.

The bipolar configuration is obtained when the LC molecules are anchoring tangentially
to the droplet walls as shown in figure 1.4(c). This creates two point defects at the poles

of the droplet. The electric field used to orient elongated bipolar droplets is given as,

Where [ = a/b, the ratio of the length of the semi-major axis (a) to the length of the
semi-minor axis (b). Applying equation (1.9) the threshold voltage for the bipolar

droplets is expressed as,
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_i & k(lz_l) o _
V= 3a(plc +2][ o Ar } (1.12)

The switching voltage can be reduced as explained by choosing materials in radial

configuration with lower p,/p;. or a small thickness PDLC layer.

The response time of the device is also an important parameter for an electro optical
PDLC device. It is divided into two parts: the time for a droplet director to reorient in an
applied field (ON state) and the subsequent relaxation time to restore the original

director alignment after the field is removed (OFF state).

The response time of the droplet director to an applied electric field i.e, ON state is
obtained by balancing all three torque densities, electric, elastic and viscous. It is

expressed as,

L veaeEr k(P-1)

ol = A S ~(1.13)
o %(pp/p/c + 2)2 }/laz

The relaxation time i.e, OFF state is obtained by balancing two torque densities, elastic

and viscous and ignoring the inertial term. It is expressed by

_one
= ) (1.14)

The performance of an electro-optical PDLC device also depends on light scattering
properties of the PDLC film [2, 20]. The transmitted light intensity /; of a parallel beam
of linearly polarized light of intensity /, incident at a specific angle ¢, on a PDLC cell in

OFF state is given by
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I =17 e (1.15)

where [ = volume density of the droplets, 7 = path length through the layer, defined as

t = dcos¢@ with d the thickness of the layer and o a measure of the scattering capability

of a droplet. For a nematic LC droplet of radius R, ois defined as,

n,

G:ZGU(KR)Z{M—I} --------------------- (1.16)

Where K=27/A, o, is the geometrical cross section and n(¢)is the refractive index of

the LC droplet.

A brief discussion on LCs and the methods used to fabricate switchable LC
optoelectronic devices is presented in this chapter. Electro optics of nematic LCs, TNLC
devices and PDLC materials are also presented. In the present work surface relief
gratings filled with LCs to fabricate LC switchable devices are reported. A novel PDLC
material for holographic recording was also developed and used to fabricate switchable
devices. These switchable LC devices were fabricated by exploiting holographic

technique. A brief discussion of holography is given in the next chapter.
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2. HOLOGRAPHY AND RECORDING MATERIALS

2.1. Introduction

Holography is a technique for reproducing a three dimensional image of an object by
using interference of light waves recorded in a photo sensitive medium. In photography,
which is a conventional imaging technique, a two dimensional image of a three
dimensional object is recorded. Only the intensity distribution of light from the original
object is recorded. All information about relative phases of light coming from different
points of the object (that means the optical path differences between light from different
points of the object) is lost. But in holography the complete information about an object
is recorded which means that both amplitude and phase of light waves scattered or
reflected from the object are recorded. Holography is also sometimes known as lensless

photography [1, 2].

The idea of holographic imaging was first proposed by Dennis Gabor in 1948 [1, 2]. His
aim was to improve the resolution in electron microscopy. He was awarded a Nobel
prize in 1971 for his invention. In Gabor’s experiment, the object was a transparency
consisting of a clear background with a few fine opaque lines on it. When this
transparency was illuminated with a collimated beam of monochromatic light, the
Fresnel diffraction pattern of the transparency was recorded on a photographic plate.
When this hologram was illuminated once again with a collimated monochromatic
beam, two diffracted waves were obtained, one corresponding to the original scattered
wave from the object and the other, with the same amplitude but with its variations in

phase having opposite sign. This second wave was the phase conjugate of the original
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wave from the object and formed a real, conjugate, image in space. Gabor’s technique
of recording holograms is also called in-line holography. There were some drawbacks in
his method of hologram recording where the normal and conjugate images, so called
twin images, were observed during reconstruction in the same direction. After Gabor’s
work, several attempts were made to record holograms. However it was not until the
invention of the laser, which provided a coherent light source of sufficient intensity, that

holography found any real application.

The first successful method for separating the twin images was developed by Leith and
Upatnieks in mid 1960s [3-4]. They used a separate reference beam derived from the
same laser source to record the hologram. This reference beam was incident onto the
photosensitive plate at an angle offset to the object beam. As the object and reference
beams are incident at an angle to one another this method of hologram recording is
called the “off-axis method”. They showed that three-dimensional images can be
generated by illuminating a recorded hologram with laser light. Almost at the same time
Denisyuk introduced the recording of reflection holograms [5]. A reflection hologram is
recorded when the reference beam and the object beam are incident on the
photosensitive medium from opposite sides. When these holograms are illuminated with
a point source of white light or the sun, they reconstruct images of acceptable quality,

similar to those obtained with monochromatic illumination in transmission holograms.

Holography is now a widely used technique whose range of applications has extended
considerably from a method of producing three dimensional images to non-destructive
testing [6], optical information processing [7], data storage [8], holographic optical

elements [9] and security holograms [10].
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2.2 Types of holograms:

A hologram recorded on the photo sensitive material is generally equivalent to a
diffraction grating with a spatially varying transmittance and/or refractive index (or
thickness) or birefringence and spatial frequency. Holograms are classified based on
recording geometry, thickness and method of modulation of optical properties.

Recording geometry is either transmission or reflection.

2.2.1 Transmission holograms:

In a transmission hologram the object beam and reference beam (recording beams) are
incident from the same side of the photo sensitive medium and interfere in the
recording medium (Figure 2.1). The image of the object is reconstructed by diffraction
of the reference beam by the recorded hologram. Usually transmission holograms are

reconstructed with monochromatic light. When o = 3, the hologram is unslanted and

when o # B it is slanted.
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Object beam

Reference beam

Photosensitive medium

Figure 2.1Interference pattern in transmission hologram where o and B are angles of incidence for
object beam and reference beam and A is fringe spacing.

2.2.2 Reflection holograms:

In a reflection hologram the two recording beams (object beam and reference beam) are
incident from the two opposite sides of the photosensitive medium. The interference
fringes are formed nearly parallel to the surface of the recording medium. During
reconstruction, the hologram is illuminated by light from the same side of the
photosensitive medium as the observer and the image is reconstructed in reflection from
the hologram. These holograms can be reconstructed by using white light because they
also act as spectral filters and so are also called white light holograms. The geometry of

the experimental setup for recording reflection holograms is shown in figure 2.2.
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Photosensitive medium

Reference beam

Object beam

Figure 2.2 Interference pattern in reflection hologram where o and p are angle of incidence for
object beam and reference beam and A is fringe spacing.

When a = B, the hologram is unslanted and when o # 3 it is slanted. Slanted holograms
require careful consideration if the recording material is liable to dimensional changes

(for instance shrinkage).

2.2.3 Thick and thin holograms

Holograms are also of two types, thin and thick (volume). Kogelnik used the value of

the Q-factor to distinguish between thin and thick holograms [11]. Q-factor is defined

as

___________________________ 2.1)
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where, A is the wavelength of the incident reference beam, n is the refractive index of
the recording medium, A is fringe spacing of the holographic grating and d is the

thickness of the layer on which hologram is recorded.

A thin hologram is one whose Q-factor is < 10.

A thick hologram is one with Q > 10.

2.24  Amplitude and phase holograms

Holograms may also be of amplitude and phase types depending on what property of the

recording medium is modulated during the recording process.

An amplitude hologram is recorded as a spatial variation in the amplitude transmissivity
of the photosensitive medium.
Phase holograms are recorded as a spatial variation in the refractive index and/or

thickness of the recording layer.

To summarize, holograms can be thin or thick depending on the thickness of recording
medium and the fringe spacing. Thick holograms can either be reflection or
transmission holograms. Thin holograms are necessarily transmission holograms.
Finally each of these three types of holograms may be recorded as either a phase or

amplitude hologram.

Diffraction efficiency is the main characteristic of the hologram and in non-scattering

materials is normally defined as the ratio of the intensity of the diffracted light beam to
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the intensity of the incident beam. The maximum theoretical diffraction efficiency of

various types of holograms is given in table 2.1 [11, 12].

Table 2.1: Maximum efficiencies of various types of holograms

Amplitude holograms Phase holograms

Thin Thick Thick Thin Thick Thick
transmission | transmission | reflection transmission transmission | reflection
6.25 % 3.7 % 7.2 % 339 % 100 % 100 %

From the table it is seen that the efficiency of amplitude holograms is less than
efficiency of the phase holograms. This is due to the fact that amplitude holograms rely
on absorption of the light and thus some of the energy of the reading beam is wasted
during reconstruction whereas phase holograms are nearly transparent and use the

reconstructing light more effectively.

2.3. Polarization holograms

With scalar holographic techniques, the amplitude and phase of the object wavefront are
recorded. However, information about its state of polarization is lost.

When orthogonally polarized object and reference waves interfere, in the region of
overlap standing waves with a spatially varying state of polarization are recorded. Such
a recording when illuminated by coherent polarized wave can reconstruct the
polarization state of the original object wave in addition to its amplitude and phase. This

type of hologram is known as a polarization hologram.
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2.4. Holographic recording media

There are different types of holographic recording materials such as silver halide

photographic  emulsions, dichromated gelatin, photoresists, thermoplastics,

photochromics, photorefractive materials and photopolymers [11, 12].

Table 2.2 Recording materials for holography.

Recording material

Advantages

Disadvantages

Silver halide
photographic
emulsions (SHPE)

High sensitivities, high
resolution, high diffraction
efficiencies

Wet chemical processing,
shrinkage

Dichromated gelatin

High resolution, high DE,
lower sensitivity (compared
with SHPE), high optical
quality, grainless

Wet chemical processing

Photoresists Low granularity, high Low sensitivities, usually
resolution UV  sensitive, chemical
processing
Photochromics No post processing, easy to Low sensitivity, low DE,
prepare degradation
Photorefractives No post processing, Stability

reversible, high DE,
sensitivity, high thicknesses

Photo thermoplastics

High sensitivity, high DE, no
wet chemical processing, re-
usable

Low spatial resolution

Photopolymers

High sensitivity, high DE,
self processing, high
resolution

Stability varies with
composition of material.

Polymer composite
(PDLCs)

High index modulation,
unique anisotropic nature,
electro optical behaviour

Scattering, Complicated
sample preparation

Specific materials have significant advantages for particular holographic applications.
To record holograms the recording material should have properties like sensitivity to

recording wavelength, a linear transfer characteristic, high resolution and low noise

[11].
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Table 2.2 shows different types of holographic recording materials and their advantages
and disadvantages. Since the work reported uses photopolymers, a detailed explanation

of the recording process in photopolymers is given below.

2.5.  Photopolymers

There are several organic materials called photopolymers, which can be activated by a
photosensitizer to produce refractive index modulation due to photopolymerization
when exposed to light. Photopolymers are attracting attention for holographic
applications because of their unique properties like self development, ease of
preparation and low cost compared to other recording materials [15]. Photopolymers are
volume phase recording materials, which have applications in real-time holographic
interferometry [9], holographic optical elements [13], and holographic data storage [14]

and holographic sensors [15, 16].

There are two types of photopolymers: crosslinking photopolymers and polymerizable
photopolymers. In crosslinking photopolymeric materials the phase change in the
hologram is caused by modification of the local refractive index modulation when
crosslinks between the polymer strands are broken or formed so that the molecular
polarizability of these bonds is altered. The second type of photopolymer recording
material is photopolymerizable material. Like photocrosslinking photopolymer
materials, the sensitivity of photopolymerizable materials is lower than silver halide

emulsions but varies greatly depending on different formulations. Photopolymers can be
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generally classified as liquid or solid dry photopolymers, the difference being the

inclusion of a binder for the dry layer format.

The photopolymerizable layer usually consists of a polymerizable monomer, an
initiator and a sensitizer. If the layer is solid then there will also be a polymeric binder.

The mechanism of recording in photopolymerizable photopolymer recording materials
can be described as follows. When light of appropriate wavelength is incident on the
photosensitive medium, the dye sensitizer molecule absorbs a photon and enters into a
excited singlet state. The excited singlet state dye molecule enters into a excited triplet
state through intersystem crossing and reacts with the electron donor to generate a free
radical. These free radicals in the presence of monomer initiate the polymerization
reaction resulting in a local change of the molecular refractivity due to the conversion of
C=C into C-C. In addition, as monomer is depleted by polymerization, diffusion of
monomer occurs from dark to bright regions resulting in a spatially modulated density.
This redistribution of material results in refractive index modulation corresponding to
the interference pattern produced by the incident light beams, resulting in a phase
hologram. The main advantage of these materials is that they are self-developing,
capable of recording 100 % diffraction efficiency gratings, and can be prepared in much
greater thicknesses for volume holographic multiplexing. These materials can be
sensitized to different wavelengths by using different dyes and can also be prepared

with ease.

There are high performance, commercially available photopolymers, DuPont OmniDex,
Polaroid DMP 128 (Aprilis photopolymer) and Inphase. These photopolymers are

expensive and their compositions are proprietary [17-21]. As photopolymers are
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promising materials for holography, many research groups are working to improve their
performance [22-27]. The photopolymer used in this work is acrylamide based

photopolymer [29].

2.6. Optical recording in an acrylamide based photopolymer

The acrylamide based photopolymer used in this work was developed and formulated at
the Centre for Industrial and Engineering Optics [25-28]. It has been used for different
holographic applications such as holographic data storage, interferometry and for
fabricating optical elements. It consist of two polymerizable monomers (acrylamide and
N, N’-methylene bisacrylamide), an electron donor (triethanolamine), a photosensitive
dye (erythrosine B) and a binder (polyvinyl alcohol). Optical recording in this material

is based on photopolymerization.

In this section the photochemical processes that occur in an acrylamide-based
photopolymer when illuminated by of light of suitable wavelength are discussed. The
main objective in this work is to record surface relief gratings and fill them with LCs to

fabricate LC optoelectronic devices.

The simplest transmission hologram that can be recorded is a diffraction grating. There
are different theoretical models explaining formation of holograms in photopolymer
material [23, 24] due to mass transport from dark to bright regions. From the diffusion
studies of acrylamide based photopolymer [25-28] it was observed that the mass
transport from dark to bright regions is faster than in other photopolymer systems [20,

31].
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When a hologram is recorded in a photopolymer, a refractive index modulation or
variation of thickness of the layer is produced, as a result of several processes as
explained in section 2.6.1. If a variation of thickness of photosensitive material is

produced then it is called a surface relief grating.

2.6.1 Photopolymerization

Polymerization is defined as the process in which many small molecules (monomers)
are combined to form a large molecule called a polymer. The most common
polymerization is free radical polymerization [26]. In this process light is absorbed by
an appropriate dye, which reacts with an electron donor to produce the free radical

necessary for initiation of polymerization.

In the work erythrosine B, a xanthene dye was used as a photoinitiator. When a
photosensitive dye (erythrosine B) is exposed to a light of appropriate wavelength the
dye (XD) absorbs a photon of the light and enters into an excited singlet state ('XD*)

[25, 26].

XD +hv—' XD —oomememememeeeees (22)

This may either revert to the ground state by emission of a photon (fluorescence) or by
radiationless energy transfer to another molecule e.g. the electron donor, ED,

(fluorescence quenching)

'XD" =5 XD +hv (fluorescence) S — —-(2.3)
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IXD>‘< +ED — XD+ ED (fluorescence quenching) et R 2.4

or it may cross over to the more stable long lived lower excited triplet state (*XD*)

(intersystem crossing).

XD —3XD" (intersystem crossing) S — (2.5)

The excited triplet state dye molecules may revert to the ground state by radiationless
transfer (triplet quenching) or by phosphorescence or fluorescence. At high dye

concentrations, concentration quenching can also occur.

3XD>l< + XD — 2XD  (concentration quenching of triplet state) -------------- (2.6)

Oxygen quenching is also an important process that may lead to the reduction of triplet
and singlet state quantum yields and usually causes an ‘inhibition period’ at the
beginning of the polymerization [32]. During the holographic exposure the oxygen

present in the photopolymer layer is used up before starting the polymerization.

3XD*+302 — XD+3O>; (Oxygen quenching) ------- (2.7)

XD +0, — XD+'0,  (Oxygen quenching) - (2.8)

However, the main pathway to polymerization is thought to be the formation of a free

radical.
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Triethanolamine donates an electron to the excited triplet state of the dye molecule

leaving the latter with one unpaired electron and an overall negative charge.

XD +(HOCH,CH,),N: — XD®* ™ + (HOCH,CH,),N** (2.9)

The triethanolamine radical cation then loses a proton and becomes an uncharged free

radical.

(HOCH,CH,).N*t — (HOCH,CH,),NCH*CH,OH+H"t (2.10)
2 273 2 272 2

The triethanolamine radicals produced in the above reaction are the initiating species for
the polymerization process.

This free radical in the presence of monomer molecule (acrylamide) can react in two
ways. It can react either with a dye radical to form a leuco (bleached or colourless) form
of the dye (thereby using up the dye radicals) or it can react with a monomer to initiate
free radical polymerization [32]. Therefore, the bleaching rate in the presence of

monomer could be less than in the absence of monomer.

TEA® + M (monomer) — TEA —M®  (initiation ) ——--—---oeeemmmmeeeeemee 2.11)

TEA® ~M® + M > TEA—(M)2°  (propagation) -------------------mmmmmmmmmmmev (2.12)

Bleaching of the dye is also a very important step for final transparency of holograms.
Furthermore if the bleaching process is irreversible, then, there will not be any further

photosensitization on light illumination when the dye is completely bleached.
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The polymerization reaction continues until all the monomer is consumed or a
termination reaction occurs. There are two ways in which a termination reaction could
occur, either combination and/or disproportionation reaction. When the termination
occurs by combination, two free radicals meet and share their single odd electron
forming a covalent bond resulting in single polymer chain. In a disproportionation
termination reaction, termination occurs when a hydrogen atom is abstracted from one
of the growing polymer chains to the other, leaving a double bond on one of the

terminated polymer chains.

During the process of recording a holographic diffraction grating, the rate of growth of
diffraction efficiency depends on several physical and chemical factors. The one of the
factor is the rate of polymerization, but this depends on the rate of initiation and
propagation which in turn depends on the concentrations of the monomer and initiator.
The local concentration of the monomer at any time will depend not only on the
percentage conversion, but also on the diffusion of monomer from the unpolymerized
dark fringe region into polymerized bright fringe regions. This polymerization process
continues until all the monomer is consumed. As a result of these processes the
refractive index changes and the grating is recorded. In addition to the refractive index

changes some surface relief changes are induced during the holographic recording.

The surface relief gratings recorded in this material were filled with LCs to fabricate
LC optoelectronic devices. A detailed investigation of the dependence of photo induced
surface relief gratings on recording and physical parameters is explained in the next
chapter. It also explains the advantage of using holographic technique to fabricate these

devices.
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2.7 Novel PDLC material

Another promising holographic material used in this work is a new PDLC material
developed in IEO centre which has the advantages of the photopolymers and LCs. It
consists of monomers (acrylamide and N, N’-methylene bisacrylamide), coinitiator
(TEA), photosensitizer (erythrosine B), LCs and a reactive diluent (n-vinyl-2-
pyrrolidinone). The use of acrylamide and N, N’- methylenebisacrylamide as monomers
in HPDLC formulations are used for the first time in this work. Optical recording in this
PDLC material is based on polymerization induced phase separation which is explained
in chapter 6. This results in spatially periodic structures with alternating polymer and
LC rich planes in the volume of the layer. A diffraction grating is created as a result of
refractive index modulation between polymer and LC rich planes. A detailed discussion

of these devices is given in chapter 6.
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3. PHOTOINDUCED SURFACE RELIEF STUDIES IN AN
ACRYLAMIDE-BASED PHOTOPOLYMER

3.1 Introduction

Photopolymers are of considerable interest for the development of holographic
applications because of their unique property of self development when exposed to
light. However, not all of the photopolymers are completely self-developing. The
commercially available DuPont photopolymer needs uniform UV post exposure and
heat treatment to achieve maximum diffraction efficiency. Photopolymers which can
record photoinduced surface relief gratings are attractive for application in diffractive
optical elements [1, 2], optical data storage [3], recording of computer generated
holograms [4] and the alignment of LCs [5-8]. There has been extensive growth of
technological applications of LCs, such as photonic components and LCDs in the last
two decades. To fabricate these devices, uniform alignment of the LCs is essential.
Recently, for the alignment of LCs non rubbing techniques have been investigated to
avoid creation of static electricity and dust which are not desirable. An alternative
approach for LC alignment would be to utilize the periodical surface relief structures
inscribed in photopolymerizable materials. When the photosensitive material is exposed
to an interference pattern of light of suitable wavelength, a surface relief grating, that is
a variation of the thickness of the material, is produced. This effect is often called
surface relief amplitude modulation. Light induced surface relief gratings in
photopolymer have the potential to align LCs [5-8]. In order to control their properties it
is important to investigate the mechanism of the formation of surface relief gratings and
the dependence of surface relief amplitude and profile on recording parameters and on

the physical properties of the layers.
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An investigation of the photoinduced surface relief modulation in thick layers (50-
250um) of an acrylamide-based photopolymer system [9-11] was reported earlier [13].
Although the resolution of the material needs to be high in order to record volume
holograms, surface relief gratings can only be made at low spatial frequencies. However
it is anticipated that LC devices may be fabricated by exploiting the effect even at quite
low spatial frequency (~100 lines/mm). To study their properties the photoinduced
surface relief profiles were obtained with a white light interferometer (WLI) [14, 15]

after recording.

The main goal of this chapter is to report the dependence of surface relief amplitude
modulation on recording parameters such as spatial frequency, intensity, exposure
energy, uniform UV post exposure and on the thickness of the layer (2-80 pm),
composition of photopolymer and the effect of heating the grating. Crossed gratings
were also recorded using two orthogonal interference patterns. Preliminary results of the
fabrication and dependence of the crossed gratings on the time of exposure are also

discussed in this chapter.

3.2 Theory

Optical recording in an acrylamide based photopolymer 1is based on
photopolymerization reactions caused in the areas illuminated by light, as discussed in
chapter 2. Due to polymerization there is a change in the density and the molecular

polarizability, which in turn changes the local photopolymer refractive index and a
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grating is recorded. If the thickness of the layer is also modulated then a surface relief
grating is recorded. There are different theoretical models proposed in order to explain

the formation of holograms in photopolymer recording material.

There are two main models describing the surface relief formation in photopolymers.
The first explains the relief formation by shrinkage of the photopolymer depending on
the intensity of light. This model is applicable to systems where the peaks of the surface
relief appear in the non-illuminated areas [20, 22]. The second model, based on the
assumption that redistribution of system components by diffusion is responsible for the
relief formation, suits systems such as ours where experimental observation shows the
surface relief peaks appearing in the illuminated areas [1, 2, 13, 22]. The causes
proposed for diffusion of the components are a monomer chemical potential gradient
[1], concentration gradient of monomer [2] and local shrinkage of a polymer layer [21].
All of the proposed causes consider the change in the surface free energy during the
relief formation as the main reason for the restricted resolution of the inscribed relief

structures [1, 2, 20, 21].

Previous studies in acrylamide-based photopolymer report that the main mechanism of
surface relief formation is the mass transport or diffusion of monomer from the dark to
bright regions [16, 17]. From the diffusion studies of an acrylamide based
photopolymer [12] it was observed that the monomer diffusion is faster than in other
commercially available photopolymer systems [18, 19] and this is in agreement with the

surface relief amplitude dependence at low spatial frequencies.
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Some of these models consider the possibility of counter diffusion of material from
bright to dark fringe areas [23] and its influence on the formation of surface relief
gratings [13, 24]. In the analysis of the surface relief formation in thin photopolymer
layers a new factor must be considered in addition to those mentioned above. When the
thickness of the layers approaches few micrometers the interaction between the
photopolymer and the substrate appears to play an important role in determining the

ultimate surface relief amplitude and shape [22].

3.3 Experimental

3.3.1 Sample preparation

The material used here is a self-developing, acrylamide based, water soluble
photopolymer. The general composition of this material is acrylamide, N, N’-
methylenebisacrylamide monomers, triethanolamine initiator, polyvinyl alcohol (PVA)
binder and Erythrosin B sensitizing dye [9-13]. The above components were mixed well
by using a magnetic stirrer and the dye was added finally. Good optical quality

photopolymer layers were prepared by using spin coating and gravity settling methods.
Spin coating: Spin coating involves the rapid evaporation of solvent by high speed
spinning to get good quality dry layers. Thickness of layers ranging from one micron to

about ten microns with very high viscosity liquids can be obtained.

After mixing the components, the solution was spin coated on a thin glass plate of 1’x1”

to get thin layers of photopolymers. By changing speed of rotation (V), time of rotation
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(T) and quantity of photopolymer solution (Q) dropped on the glass, the thickness of the
sample can be controlled. In preliminary investigations, it was observed that
photopolymer solutions prepared with 10 % w/w PVA stock solution did not produce
good optical quality layers. To improve the quality of the layers the concentration of
PVA stock solution was changed to 20 % w/w as spin coating needs viscous liquid.
After preparation, samples were allowed to dry at room temperature for 17 hours. They
were exposed to record surface relief gratings but the measured amplitude modulation
was very low. To get better results samples were dried for 3 to 4 hours at room
temperature. These investigations also showed that if the thickness of the sample is
less than 2 um, the amplitude modulation was not measurable though it can be seen that
there is a grating with the WLI. To get better results the thickness of the photopolymer
layer was maintained at 2 to 2.5 um. The speed of rotation was chosen to be 2750 rpm,
for 10 sec and for a 1 ml of photopolymer solution dropped on glass plate to get this

thickness. Samples of different thicknesses were prepared by changing V, T, and Q.

Gravity settling: Gravity settling is a simple method of layer coating. A known amount
of photosensitive mixture is spread on a leveled glass substrate and allowed to dry by

evaporation. With this method much thicker samples can be prepared.

The photopolymer solution was gravity settled on a 5x5 cm? or 2.5x3 cm” glass plates.
To prepare samples with different thicknesses, the photopolymer solution was diluted
with deionised water. They were allowed to dry under ambient room conditions for 17
hours. Good optical quality samples were prepared from 2.5 pum to 80 pum thickness.

The thickness of the sample depends on the amount of dilution and on the amount of
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solution spread on the glass plate. After the samples were dried, a cut was made on the

sample and its thickness was measured by using the white light interferometer.

3.3.2 Holographic recording

Surface relief gratings were optically recorded at different spatial frequencies. Two

different optical recording systems were used to record surface relief gratings.

Photopolymer layer
]
Spatial filter
532nm
Laser O | O Fixed Mirror
Collimating lens Beam splitter
—
ocoo T,
Movable Mirror

Shutter control unit

Figure 3.1 Experimental set up to record low spatial frequency patterns.

The Michelson interferometer optical setup (figure. 3.1) was used to record surface
relief transmission diffraction gratings at less than 70 lines/mm. The spatial frequency

was adjusted by rotating one of the mirrors shown in figure 3.1.

A two-arm holographic optical setup which is shown in figure 3.2 was used to record
surface relief gratings at spatial frequencies above 100 lines/mm. A s- polarized laser
beam with wavelength 532 nm was used to record the transmission diffraction gratings

because the photosensitive dye used in this work has sensitivity at this wavelength.
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The spatial frequency was calculated by using the Bragg equation

24sin@ =14 (3.1)

where /= fringe spacing, 26 = inter beam angle and 4 = wavelength.

Mirror

Spatial filter Photopolymer
1 layer
Laser '
532nm Collimating lens  Beam splitter
—
00O

Shutter control unit

Figure 3.2 Experimental set up to record high spatial frequency patterns.

The surface relief gratings were recorded on the photopolymer samples of various
thicknesses under different recording conditions. These samples were scanned typically
an hour after recording using a white light interferometer. White light interferometry is
an extremely powerful technique for surface profile measurement. This technique is
based on the principle that interference fringes can only be obtained when the optical
path difference is less then the coherence length of the light source. It has significant
advantages in measuring surface profiles as the measurement is non-contact with very

high vertical resolution of ~ 1 nm and vertical scanning range of 100 wm.
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3.4 Results and discussion

3.4.1 Positions of the surface relief peaks

In order to determine the positions of the surface relief peaks, holographic gratings with
low spatial frequency of 2 lines/mm were recorded in spin coated layers with thickness
of 2 um. The recording time was varied between 5 and 10 sec and the intensity of the
recording laser beam was between 10 and 30 mW/cm®. The sample surface was
examined with a Dektak_3 profiler equipped with a camera. This facilitates observation
of the position of the measuring tip on the surface during the scan. The illuminated and
non-illuminated areas of the photopolymer surface are well distinguished as white and
pink stripes (Erythrosine B causes the unexposed stripes to appear pink). The position
of the tip with respect to the bleached and unbleached areas can be easily correlated to
the measurement in the vertical direction. The results from this measurement are
presented in figure 3.3. It was observed that the surface relief peaks appear in the areas
where the light was absorbed. This is in agreement with previous results from
investigation of surface relief modulation in thick acrylamide photopolymer films after
light exposure through a mask [9]. The observation of the surface relief peaks in the
areas illuminated by light implies that mass transport must be the main mechanism of
surface relief formation. It is also known that free radical polymerization is usually
accompanied by shrinkage of the material. Such shrinkage could be expected in
holographic recording as well. If the surface relief modulation occurred due to
photopolymer shrinkage only, the relief peaks would be observed in the dark fringe
areas. It is possible that in the beginning of the surface relief formation the peaks are
indeed positioned in the dark fringe areas and shortly after that due to mass transport

from the dark to bright fringe areas these initial peaks disappear and new peaks grow in
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the bright fringes. The latter are observed during the scan with Dektak_3 profiler. It
should be kept in mind that the measurements presented here of the surface relief
modulation are not real time measurements. With the present technique we can not
observe what happens in the initial stage of surface relief formation. Although the
intensity and time of the recording were varied in order to find exposure conditions at
which the initial shrinkage was not yet entirely compensated by diffusion, no surface

relief peaks localized in the dark fringe areas were observed.

Surface scan

[ 1111

Photopolymer layer

500 pm
Glass plate | —

Figure 3.3 Position of the surface relief peaks when a diffraction grating with spatial frequency of
2 lines/mm is recorded. Light illumination leads to well-distinguished alternating bleached and
unbleached stripes (pink).

3.4.2 Effect of recording parameters on surface relief modulation

3.4.2.1 Dependence on spatial frequency

The dependence of surface relief amplitude modulation on the spatial frequency of
recording is shown in figure 3.4. Photopolymer layers of thickness 2.5 um were
exposed to interference patterns of intensity 10 mW/cm? for 100 sec for different spatial
frequencies up to 300 lines/mm. As seen from the graph with the increase in spatial

frequency there is a decrease in the amplitude modulation. Similar behaviour of the
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spatial frequency dependence was observed in the layers with different thicknesses and
recorded at different recording conditions [22]. This decrease at constant exposure may
be explained by the increased role of surface tension forces at high spatial frequency. In
other photopolymers it was observed that [21] there is a decrease in amplitude as the
spatial frequency decreases. This decrease in amplitude modulation could be due to
lower diffusion of mass over these larger distances whereas in the photopolymer used in
this study, no such decrease in the amplitude modulation is observed with decrease in
spatial frequency. This implies that the diffusion is faster in this photopolymer system

[11, 12] compared to others [20, 21].
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Figure 3.4 Dependence of surface relief of amplitude modulation on the spatial frequency at
constant exposure of 1 J/cm® in the layers of thickness between 2 and 2.5 pm.

With the increase in the spatial frequency, a decrease in the surface relief amplitude
modulation was also observed at different recording intensities as explained in section

3.4.2.3.
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3.4.2.2 Dependence on exposure

Experiments were carried out to investigate the influence of exposure on the surface
relief amplitude. Figure 3.5 shows how the surface amplitude changes with increase in

exposure at intensity 10 mW/cm? at a spatial frequency of 18 lines/mm.

Surface relief
amplitude modulation (nm)
2

o J v ) v J v ) v J v ) v J
50 100 150 200 250 300 350

Exposure (sec)

Figure 3.5 Dependence of surface relief on exposure at constant intensity 10 mW/cm? in layers of
thickness 2 to 2.5 pm at spatial frequency 18 lines/mm.

It was observed that at constant intensity there is an optimum exposure for achieving
maximum surface relief amplitude. The reduced surface modulation amplitude at higher
exposure could be due to lower permeability of the layer in the polymerized regions
which decreases the diffusion of monomer and the further increase in the surface relief
amplitude modulation is not observed. However, there is a possibility that the monomer
polymerizes at the edge of the bright region and there is a chance that the polymer chain

grows into the dark region decreasing the surface relief amplitude modulation.
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3.4.2.3 Dependence on intensity and exposure

The intensity dependence of the surface relief modulation was studied at two different
spatial frequencies 10 lines/mm and 100 lines/mm in layers of 2 to 2.5 um thickness. As
we see from figures 3.6(a) and 3.6(b) at higher spatial frequency there is a reduced
surface relief modulation for both intensities of recording. At both spatial frequencies
the modulation depth increases with the increase in the recording intensity. The two

recording intensities were 10 mW/cm?” and 5 mW/cm®.
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Figure 3.6 Intensity dependence of surface relief amplitude modulation at intensities 5 (black) and

10 mW/cm? (red) in the layers of thickness 2 to 2.5 pm for spatial frequencies 10 lines/mm (a) and
100 lines/mm (b).

When the intensity is low, the number of incident photons is low and thus the
concentration of free radicals leading to slower polymerization and termination rates. In
this case higher number of monomer molecules per single photon will be polymerized
and larger concentration gradient will be created leading to more monomer molecules
diffusing into the bright regions and thus contributing to the surface relief amplitude.
Thus we should observe higher amplitude modulation at low intensity but the observed
amplitude modulation is low which shows that there are other factors which are

influencing the monomer diffusion. These might include the interaction forces between
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substrate and the photopolymer layer. After that time of exposure where maximum
amplitude modulation is observed, there is a decrease in amplitude modulation and this
may be due to lower permeability of the layer in the polymerization regions, which
decreases the mass transport to contribute to further increase in amplitude modulation
and also there is a possibility that the monomer polymerizes at the edge of the bright
region and there is a chance that the polymer chain grows into the dark region

decreasing the surface relief gratings.

As the intensity increases the polymerization process speeds up and so consumption of
diffused monomer is greater, which increases the surface relief amplitude modulation up
to a certain time of exposure. After that there is a decrease in the amplitude modulation
which could be explained as there is a possibility that polymer chains could extend into
dark regions. Also at higher intensities there is a possibility of forming short chain
polymer molecules, which can easily diffuse from bright to dark regions resulting in the
decrease of surface relief amplitude. However, the decrease in the surface relief
amplitude modulation is not observed here. This might be due to the influence of

interaction forces between the substrate and the photopolymer layer.

Dependence of the amplitude modulation of the surface relief gratings on the intensity of
recording is 17 pm shown in figure 3.7. From the thickness dependence studies (figure
3.9) it is observed that 17 um is the thickness where the thickness dependence is strong
below this thickness and there is no dependence above this thickness. Layers of thickness
17 um were illuminated at different intensities at a spatial frequency of 100 lines/mm.

The effect observed was different from that seen in very thin (2.5 um) and thick

photopolymer layers (above 50 wm) in this recording spatial frequency [22, 13]. In layers
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of 2.5 um thickness it was observed that with increase in the recording intensity, surface
relief amplitude modulation increased. In layers of thickness above 50 pum, it was

observed that there is no dependence of surface relief amplitude modulation on the

recording intensity.
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Figure 3.7 Dependence of surface relief amplitude on the intensity of recording in samples of
thickness 17 um at spatial frequency 100 lines/mm.

Intensities of recording of 5, 10 and 20 mW/cm” were studied. It is seen from figure 3.7
that at constant intensity with increase in exposure time, surface relief amplitude
modulation increases. There is not much difference in surface relief amplitude
modulation at intensities 5 and 10 mW/cm® with increase in exposure time. When the

2, the observed surface relief modulation was

intensity was increased to 20 mW/cm
smaller. So it is concluded that, for such thicknesses of the photopolymer layers, 5-10

mW/cm?is an optimum intensity.
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The reason for higher surface relief amplitude modulations at lower intensities could be
that fewer photons per unit time are absorbed by the photopolymer layer and so the
polymerization process is slower in the illuminated regions. The monomer molecules
which diffuse into bright regions have more time to diffuse and form longer polymer
chains and termination will occur at slower rate at low intensity which increases surface
relief amplitude modulation. Therefore one would observe higher surface relief
amplitude modulation at low intensity. As the intensity increases the number of photons
absorbed by the photosensitive layer will be higher and so the polymerization process
will be faster. When polymerization is fast, the rate of consumption of diffused
monomer is higher which should increase the surface relief amplitude modulation.
However, at higher intensities it is likely that shorter polymer chains are formed. These
could diffuse out of the illuminated regions more easily resulting in a decrease in the
surface relief amplitude modulation. Diffusion of short polymer chains at high
intensities of recording from bright to dark regions was also observed in volume
gratings recorded in the same material [22]. Also it is possible that at higher recording
intensities, polymerization is fast in the bright regions and the material comes less
permeable making it more difficult for the monomers to diffuse. This decreases

amplitude modulation at high intensities.

3.4.2.4 Dependence on uniform UV post exposure

The influence of uniform UV post exposure is shown in figure 3.8. After recording a
surface relief grating on the photopolymer layer of thickness 17 um at intensity 10
mW/cm? and spatial frequency 100 lines/mm, the sample was exposed to uniform UV
intensity of 16 W for 45 min and then the amplitude modulation was measured after a

further 30 min. If the photopolymer layer is thin it needs less time of uniform UV post
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exposure to completely polymerize the remaining unpolymerized material. It was
observed that after post exposure with UV light there was an average of 30 % increase
in the amplitude modulation. Similar dependence was observed in thicker layers (above

50 wm) and thin layers (2.5 wm) [13, 22].
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Figure 3.8 Dependence of surface relief amplitude on uniform UV post exposure in the layers of
thickness 17 um at spatial frequency 100 lines/mm.

It was previously observed by using a Dektak profilometer [13, 22] that the surface
relief peaks appear in the bright regions of the interference pattern. When exposed to
uniform UV light intensity, there will be no effect in bright regions as the monomer
there is already polymerized but the unconsumed monomer in dark regions polymerizes.
Monomer absorbs in the UV region so polymerization proceeds even if it does not
contain dye for photopolymerization. The photosensitizer, erythrosin B also absorbs in
UV region and so polymerization is possible with dye present as well. The increase in
surface relief amplitude modulation with uniform UV post exposure could be due to

shrinkage upon further photopolymerization in the dark regions.
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From the above studies of the influence of the recording parameters on the surface relief
amplitude modulation it can be concluded that the surface relief amplitude modulation
can be controlled by changing the recording conditions. At higher spatial frequencies
the overall surface relief amplitude decreases and similar behaviour was observed at
different layer thicknesses. As the intensity increases, amplitude modulation decreases
in layers of thickness 17 wm which is different from the behaviour of thin (2.5 um) and
thick (50 um) layers [13, 22]. There is an optimum exposure to obtain maximum
amplitude modulation. An increase in the surface relief amplitude modulation was

observed with UV post exposure.

3.4.3 Effect of physical characteristics of the photopolymer layer on surface relief

modulation

3.4.3.1 Dependence on the thickness of sample

Figure 3.9 shows surface relief for different thicknesses. These samples were exposed at
5 mW/cm® intensity for 40 sec. As has already been shown in figure 3.7, at 10 mW/cm?,
the surface relief amplitude modulation is not much different than at 5 mW/cm”. The
spatial frequency of recording was 100 lines/mm. It is seen from the figure that above

15 wm thicknesses there is not much change in the amplitude modulation.

The observed thickness dependence could be explained as follows. When the sample is
exposed to a light pattern, polymerization starts in bright regions. As monomer diffuses
into the polymerization region from dark regions, this increases surface relief amplitude
modulation. One possible reason for the existence of strong thickness dependence below

15 um could be the existence of interaction forces acting between the substrate and the
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photopolymer layer [2] to oppose the diffusion of the monomer and this effect would be
more pronounced when the layers are thinner. When the sample is thick enough the
diffusion assisted surface relief formation which takes place closer to the photopolymer

surface would not be influenced by the substrate and would proceed normally.
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Figure 3.9 Dependence of surface relief amplitude on the thickness of the layers at spatial frequency
100 lines/mm and constant exposure.

Another possible explanation of the thickness dependence of the photoinduced surface
relief is that the polymerized area extends through the depth of the layer. In thicker
layers the amount of diffusing material would be greater and a simple proportionality
between the amplitude modulation and the layer thickness could be expected. Indeed
thicker layers produce a greater surface relief amplitude modulation. Above a certain
thickness there is not much additional increase in the surface relief amplitude
modulation, possibly because of the inability of the surface to deform further due to
increased surface tension upon polymerization. As the influence of the surface tension
increases with the increase in the spatial frequency, one should observe that the surface

relief amplitude modulation reaches saturation at smaller thickness when recording at
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high spatial frequency than the thickness at which the surface relief amplitude
modulation reaches saturation at low spatial frequencies. Such dependence of the
thickness of the layer at which the saturation occurs, on the spatial frequency of
recording was indeed observed and reported by Naydenova et al [22].

The existence of a plateau in the surface relief modulation could also be explained as
follows. When the thickness of the layer increases, there will be more monomer to
diffuse into the bright region contributing to increase in surface relief amplitude
modulation as shown in figure 3.10 but polymerization in the bright regions causes the

material to become more viscous, inhibiting diffusion of the monomer.

o Monomer

Bright region Dark region
’-Polymer

Photopolymer layer

Figure 3.10 Recording mechanism.

The diffraction efficiency (DE) of these layers was measured as given by equation 4.1.
Figure 3.11 shows the variation of DE with increase in the thickness of the layer. It is
observed that DE increases with increase in the thickness. It was seen that above a
certain thickness though there is not much change in surface modulation, the DE
increases with increase in thickness. This is due to the contribution of the volume

grating along with the surface relief grating.
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Figure 3.11 DE % verses the thickness of layers at spatial frequency 100 lines/mm and constant
exposure.

Similar behaviour of surface relief amplitude modulation dependence and DE
dependence on the thicknesses of the layers at different spatial frequencies were

observed.

Increase of the surface relief amplitude modulation with layer thickness up to a
maximum was also observed at 10 lines/mm. However, unusual surface relief profiles
(splitting of the peak into two) were observed at 10 lines/mm but not at 100 lines/mm.
Experiments were carried out to study this surface relief effect at low spatial
frequencies. Samples of different thicknesses were prepared and exposed to an

interference pattern of intensity 10 mW/cm®.

Figure 3.12 shows experimentally observed surface relief grating profiles, recorded at

10 lines/mm. It is observed that splitting is pronounced in layers of thickness 17 pm as
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if there is a change in the spatial frequency of recording. It is observed that the surface

relief amplitude modulation also decreased along with splitting.
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Figure 3.12 Surface relief gratings at 10 lines/mm in layers of different thickness.

It is also observed that splitting depends on thickness and exposure time. The splitting
effect is observed after 5 sec exposure in layers of thickness 4.5 pm and 17 um. This
could be due to generation of higher order diffracted beams. In 17 pm thick layers the
splitting is greater and the intensity of the second order beams is expected to be higher.
These are preliminary experimental observations and more detailed investigations

would need to be carried out.
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3.4.3.2 Dependence on the chemical composition of photopolymer layer:

In order to increase the surface relief amplitude modulation the influence of the
chemical composition was studied. In the photopolymer, triethanolamine (TEA) is an
electron donor (coinitiator), which plays an important role in the generation of the free
radicals. It also acts as a plasticizer, which favours the solution and stability of other
components in the matrix, which in turn influences the performance of the material. A
high concentration of TEA produces stable layers without precipitation of monomer on

the surface.

Experiments were carried out to study the dependence of surface relief amplitude
modulation on chemical composition of the photopolymer material by changing the

concentration of TEA.

Three different stock solutions (TEA1, TEA2 and TEA3) of photopolymer were
prepared containing 1.5 ml, 2 ml and 2.5 ml TEA respectively, and used in the standard
photopolymer composition [17]. The typical thickness of TEA1 was 15 = 3 um, TEA2
was 17 = 3 um and TEA3 was 19 £ 3 um. The thickness and optical quality of the layer
were repeatable. These samples, after drying, were exposed to an interference pattern of

intensity 10 mW/cm? for 35 sec at 100 lines/mm spatial frequency.
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Figure 3.13 Dependence of surface relief amplitude modulation on chemical composition of the
photopolymer layer at 100 lines/mm.

From figure 3.13 it is observed that an increase in TEA concentration decreases the
surface relief amplitude modulation. In order to determine the reason for this we have
carried out some estimation of the relative concentrations of the two co-initiating
species — the dye molecules and the TEA molecules. 2.6 mM concentration of dye
molecules contains 6.16x10'® dye molecules, and the sample with the smallest
concentration of TEA (1.5 ml) contains 7.4x10*! TEA molecules, that is, for each dye
molecule there are 1000 TEA molecules available even at this lowest TEA
concentration. So, the decrease in amplitude modulation could be related to the role of
TEA as plasticizer rather than its role as coinitiator of the photopolymerization reaction.
Another possible explanation could be that with the increase in TEA concentration
(TEA3), the monomer concentration is decreased to 23 % of the initial monomer

concentration (TEA1). This decrease in the monomer concentration decreases the
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number of monomer molecules that diffuse and contribute to the final surface relief
amplitude modulation. But when compared to the total mass of the layer, the difference
of the monomer concentration between TEA1 and TEA3 is only 4 %. This 4 %
difference in monomer concentration can hardly be responsible for a more than 4 times
decrease in the surface relief amplitude modulation seen in figure 3.13. Also it should
be noted that with the increase of the TEA concentration the thickness of the layers
slightly increases. According to the previously observed dependence of the surface
relief amplitude on the thickness of the photopolymer layers (figure 3.9) this would
imply that the effect of the TEA concentration is even greater as, instead of an increase

in the surface relief amplitude modulation, a decrease is observed.

The most probable reason for the strong dependence of the surface relief modulation on
the TEA concentration is perhaps TEA’s plasticizing role. With the increase of the
number of TEA molecules the layers become less viscous with the possibility of
diffusion of short polymer chains into dark regions [23] which in turn decreases
amplitude modulation. A separate investigation of diffusion processes with variation of
the TEA concentration in this photopolymer material would be beneficial for

understanding of the observed effect.

3.4.3.3 Dependence on the temperature

Experiments were carried out to study the influence of temperature on the surface relief
amplitude modulation. Samples of thickness 5 to 5.4 pm were exposed to intensity 10
mW/cm?® for 35 sec and spatial frequency 100 lines/mm. To study the temperature

dependence, after recording, the surface relief grating was heated for 1 min at a
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particular temperature and cooled to room temperature. Then they were scanned with

the white light interferometer to measure surface relief amplitude modulation.
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Figure 3.14 Dependence of surface relief amplitude modulation on temperature.

Figure 3.14 shows surface relief amplitude modulation increasing to a maximum and
then decreasing. This shows that there is an optimum temperature for maximum surface
relief amplitude modulation. When the temperature increases, monomer diffuses more
easily from dark to bright regions and consequently surface relief amplitude modulation
is greater [2]. Polymerization of the monomer in dark regions could also occur due to
heating, thus increasing the surface relief amplitude modulation. The decrease in the
amplitude modulation above a certain temperature could be as a result of short polymer

chains diffusing into dark regions.

From the above studies of the influence of physcial characteristics of the photopolymer

it can be observed that by changing the thickness of the layer, composition of the layer
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and the temperature of the layer, the magnitude and shape of the suraface relief

amplitude modulation can be controlled.

3.4.4 Crossed gratings

Crossed gratings could be used for the fabrication of electrically controllable lenslet
arrays. The peaks and troughs from a 2D array of depressions can be filled with LCs to
form a lenslet array. For this it is important to study the influence of recording
parameters and physical characteristics of the layer on the magnitude and shape of the
surface relief profile.

A crossed grating was recorded on the layer by changing the orientation of the sample

by 90° between two successive recordings as shown in figure 3.15 [22].

Sample b) ™ Sample
a) 11
@ 1

900 =

Recording beams Recording beams

Figure 3.15 Recording mechanism of cross gratings.

Earlier crossed gratings were recorded in thin and thick layers at different recording

intensities and spatial frequencies [13, 22]. Here the dependence of the holographically
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recorded 2D relief pattern on exposure time at constant spatial frequency and recording

intensity are presented.

The optical setup used to record these gratings is shown in figure 3.1. The gratings (100
lines/mm) were recorded in 10 pum thick photopolymer layers with 5 mW/cm? intensity.
The recording exposure time was varied. The exposure times used for each of the two
recordings on a crossed grating were same. From the results it was observed that the
crossed grating does not appear when the first grating is recorded for more than 30 sec.
This could be due to consumption of all material during the first exposure. Figure 3.16

shows profiles obtained at t = 5 sec, 40 sec and 60 sec respectively.

Figure 3.16 Holographic patterns recorded at 5, 40 and 60 sec of exposure time.

3.5. Conclusions

Photoinduced surface relief gratings in acrylamide based photopolymer were
investigated. The outstanding advantage of this material is the absence of any chemical

post treatment. From the studies of dependence of surface relief on intensity, thickness
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and composition it is concluded that diffusion of monomer from dark to bright region is
the main mechanism which governs the formation of surface relief gratings.

As the intensity increases, amplitude modulation decreases in layers of thickness 17 pum
which is different from the behaviour of thin (2.5 wm) and thick (above 50 um) layers
[13, 22]. Post exposure of the exposed gratings to uniform UV light leads to more than
30 % increase in the surface relief amplitude. As the TEA content increases surface
relief amplitude modulation decreases. It was observed that when the thickness of the
photopolymer layer increases, the modulation depth increases up to certain point and
after that there is not much change at constant exposure, at a given spatial frequency.
With increase in temperature there is an optimum temperature to obtain maximum
surface relief amplitude modulation. At low spatial frequency non sinusoidal profiles
are observed which depend on thickness and exposure time, which shows that shrinkage
is also involved in the formation of surface relief gratings. From the preliminary work
done on the crossed gratings it is observed that no crossed grating can be obtained
above 30 sec initial exposure. So it can be concluded that, surface relief amplitude
modulation and shape can be controlled by changing recording parameters and physical

characteristics.

The next phase in this research involved filling these surface relief gratings with LCs to
fabricate LC devices. These will be discussed in the following chapters. Fabrication and
characterization of electrically switchable LC diffraction gratings using these optically
recorded surface relief gratings in an acrylamide based photopolymer will be discussed

in the next chapter.
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4. FABRICATION OF SWITCHABLE LIQUID CRYSTAL
DIFFRACTION GRATINGS USING SURFACE
RELIEF EFFECT IN PHOTOPOLYMER

4.1 Introduction

The applications of switchable holographic optical devices are in beam steering [1, 2],
light intensity modulation (displays) [3], variable focal length lenses [4], reconfigurable
waveguide interconnects [5] and fiber optic communication switches [6, 7]. Generally a
switchable optical element uses a material that exhibits a change in the refractive index
with applied electric field. LCs are attractive for the fabrication of switchable optical

devices as they change their orientation with applied external field [8-10].

Uniform alignment of LCs is essential for the fabrication of LC optoelectronic devices.
Non-rubbing techniques have been investigated for alignment of LCs [11-17]. These
methods have advantages over the common rubbing method as they avoid electrostatic
charge and dust which are not desirable as explained in earlier chapters. To avoid these
problems photoinduced surface relief gratings in photopolymer layers are attractive for
filling with LCs to align them so as to fabricate optoelectronic devices such as
switchable gratings and polarization rotators [14-17]. The advantages of photoinduced
surface relief gratings and their dependence on different parameters in an acrylamide
based photopolymer were explained in chapter 3. The results reported in chapter 3
strongly indicate that, due to a concentration gradient, the mass transport of monomer
from dark to bright regions is the main mechanism which governs the formation of

surface relief gratings [18, 19].
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LC diffraction gratings were fabricated by filling surface relief gratings in the
photopolymer layer with LCs. E49 and E7 LCs from Merck were used in this study. The
ordinary refractive index (n,) of the LCs matches the refractive index of the
photopolymer. A measurement of the variation of the first order intensity with applied
voltage is presented. In this chapter a comparison between the behaviour of the
switchable diffraction gratings using E7 (n.= 1.74, n,= 1.52) and E49 (n.= 1.79, n,=
1.53) LCs and the switching behaviour was demonstrated in each case. The orientation

of the LCs in the surface relief gratings is determined by measuring the birefringence

[20-22].

4.2 Methodology

4.2.1 Electro optical behaviour

LCs are birefringent in nature. They are characterised by ordinary, n, and extraordinary,
ne refractive indices. The LCs used in this study were chosen to have large
birefringence. The LC molecules were aligned such that the long axis of the LC
molecules lay along the grating grooves. When linearly polarized light having its
electric field plane of polarization parallel to the direction of the long axis of the LC
molecules, is incident on the LC device, it propagates through the medium with a
refractive index corresponding to the extraordinary axis of the LC molecules. When a
voltage is applied to the LC device, the LC molecules re-align perpendicular to the
substrate. Now the incident linearly polarized light has its electric field of polarization

in the direction of the ordinary refractive index of the LCs.
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Usually these LC gratings can be operated in two different ways [23]. In the first, the
grating is fabricated such that there is no diffraction when the field is zero. This can be
done by choosing the refractive indices of substrate and LCs to be equal when voltage is
not applied. This is called ‘OFF’ state. When electric field AC or DC is applied, the LC
molecules re-align such that there is a large difference in the refractive indices of
substrate and LCs, resulting in strong diffraction of incident light. This state is called

‘ON’ state.

In the second way of operation, the LC diffraction grating is fabricated such that
diffraction occurs when no electric field is applied. In this case the refractive indices of
substrate and LCs are chosen to be unequal when voltage is not applied. This state is
called ‘ON’ state. When electric field is applied AC or DC, the re-alignment of LCs is
observed such that the refractive indices of substrate and LCs match, resulting in no
diffraction of incident light. This state is called ‘OFF’ state.

In this work the second type of operation of the LC device is demonstrated and the

model is shown in figure 4.1.

By measuring the intensity in the diffracted first order beam the diffraction efficiency
(DE) is obtained. The DE (1) is defined as the ratio of the light intensity in the first

diffraction order (I}) and the incident beam intensity (Iy), expressed as a percentage.

Thus

nzixloo ...................... .1
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Figure 4.1 Operation of the LC diffraction grating.

4.2.2 Measurement of ellipticity and birefringence of a LC cell

Elliptically polarized light is generated when linearly polarized light is passed through
birefringent material [24]. Depending on the orientation of the plane of polarization of
incident light with respect to the LC principal axes and on the phase difference
introduced by the LC layer due to the birefringence, the emergent light may be linearly,

circularly or elliptically polarized. Monochromatic light is used to probe the sample.

Elliptically polarized light may be described by the electric field components,

E(x,t)= Acos(at — kz)---- -—---(4.2)

E(y,t)= Bcos(at —kz+ &) --- --(4.3)
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Then the ellipticity y is given by [19]

Sin2x = ?B—m _____________________ (44)

Ellipticity can also be defined as inverse of the tangent of ratio of the fast component

(Imin) of electric field to slow component (I;,x). Therefore

tany = (,/Imm/lmax ) ——————————————————— 4.5)

The birefringence of the material is characterised by the difference in the refractive

indices. It is given by the formula

An = ne — }’lo T (46)

Where o= phase difference, A = wavelength and d = thickness of the LC layer.

To measure the birefringence of LCs, first the ellipticity is calculated by measuring the

intensities and substituting in equation (4.5). The phase difference (9) is calculated by

substituting the result in equation (4.4) where A =./I_ andB =,/I . . Birefringence

is calculated by substituting o, A and d in equation (4.6).
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4.3 Experimental

4.3.1 Fabrication of switchable LC diffraction grating

ITO coated glass plates were cut into small pieces 3 cm x 2.5 cm. Electrical contacts
were made on the corners of the plates with silver loaded epoxy resin and allowing it to
dry. The plates were treated with NaOH solution for 30 minutes in an ultrasonic bath.
An acrylamide based photopolymer was used here with composition as described in
chapter 3. Good optical quality samples of photopolymer were prepared by the gravity
settling method. The thickness of the photopolymer layer on ITO coated glass substrates
was 10 um after drying for 2 to 3 hours. These photopolymer layers were exposed to a
light pattern to record gratings. The experimental set up used to record surface relief
gratings is shown in figure 3.2. A spatially filtered and collimated laser with A = 532 nm
was used to record surface relief transmission diffraction gratings. As explained in
section 3.4.2.1 greater surface relief amplitude modulation is obtained at low spatial
frequency so gratings were recorded at 70 lines/mm and 100 lines/mm spatial
frequencies. They were recorded with 10 mW/cm?” recording intensity for 35 sec and
then exposed to uniform UV light intensity of 16 W uniformly for 20 min to polymerize
remaining monomer. Spacers of thickness 6 um were placed at the four corners on the
exposed layers and an ITO coated glass plate was placed on top. Two sides were glued
keeping the sides open for filling with LC. This glue was allowed to dry for 15 min.

Figure 4.2 shows the empty cell.
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Figure 4.2 An empty cell used for the fabrication of switchable LC diffraction grating.

There are two methods of filling with LCs, the one drop method and capillary flow [25].

One drop fill method:

Spacers a few um thick were placed on two sides of the surface relief grating and a very
small amount of LC was dropped onto the grating. A second ITO coated glass plate was
placed on the grating with small amount of mismatch so as to enable connection to the
electrodes. Then the cell was glued on all four sides and allowed to dry. These filled
cells were heated above critical temperature of the LC material and cooled so as to align

the LCs.

Capillary flow:

The empty cell was placed in a container of LCs in a vacuum chamber and the pressure
reduced using a vacuum pump. LCs then rise into the cell by capillary action. The inlet
was glued immediately to avoid the formation of air bubbles. Alternatively, the empty

cell was heated above the critical temperature of the LCs and a small amount of the LC
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placed at one of the openings and so LC entered the cell. The openings were

immediately glued to avoid the formation of air bubbles.

In this work a vacuum pump was used to fill the LCs uniformly into the cell. This filling
method is also based on the capillary flow principle. In this method only two sides of
the cell were glued before filling. One of the open sides was placed in the LC container
and a vacuum pump was connected to the second opening. When the vacuum pump was
turned on LCs were drawn into the cell. It took 15 to 20 minutes to fill the cell

completely and uniformly.

4.3.2 Experimental set up

4.3.2.1 Measurement of birefringence

The experimental setup used to measure ellipticity and birefringence is shown in figure
4.3. A linearly s-polarized laser of wavelength 633 nm was used. The laser beam was
incident normal to the cell. The polarizer (P) was adjusted such that its transmission axis
was parallel to the plane of polarization of the light. The transmission axis of the
analyzer (A) was kept perpendicular to the transmission axis of (P) so that no light was
seen after (A). The half wave plate (HWP) was adjusted such that the plane of
polarization was rotated by 45°. The LC diffraction grating was placed between HWP
and (A). The maximum (I;,,x) and minimum (Ii,) intensities were measured by rotating

the analyzer (A).
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Figure 4.3 Experimental set up used to measure ellipticity and birefringence of LC.

4.3.2.2 Switching behaviour

The optical setup used to study electro optical switching behaviour of the diffraction
grating is shown in figure 4.4. A linearly s-polarized laser beam of wavelength 633 nm
was used to probe the device at the Bragg angle. The intensity in the first order was
measured while applying an electric field (DC and AC).

Photo detector
Polarizer (P)

Laser 633nm N

LCcell

Power meter

DC
power supply

Figure 4.4 Experiment setup to study electro optical switching of LC diffraction grating.
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4.4 Results

4.4.1 Birefringence measurement

The LC diffraction grating was placed between polarizer (P) and analyzer (A) as shown
in figure .4.4. It was observed that there was some light after (A) which proves the
birefringent nature of LC. Linearly polarized light was incident at 45° to director of
LCs and by rotating (A), the maximum (Ip,x) and minimum (I.,;,) intensities were
measured with a photodetector. The ellipticity () was calculated by using equation
(4.5). The values of ), Inin and I,.x were substituted in equation (4.4) to obtain the phase
difference (9). By finding § and taking d = 6 wm, birefringence was calculated using
equation (4.6) to be 0.016 for E7 LCs and 0.026 for E49 LCs. These results show that
there is a weak initial alignment of LCs in the device. The LC device consists of two
glass plates, one with a surface relief grating in the photopolymer layer and the second
one with only an ITO coated glass plate without an alignment layer. The ITO coated
glass cannot align LCs homogenously as depicted in figure 4.1. This explains the low
birefringence observed. Although the devices show low birefringence they show good

electro-optical switching behaviour as discussed in the next section.

When a LC cell was fabricated in which the photopolymer layer was only rubbed with
velvet cloth it did not show any alignment of the LCs. This was also confirmed for
TNLC devices as explained in the next chapter. The LC diffraction gratings fabricated
with photoinduced surface relief gratings showed some alignment of LCs as explained
above. In order to study the degree of alignment of the LCs, LC diffraction gratings

were fabricated by using a method combining surface relief effect and rubbing because
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this technique had enabled good alignment of LCs in fabrication of the TNLC devices
[26]. The optically recorded grating was rubbed slightly with velvet cloth before filling
with LCs. These gratings were fabricated with same thickness spacers. There was no
significant difference in the birefringence value and they showed similar switching
behaviour to that of the gratings fabricated with only surface relief gratings. The only
difference found in these devices is that the switching time was faster in the devices
with rubbed surface relief gratings. This effect could be explained as follows. Due to
rubbing of the photopolymer layer the LCs need less energy to align along the applied
electric field. Two things which are worth noting are that the LCs used to fabricate LC
diffraction gratings are different from the LCs used to fabricate TNLC devices and

there is no second alignment layer in the LC diffraction gratings.
4.4.2 Switching behavior

Surface relief gratings were recorded in dry photopolymer layers by exposing them to
the interference pattern of the light at 70 lines/mm with similar exposure conditions as
discussed in section 4.3.1. The surface relief amplitude modulation was measured to be
160 nm. The cell was fabricated and the DE was measured without LCs. It was found to
be 13.5 %. After filling the surface relief grating with the LCs, the measured DE of the
grating was found to be 4.5 %. This could be explained as follows. As the recorded

grating is an surface relief grating (thin grating), the DE of the first order Raman-Nath
diffraction is given by DE = J! (Ap) [27-29] where J; is a first order Bessel function,

2 . . )
Apz%Ad(np —n) where n, is the refractive index of photopolymer, n the is

refractive index of air, Ad is the amplitude modulation and A is probe beam wavelength.
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When the surface relief gratings were filled with LCs, the refractive index difference n,-
n is replaced by the smaller refractive index difference between polymer and LC and so
one would expect a decrease in the DE. The application of the electric field then
decreases the apparent refractive index difference further so that the LC refractive index
approaches that of the photopolymer. Before studying the electro-optical switching of
the device, the intensity in the first order was measured for different azimuth angles of
incoming linearly polarized light. It was observed that the intensity is constant for all
azimuths of the probe beam. This also suggests that the alignment of LCs is weak and

explains the low birefringence that is observed.

Figure 4.5 (a) shows the variation of intensity in the first order with applied DC voltage.
The intensity in the diffracted first order beam decreases as the applied voltage
increases and finally disappeared at around 3.8 V. This could be due to the refractive
index of the LCs matching the refractive index of the photopolymer layer. It was also
observed that switching behaviour is reversible. On decreasing the applied voltage, the
intensity in the first order increased and no hysteresis was observed. Similar behaviour
was observed with other switchable diffraction gratings fabricated with the E49 LCs.
The diffraction patterns at 0 V and 3.8 V are shown in figure 4.5(b). From figure 4.5(b)
it is clear that there is scattering and is more when voltage is applied which could be due

to LC molecules in the bulk above the grating.
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Figure 4.5 (a) Intensity of the first order of LC diffraction grating versus applied DC voltage (b)
Diffraction patterns at 0 and 3.8 V.

Figure 4.6 shows the variation of intensity in the first order with applied AC voltage
(square wave) at 1 KHz. It was observed that the first order of the diffraction disappears
at lower DC voltage, around 2 Vgys. It is also observed that the voltage at which
switching is observed (threshold voltage) is lower when an AC instead of DC voltage is
applied. This behaviour could be explained as follows. When a DC voltage is applied to
the device, any impurity ions present in the cell will migrate towards the alignment
layers under the influence of the electric field and be deposited at the cell surfaces. An
electric field generated across the liquid crystal persists due to the captured charges and
hinders switching. When an AC voltage (square wave) is applied, polarity is rapidly
switched with certain frequency, t{l, (t; is the transient time for the injected charge

carries) which prevents the migration of impurity ions and hence switching is faster [8,

29].
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Figure 4.6 Intensity of the first order of LC diffraction grating verses applied AC voltage.

To study the influence of the LCs on the DE of the gratings, switchable diffraction
gratings were fabricated with E7 and E49 LCs. The surface relief gratings were
recorded at 100 lines/mm under similar recording exposure conditions as discussed in
section 4.3.1. The surface relief amplitude modulation of the grating was measured and
a value of 129 + 8 nm was obtained. The diffraction efficiency (DE) of the gratings was
7 £ 0.5 % before filling with LCs. The gratings were filled with E49 or E7 LCs. The DE
after filling was measured to be 0.4 % for E49 LCs and 0.15 % for E7 LCs. The
decrease in the DE could be explained by the fact the refractive index difference
between polymer and LCs along n, (0.22 for E7 LCs and 0.29 for E49 LCs) is smaller
than the refractive index difference between polymer and air (0.5) [10, 26]. Similarly,
the DE values for E7 LC gratings were less than those for E49 LC gratings which could
be explained by a higher difference between the average refractive index of E49 LCs

and that of the photopolymer.
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Figure 4.7 Switching behaviour of the LC diffraction gratings with E7 and E49 LCs.

Figure 4.7 shows the switching behaviour of the LC diffraction gratings. Both types
show similar switching behaviour, switching OFF at around 1.5 V and 1 V, The
switching time from ON to OFF state was around 10 sec and 60-70 sec from OFF to
ON state. These switching times are quite slow and alternative methods for fabrication

of such devices to improve the switching times need to be investigated.

4.5 Conclusions

LC diffraction gratings were successfully fabricated by filling surface relief gratings
with E49 and E7 LCs and electro-optical switching was demonstrated. The gratings
prepared with higher n. LCs show higher DE. These studies show the potential of
surface relief gratings in acrylamide based photopolymer for fabrication of electrically

switchable LC optical components.
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The next chapter discusses the fabrication and the characterization of a switchable LC
polarization rotator. Photoinduced surface relief gratings in combination with rubbing
were used to orient LCs for the successful fabrication of a twisted nematic LC device

for rotating the plane of polarization of light.
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5. FABRICATION OF TWISTED NEMATIC LIQUID
CRYSTAL DEVICES USING PHOTOPOLYMER
SURFACE RELIEF GRATINGS

5.1 Introduction

Most widely used LCDs are based on twist nematic (TN) LCs for applications ranging
from watches to computer monitors. Although the liquid crystal state was discovered
in1888, the most widely used TN LCD mode was invented by Schadt and Helfrich in
1970 [1-4]. A comprehensive description of the importance of the nematic LCs in the
TN LCD is given by Gray et al. [5]. The advantages of the TN mode are high contrast
ratio, analog grey scale and low driving voltage. The concepts that led to TN mode
were also formulated by Fergason, who established the International Liquid Xtal

Company in Kent, OH [6].

Nematic LCs exhibits a helical twist when they are sandwiched between cross-grooved
plates. This twist nematic structure is obtained either by rotating one of the substrates
through 90° in its plane or by the action of two rubbed surfaces placed at an angle of
90° to each other [5]. Usually the latter method is used to obtain a twisted nematic
structure [1, 2]. Linearly polarized light incident normal to the plates with its plane of
polarization parallel to the grooves at the input plane emerges with its direction of
polarization rotated along the helical twist. If the LCs are positive anisotropic, an
applied electric field perpendicular to the plates reorients the long axis of the LCs
parallel to the direction of the incident light and thus the rotation of polarization is
eliminated. By using two polarizers, TNLC device can act as a light switch and can be

controlled by electric field. Fergason described the concept of helical twist and
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rotation of linearly polarized light in 1968 and reported the reorientation of nematic

LCs by an electric field [6].

In optical systems the plane of polarization is often rotated by quartz retardation plates.
The advantages of these quartz plates are that they are of high quality and have good
transmission especially in the UV region. However the disadvantages of these plates
are that they are expensive, they have only a narrow spectral bandwidth and have a
small incidence acceptance angle, less than 2°. These disadvantages are overcome by
replacing quartz by LCs. Nematic LCs are used to fabricate optoelectronic LC devices.
The advantages of the LC nematic cells are large acceptance angle, operation over a
large spectral range from VIS to NIR and lower price. Optionally, by applying voltage
on the TN cell, the polarization rotation can be “switched off”. Also in combination

with two polarizers it can act as an optical shutter [7].

The alignment layer plays an important role in the fabrication of a TNLC device.
Commercially a thin alignment layer such as polyimide is coated on the glass, and the
surface is rubbed with velvet cloth (soft cloth) in the direction in which the LC
molecules will be aligned. In order to obtain a twist angle between both glasses,
rubbing directions are different from each other. The disadvantages of this method are
the creation of dust and the static electricity highly undesirable for the LC displays [2,
8]. The advantage of this method is the perfect alignment of the LCs [8]. Another
method for fabricating these devices is to use photoinduced surface relief gratings
recorded in photopolymers. This is an attractive technique for fabrication of these
devices as explained in chapter 1[2]. The advantage of this technique is that dust and

static electric field are not generated as discussed in the introduction chapter. The
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disadvantage is that in some photopolymers there is no photochemical generation of
the surface anisotropy [8-12] thus the alignment of the LCs is weak. Initially the TNLC
devices were fabricated by filling the surface relief gratings with LCs and without
using any rubbing. Although, the device acted as switchable 2D diffraction grating the
obtained twist angle and switching behaviour were not very encouraging. This chapter
presents a novel technique for the fabrication of a twisted nematic LC device by using
the combination of rubbing and non rubbing techniques where the disadvantages of the

two techniques are eliminated.

Optically recorded surface relief gratings in an acrylamide based photopolymer were
used in this work for the fabrication of the TNLC device, which consists of two
parallel photopolymer layers with sinusoidal surface relief profiles, oriented so that the
wave vectors of the two gratings are orthogonal. These surface relief gratings were
rubbed for five times along the grooves with a velvet cloth. The main difference
between the device presented here and a twisted nematic LC cell fabricated by
standard rubbing technique is the existence of additional diffraction orders due to the
nature of the two interfaces used to orient the LCs. Thus this device can have a dual
role as an electro-optical polarization rotator and a switchable beam splitter. ZLI-3700-
000 LCs from Merck (Merck catalogue) were used to fabricate TN devices and so
these LCs were chosen to fabricate TNLC device. The optical anisotropy of the LCs is

0.101 with n, =1.585 and n ,= 1.484.

A parameter that has a crucial influence on the performance of the device is the twist
angle [13]. By using a simple method, the twist angle of the device was determined.

Twist angle was measured in the zero and in the diffracted orders. The electro optical
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switching behaviour in the diffraction orders was characterized along with the zero order
by placing the TNLC device between crossed polarizers. Depending upon the
configuration of polarizers and analyzer, whether their transmission axes are parallel
(dark mode) or perpendicular (white mode) to each other, two cases are possible. In
white mode, when the light azimuth is rotated by 90° the light is not blocked by the
analyzer in the OFF state, while in dark mode, when light azimuth is rotated by 90° the
light is blocked by the analyzer in the OFF state. In this work the polarization rotator
was characterized by studying the influence of the applied electric field on the twist
angle and the variation of intensity in the zero and the diffracted orders with the twisted
nematic LC device placed between crossed polarizers (white mode) [1, 14]. The
dependence of the polarization state of the light transmitted through the device (zero

order) on the applied electric field was analysed by measuring the ellipticity.

5.2 Methodology

5.2.1. Determination of the director and twist angle

The ellipticity was measured at different azimuths of the linearly polarized probe
beam as described in chapter 4. At the optical axis (along extraordinary axis and
ordinary axis of the LCs) of the TNLC device the measured ellipticity reaches its
minimum. The director in the twisted nematic LC device was determined as follows.
Supposing the input plane of polarization makes a small, unknown angle o, with the
director at the input of the device. If the amplitude of the electric field at the input is A
then the components parallel and perpendicular to the director are

Acos 0 and Asin d. Both components will be rotated by «, the twist angle and the
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angle between the output director and the azimuth of the light immerging from the
device will be 9.
Now suppose an analyzer is inserted at the output, with its transmission axis set at an

unknown angle 7y to the output director of the device. The output intensity is given by

I = (A cos & cosy)” + (A sind sin 7)° 5.1
= A% [(1- sin’8) cos™y + sin®d sin” y]------- (5.2)
= A% [cos™y + sin§(sin”y - cos?y)] ------- (5.3)

Wheny=0,1= A? cos*8 (maximum) and when Y=m/2,1= A%sin*§ (minimum).
It follows that when the output is maximum, the analyzer has its transmission axis

parallel to the output director.

Further, when 9 is zero, the intensity is A2, so the half wave plate in front of the input
director should be rotated about the optical axis to obtain an absolute maximum
output. The input plane of polarization is now parallel to the input director. The twist
angle is obtained from the settings of the half wave plate and the analyzer. It is the
angle between the input light polarization direction and transmission axis of the

analyzer.

5.2.2. Electro optical switching behaviour
The basic operation of the twisted nematic LC device as a polarization rotator is shown
in figure 5.1 and is explained as follows. When no electric field is applied to the device

(OFF state), the linearly polarized light propagates through the LC layer and its plane
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of polarization is rotated by the twisted structure and the light emerges from the layer
with its polarization plane parallel to the transmission axis of the analyzer. This is only
true when Mauguin condition, And >>A/2, is satisfied and for TNLC device with 90°
twist [1]. When a voltage is applied across the device (ON state), the director (local
optic axis) in the central portion of the LC layer orients parallel to the electric field and
the twist is removed. The polarization plane of the light is no longer rotated and light

passing through the cell is absorbed at the analyzer which is in the crossed position [1-

6].

Polarizer

Liquid crystal

’_’ director

Analyzer

J o’ @ &=

ITO coated glass plate

> Photopolymer layer
with SRG

OFF STATE ON STATE

Figure 5.1 Operation of the twisted nematic L.C device.
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5.3 Experimental

5.3.1. Fabrication of the TNLC device
ITO coated glass plates were cut into small pieces 3 x 2.5 cm®. Electrical contacts were
made on the corners of the plates with silver loaded epoxy resin and allowed to dry.
The plates were treated with NaOH solution for 30 min in an ultrasonic bath. Good
optical quality samples of acrylamide based photopolymer were prepared by the gravity
settling method. The thickness of the photopolymer layer on ITO coated glass
substrates was 10 um after drying for 2 to 3 hours. These photopolymer layers were
exposed to an optical interference pattern to record surface relief transmission
diffraction gratings of 100 lines/mm as described in chapter 3 using a spatially filtered
and collimated laser with A = 532 nm. These gratings were further exposed to uniform
UV light intensity to completely polymerize the remaining monomer. The amplitude
modulation of the surface relief grating was measured to be 140 + 8 nm. Before
assembly, the surface relief gratings were rubbed five times along the fringes with a
velvet cloth. In general, when a polymer layer is rubbed in a particular direction,
polymer chains are reoriented which gives anisotropic behaviour. The interaction of the
polymer chains with LCs causes alignment [2, 14]. The TN device was assembled in
such a way that the wave vectors of the two surface relief gratings were orthogonal as
shown in the figure 5.1. The gratings were separated by 6 um thick spacers. In this
photopolymer such orientation of polymer chains showing anisotropic was not
observed and was verified by measuring birefringence after rubbing. This could be
because they were rubbed very lightly and for only five times. The assembled device
was glued on two sides and the other two sides were kept open to fill the device with
LCs. The device was filled with the LCs by using capillary action [1]. One of the open

sides was placed in the LC container and a vacuum pump was connected to the second
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opening. When the vacuum pump was turned on LCs were drawn into the cell. It took
15 to 20 minutes to fill the cell completely and uniformly. Considering thickness of the
spacers and birefringence of the LCs used for fabrication of the TNLC device one can

estimate that the Mauguin condition is satisfied.

o

— — 4, Nematic LCs
= = ___» Spacers

= = v

ITO coated
glass plate v

Silver loaded
epoxy resin Photopolymer layer
with SRG

Figure 5.2 Fabrication of the TNLC device.

5.3.2. Characterization of TNLC device
The incident light on the LC material experiences two refractive indices, one is along n,
and other is along n.. This introduces a phase difference between two light components
and thus rotation of linearly polarized light is induced. A vertically polarized laser beam
of wavelength 633 nm was used to characterize the TNLC devices and the experimental
set up is shown in figure 5.3. To study the electro-optical switching behaviour the laser
beam was incident normal to the device. A half wave plate is used to ensure that the
plane of polarization of the incident light is parallel to the input director of the device
and an analyzer is set with its transmission axis orthogonal to the plane of polarization

of the input light beam.
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Figure 5.3 Optical setup used to characterize the twisted nematic LC device.

5.4 Results

5.4.1. Determination of director and twist angle

Figure 5.4 shows the variation of ellipticity in the zero order with incoming orientation
angle of the plane of polarization of the probe beam. It can be seen that there are two
minimum ellipticities which shows that the device has two optical axes which are along

the extraordinary axis (director) and ordinary axis of the index ellipsoid for the LC

molecules [16].
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Figure 5.4 Ellipticity verses azimuth of the linearly polarized probe beam.
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Figure 5.5 Variation of the twist angle in the zero and first orders with the azimuth of the linearly
polarised probe beam.

Figure 5.5 shows the variation of twist angle in the zero and the first orders with the
azimuth of the linearly polarized probe beam. It can be seen from the graph that there is
no variation in the twist angle in the zero order while the twist angle varies in first order.
No variation in the twist angle in zero order with azimuth of probe beam suggests that
the LCs are perfectly aligned by the combination of photoinduced surface relief gratings
and rubbing of photopolymer layer. The variation of the twist angle in the first order
could be due to the oblique propagation of the diffracted beams in the twisted device.
As we see from the graph (figure 5.5) the twist angle is same at the optical axes of the

device.

To determine the director of the device, an absolute maximum output intensity was
measured by rotating analyzer at these two orientations of the input polarization plane

was measured by rotating the analyzer as described in section 5.2.1. At these positions
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minimum ellipticity and same twist angle are observed. The director was adjusted at

160° to study the switching behaviour of this device.
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Figure 5.6 Variation of the twist angle in the zero and diffracted orders with the azimuth of the
linearly polarised probe beam.

Figure 5.6 shows another example of the twist angle versus the azimuth of the linearly
polarized probe beam in a different device in zero, first and second orders. As it is seen
a similar behaviour is observed as in figure 5.5. It can be observed that the variation of
twist angle is also observed in second order. This device also shows two optical axes
and the director of the device was determined to be at 170° with respect to vertical axis.
This variation of the twist angle with the azimuth of the linearly polarized probe beam

was confirmed in five more devices.

5.4.2. Study of the electro optical switching behaviour

To study the electro optical switching behaviour of the TNLC device, the plane of

polarization of the incident light was set parallel to the input director of the device and
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an analyzer was set with its transmission axis parallel to the output director of the
device. Figure 5.7 shows the variation of the normalised transmitted intensity with
applied electric field when the device was placed between crossed polarizers. It can

also be seen that the switching behaviour was reversible when the field was removed.
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Figure 5.7 Intensity versus voltage.

Figure 5.8 shows the variation in the twist angle with applied voltage. The measured
twist angle of this device was 92°. It is seen that at around 3.4 V the twist disappears
due to orientation of LCs perpendicular to the substrates. The polarization plane of the
light passing through the device is not rotated and the light is then absorbed at the
analyzer. The time taken to switch from the OFF state to ON was around 6-8 sec and
12-15 sec from the ON to the OFF state. The switching behaviour of this device is
shown in figure 5.9. As is seen from figure 5.9 (b) some light is passing through the
analyzer even after applying voltage. This could be attributed to the ellipticity due to

some scattering of the light as seen in figure 5.13.
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Figure 5.9 Intensity of transmitted light between crossed polarizers with applied voltage.

In some TNLC devices a similar electro optical switching behaviour was observed at
lower voltages, for example at around 2-2.5 V as shown in figures 5.10 and 5.11
respectively and showed a twist angle of 92°. However, there were some devices which

had different twist angles, for example 82° and 102°. The reason for that is probably
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some misalignment between the two surface relief gratings at the cell fabrication stage.
Nevertheless, these devices also showed electro-optical switching behaviour. Figure
5.10 shows the decrease in the twist angle as the voltage is applied to the device. Figure
5.11 shows the variation of the transmitted light intensity with applied electric field
when the device was placed between crossed polarizers. It is observed from the figures
5.10 that at around 2.5 V the twist disappeared in zero and diffracted orders which could
be due to orientation of LCs along the electric field. From figure 5.11 it can be observed
that at around same voltage the polarization plane of the light passing through the

device is not rotated and the light is absorbed at the analyzer in all orders.
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Figure 5.10 Twist angle versus Voltage.
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From these results it is observed that when no electric field is applied a twist of 92° +
10° is obtained, and it can be decreased with applied voltage but the original twist angle
is restored when the voltage is removed. Electro optical switching behaviour was also
observed in diffracted orders along with the zero order which is an advantage of this
device compared to commercially available devices. These results demonstrate the
successful fabrication of the TNLC device. The next step was the analysis of the

polarization state of light emerging from the device.

5.4.3. Analysis of the polarization state of light

Depending on the orientation of the plane of polarization of incident light with respect
to the LC principal axes and on the phase difference introduced by the LC layer due to
the birefringence, the emergent light may be linearly, circularly or elliptically polarized.
By analyzing the ellipticity the state of the polarized light emerging from the device can

be characterized.
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Ellipticity (x) was defined in equation (4.5) or it can also be defined as the ratio of two
semi axes of the ellipse as shown in figure 5.12. From equation (4.5) it can be shown
that an ellipticity of 0° corresponds to linear polarization and ellipticity of 45°

corresponds to circularly polarized light.

Figure 5.12 Ellipticity and azimuth.

The dependence of the polarization state of the emerging light on applied electric field
was studied. The optical setup shown in the figure 5.3 was also used here. After
applying an electric field to the device the analyzer was rotated to measure I, and Ip,x.
By using the equation (4.5) ellipticity was calculated and the result is shown in figure

5.13. The measurements were carried out in the zero order.
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From the graph it is seen that at zero voltage the polarization state emerging from the
cell is close to linear and with increase in the applied electric field ellipticity increases.
Further increase in the applied field decreases the ellipticity. And when the voltage was
decreased it was observed that the change in the ellipticity was reversible. Such
behaviour was repeatedly observed in five devices. The time required to convert from
linear to elliptically polarized state was around 5 to 6 sec and for the reverse effect it
was around 8 to 9 sec. A similar switching behaviour of the twist angle and the

transmitted intensity with applied electric field was observed in diffracted orders.
5.5 Conclusions

The potential of optically recorded surface relief gratings in IEO photopolymer for

fabricating TNLC devices has been demonstrated. A novel technique in which
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photoinduced surface relief gratings in combination with rubbing technique were used
to orient LCs for the successful fabrication of a TNLC device for rotating the plane of
polarization of light has been presented. A twist angle of 92° + 10° was observed in the
zero and diffracted orders. The effects of an applied electric field on the transmitted and
the first order diffracted light intensities and on the twist angle were studied. The
polarization state of the transmitted light in the zero order was analysed by measuring
ellipticity. Ellipticity studies show that with application of electric field linearly
polarized light is converted to elliptically polarized light. By adjusting the voltage a

required degree of ellipticity can be obtained.

Attempts made to fabricate switchable LC devices by filling surface relief gratings in
an acrylamide based photopolymer with LCs were successful. However the diffraction
efficiency of these switchable LC diffraction gratings was low. To improve the
efficiency of the diffraction gratings, a composite with LCs and photopolymer which is
known as PDLCs was developed and the fabrication of switchable holographic volume

PDLC diffraction gratings is presented in next chapter.
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6. FABRICATION OF HOLOGRAPHIC POLYMER
DISPERSED LIQUID CRYSTALS DIFFRACTION
GRATINGS

6.1 Introduction

The composites in which LC droplets are embedded in a polymer matrix are known as
polymer dispersed liquid crystals (PDLCs). These PDLCs show the combined
properties of photopolymers and LCs. LC dispersions were first studied by Lehman in
1904. However, the development of PDLC materials for practical applications was
begun in mid 1980’s. They have a great potential for use in the electro optical devices,

display devices, switchable windows and light shutter devices [1-7].

The principle of operation of the PDLCs is based on light scattering [1, 2]. The PDLC
layers are sandwiched between two substrates which are conducting electrodes. The
micro sized LC droplets in the polymer binder show strong scattering of the light and
the layer is seen to be opaque. The layer can be switched from the scattering state to an
optically clear state by the application of suitable electric field. This behaviour shown
by these materials is the basis for display application. In the absence of a field the
directors of the droplets within the layer are randomly oriented. As a result, incident
light probes a range of refractive index values between n, and n., which are ordinary
and extraordinary refractive indices of LCs. Since nematic LCs are optically uniaxial,
indices experienced by incident light cannot be all equal to the polymer refractive index
n, and so incoming light is scattered by the micro droplets, giving rise to the opaque

state. This state is known as OFF state. When a sufficiently large electric field is
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applied, the LC molecules in the droplets are collectively reoriented with their directors
parallel to the applied field. Hence, under this condition the refractive index of polymer
(np) is equal to n, of LCs resulting in an optically clear state, so light is transmitted

with no scattering [1,2, 8-11]. This state is known as ON state.

6.1.1. PDLC preparation methods

PDLC materials are prepared by two different methods, encapsulation and phase
separation. The fundamental difference between these two methods is in the initial
solution of the prepolymer and LC. In the encapsulation (NCAP) method the solution is
inhomogeneous whereas in the phase separation method the solution of the prepolymer
and LCs is homogenous. The latter is the commercially used method to manufacture
these PDLC materials. There are three different methods for obtaining phase separation.
They are polymerization-induced phase separation (PIPS), thermally-induced phase

separation (TIPS) and solvent-induced phase separation (SIPS) [1, 2, 8-10]

Encapsulation (NCAP): In this method the PDLC layer is prepared by dispersing LCs
into a polymer which cannot dissolve LCs. The most common polymer used is
polyvinyl alcohol (PVA) which is water soluble. This prepared emulsion is coated onto
a conductive substrate such as ITO coated glass plate and allowed to dry, to form a
polymer film with embedded microdroplets. A second conductive substrate is laminated
on top to form the PDLC device. Ammonium polyacrylate and gelatin are also used as
encapsulating media for LCs. This method is simple and cheap but it is time consuming.
Studies of these samples using scanning electron microscopy (SEM) indicate that the
droplets can be interconnected and often are not uniform in size. Basically this type of

sample preparation has applications in high contrast light shutters.
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Polymerization-induced phase separation (PIPS): In this method the PDLC layers
are prepared by dispersing LCs into the prepolymer which may be a liquid or solid
formulation. The homogenous solution is sandwiched between conductive substrates
and the polymerization reaction is initiated by exposing to uniform or non-uniform
light. Phase separation of the LCs and the polymer occurs during polymerization and the
LC droplets are trapped in solid polymer. Droplet size and morphology have a strong
influence on the electro optical properties of the device. The size of the droplets can be
controlled by the rate of polymerization, LC content in the homogenous solution,

solubility of LC in polymer, viscosity and rate of diffusion.

Thermally-induced phase separation (TIPS): In this method a mixture of LCs and
polymer which has a melting temperature below its decomposition temperature is
formed. Usually thermoplastics are preferred for this method as they melt below their
decomposition temperature. A phase separation between LCs and polymer is induced by
cooling the homogeneous solution at a specific rate. The size of the LC droplets is

inversely proportional to the rate of cooling of the solution.

Solvent induced phase separation (SIPS): In this method the LCs and polymer are
dissolved in a common solvent to form a homogeneous solution. The solvent is then
removed by evaporation, resulting in phase separation and polymer solidification. This
method is useful with thermoplastics which melt above the decomposition temperature
of the thermoplastic or LCs and also in solvent coating techniques. The droplet size is
controlled by controlling the rate of solvent removal. Droplet size is inversely

proportional to the rate of solvent removal.
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In this work preparation of holographic PDLC layer is based on PIPS.

6.1.2. Holographic polymer dispersed liquid crystals materials

The combination of photopolymer holography and PDLCs has resulted in holographic
PDLCs (HPDLC). These HPDLCs are used in multiple applications such as switchable
transmissive and reflective diffraction gratings, lenses with switchable focus, optical
data storage, photonic crystals and fiber-optic couplers [5, 11-34]. HPDLCs are also
studied as novel materials for fabrication of optical components such as polarization
gratings [35-37]. A comprehensive review of HPDLC is given by Bunning et al. [5].
The fascinating features of HPDLC material are its high refractive index modulation,
volume hologram characteristics, anisotropic nature and electro optical behaviour. In
this material hologram recording is a simple single step which offers a unique approach
to the economical fabrication of electrically switchable devices. Holographic
illumination of the PDLC solution results in the periodical phase separation of LC rich
planes. Depending upon the orientation of LC rich droplet planes, the recorded
holograms are of two types, transmission or reflection [5]. There are a number of
research groups working on HPDLC materials [5, 9, 14, 18, 19, 22, 27, 31, 38].
Although there are a number of impressive reports describing the performance
parameters such as diffraction efficiency and switching voltage and transition time
between on and off states of these switchable holographic materials [5, 11-38] there is
still a growing need to produce materials that offer high diffraction efficiencies (DE),
low switching fields and fast response. The purpose of this study was to develop a new
HPDLC material and to fabricate switchable devices.

Initially LCs were mixed into an acrylamide based photopolymer. LCs couldn’t disperse

in this photopolymer which is water soluble and hence a new material which consists of
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monomers, co-initiator, photo sensitizer, a reactive diluent and LCs was developed in

this work. This PDLC material is not water soluble.

For HPDLC formulation two classes of monomers have been used. One is based on
free-radical addition polymerization of materials such as acrylate monomers [5, 32] and
urethane resins [30]. In some of the formulations, N-Vinyl pyrrolindinone (NVP) has
been used as a reactive diluent. The role of NVP in curing of the polymer is not well
understood [5]. The second type of HPDLC formulation utilizes a combination of free-
radical and step growth mechanism observed in materials such as Norland resins [21].
In this work acrylamide, N, N’- methylenebisacrylamide and n-vinyl-2-pyrrolidinone
(NVP) are used. NVP helps to dissolve the different components in the mixture and to
form a homogeneous solution. It was previously observed that by increasing the amount
of NVP in the solution helps in decrease the droplet size [39]. The monomers used in
this work can participate in a free radical added polymerization. Free radical addition
polymerization of multifunctional monomers leads to formation of polymer of high
molecular weight. In a free radical polymerization process the generation of free
radicals when light is incident onto the materials is an important process. This process is
also called the photoinitiation process. In this process the light is absorbed by an
appropriate dye, which reacts with an electron donor to produce the necessary initiating
free radicals. In the work presented here erythrosine B, a xanthene dye is used as a
photoinitiator and triethanolamine (TEA) is used as a co-initiator. The electro optical
performance and diffraction efficiency of the HPDLCs depend on the choice of the LC.
The refractive index of the polymer matches the ordinary refractive index of the LCs.
High optical anisotropy (An) and dielectric anisotropy (A€) are also important when

choosing LCs as they result in higher diffraction efficiency (DE) and lower switching
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fields. Different kinds of nematic LCs which are mixtures of cyanobiphenyls and higher
aromatic homologues (E7 & BL series) and mixtures of chloro and fluoro substituted
mesogens are used in HPDLC systems [5]. In this work E7 (An = 0.225 & n, = 1.521)

and BL037 (An = 0.282 & n, = 1.526) were used.

This chapter presents a novel PDLC used to record transmission HPDLC diffraction
gratings. Preliminary results on the fabrication and characterization of gratings are
reported. The electro optical switching behaviour was studied by measuring the light
intensity in the first order of diffraction. The performance of HPDLC depends on the
different parameters in which morphology of the LC/polymer composite, LC droplet
size and redistribution of LC droplets play important roles [5, 40-44]. The redistribution
of LC droplets after recording diffraction gratings was observed by using phase contrast

microscopy and confocal Raman spectroscopy.

6.2 Theory

When a PDLC layer consisting of monomers, photoinitiator, a reactive dilute and LCs is
exposed to an optical interference pattern, PIPS results in spatially periodic structures
with alternating polymer and LC rich planes in the volume of the layer. A diffraction
grating is created as a result of refractive index modulation between polymer and LC

rich planes as shown in figure 6.1.
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Figure 6.1 Creation of diffraction grating in PDLC layer.

There are different theoretical models explaining the formation of holograms in PDLC
material [38, 45-47]. The mechanism of the formation of a diffraction grating in a
PDLC layer is a result of counter diffusion of the components of the mixture and their
consequent phase separation. The main mechanism of recording in this material could
be the formation of polymer chains and diffusion of monomer and LCs. Two different
scenarios are possible. The first one is observed where the polymerization process is
faster than diffusion. During this the polymer chains grow into the dark fringes in the
interference pattern. The second one could be where the polymerization is slow
allowing monomer to diffuse from dark to bright regions of the interference pattern. In
the first case there is a probability of LC droplets to be trapped in the bright regions
whereas in the second case there is a probability of LC droplets to expelled to the dark

region [38].
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Figure 6.2 Operation of switchable HPDLC diffraction grating.

Linearly polarized light is used to study the electro optical switching behaviour of the
gratings. The operation of a HPDLC diffraction grating is shown in figure 6.2. When no
field is applied to the grating, the directors of the LC droplets within the layer are
randomly oriented. As a result, incident linearly polarized light probes a range of
refractive index values between n, and n., which are the ordinary and extraordinary
refractive indices of LCs and are different from the refractive index of photopolymer
(npy and hence the diffraction grating is in the ON state. When a sufficiently large
electric field is applied, the LC molecules in the droplets are collectively reoriented with
their directors parallel to the applied field. Under this condition n, = n, resulting in the

disappearance of diffraction orders and this is the OFF state [5].
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6.3 Experimental

6.3.1. Sample preparation

The components of this material are LCs (E7 or BL), n-vinyl-2-pyrrolidinone (NVP) as
reactive diluent, acrylamide and N, N’- methylenebisacrylamide monomers,
triethanolamine initiator and Erythrosin B sensitising dye. The LCs and NVP were
mixed well by using a magnetic stirrer. The remaining components were added and
mixed well with the stirrer. The solution was placed in an ultrasonic bath for 15-30 min
and finally the dye was added. The ultrasonic mixing creates uniform PDLCs solution.
Cells made from ITO coated glass plates were filled with this solution as shown in
figure 6.1. Before fabrication ITO coated glass plates were cleaned as explained in
chapter 4. Teflon spacers were placed on one ITO coated glass plate and another ITO
coated glass plate was placed on the spacers. Two sides of the assembly were glued,
keeping the other two sides open for filling the cell with PDLC material by capillary
action. The thickness of the empty cell was measured with WLI. After filling, the open
sides of the cell were glued immediately to avoid air gaps. Electrical contacts were

made using silver loaded epoxy resin.

6.3.2. Experimental setups

The experimental set up used to record diffraction gratings was shown in figure 3.2. A
spatially filtered and collimated laser of wavelength 532 nm was used. The linear s-
polarized laser beam was split by a beam splitter into two beams (s-polarized) which
were made to interfere at the PDLC layer as shown in figure 6.3. The spatial frequency
of the gratings was calculated by using the Bragg equation 2Asinf = 4, where A is the

fringe spacing, 0 is half the angle between the interfering beams and 4 is the wavelength
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of the recording beams. The spatial frequency of the interference pattern was adjusted to
200 lines/mm (such spatial frequency was required by the spatial resolution of for
Raman spectroscopy studies which will be discussed later), 300 lines/mm, 500 lines/mm
(for real time studies) and 1000 lines/mm. The required spatial frequency was obtained
by adjusting the angle between the two beams. Figure 6.3 includes the arrangement for
real time monitoring of the grating growth using a He-Ne laser of wavelength 633 nm at

which the material is not photosensitive.
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Figure 6.3 Experimental set up for recording and real time monitoring of diffraction gratings.
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Figure 6.4 Experimental setup to study electro optical properties of PDLC diffraction grating.
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The optical setup used to study electro optical switching behaviour of the diffraction
grating is shown in figure 6.4. A linearly s-polarized laser beam, wavelength 633 nm,
was used to probe the device at the Bragg angle of the diffraction grating. The
intensities in the zero and first orders were measured while applying a square wave
voltage at 1 KHz. The diffraction efficiency (77 ) and transmissivity (7), expressed as

percentages are given by equations (6.1) & (6.2) respectively.

1
=7 X100 o ©.1)
0 1
I, +1
7= 2100 e 6.2)

Where Iy is the intensity of the zero order, /; is intensity in the first order and /; is the

intensity of the incident beam.

6.4 Results

6.4.1. Switchable HPDLC diffraction gratings with E7 LCs:

6.4.1.1. Real time growth of HPDLC diffraction grating with E7 LCs

Growth of diffraction efficiency of gratings was studied in real time in 10 um thick
PDLC layers with 11 % by weight E7 LCs. Diffraction gratings were recorded at 500
lines/mm at different recording intensities. Figure 6.5 shows dependence of DE on the
exposure time. It is seen from the figure that the DE initially raises, and falls and further
increase with the increase in the exposure time. This behaviour of the DE with increase

in the exposure is usually observed in a system in which the diffusion process is slower
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than the polymerization processes. Similar behaviour was observed for different
recording intensities. It can also be seen from the figure that the DE is higher at higher
recording intensity. It is also seen from graph that the increase in the DE is observed

only after 200 sec exposure time.
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Figure 6.5 Diffraction efficiency growth during recording (a) at longer exposure time (b) at shorter
exposure time.
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As it is observed from the graph (figure 6.5(a)) the highest DE of the grating
corresponds to recording intensity of 10 mW/cm?”. This intensity dependence could be
explained as follows. When the layer is exposed to the interference pattern and
polymerization is induced in the bright region higher number of short polymer chains
will be created at higher intensity and their diffusion from bright to dark regions will
assist the LC droplet expel to the dark regions. In addition it has been previously
observed [10] that the LC droplet size is inversely dependent on the intensity of the
illuminating light. Smaller size droplet will diffuse more easily into dark regions and
this is in agreement with the observed kinetics and measured diffraction efficiencies in

figure 6.5.

Hence these studies show that using higher intensities and faster polymerization rate is
more efficient in diffraction grating formation. However, to understand the mechanism
of the formation of diffraction gratings in this material further experiments are needed at

different LCs concentrations and at different spatial frequencies.

6.4.1.2. Dependence of switching behaviour of HPDLC diffraction grating on
recording intensity:

Experiments were done to study the dependence of the DE of the grating and switching
voltage of the device on the recording intensities. The PDLC layers of 6um thick were
exposed to an interference pattern of 1000 lines/mm at 5 and 10 mW/cm? for 35 sec and

then the recorded gratings were uniformly exposed to UV light for 20 sec.
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Figure 6.6 DE% Vs potential gradient (V/um) for gratings recorded at different recording
intensities.

The switching behaviour of these devices is shown in figure 6.6. It is observed from the
graph there no significant difference between the DE at 10 mW/cm? and at 5 mW/cm®.
From the switching behaviour of these devices (figure 6.6) it was observed that the first
order diffracted beam disappears at around 3.5 V/um and 5.5 V/um for the gratings
recorded at 10 mW/cm?® and 5 mW/cm” respectively. This suggests that the LC droplet
size is big at higher intensity than at lower intensity. Figure 6.7 shows the normalized
transmissivity versus applied electric field at 10 mW/cm® and 5 mW/cm®. At both
spatial frequencies transmissivity increases with the field which shows that the
scattering losses are high at the beginning and reduce with applied electric field. The
slope of the transmissivity curve at 10 mW/cm? is greater than that at 5 mW/cm?. This
suggests that scattering is greater at 10 mW/cm? than at 5 mW/cm?”. This supports the

probability of bigger LC droplets in the device fabricated at 10 mW/cm?.
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Figure 6.7 Normalized transmissivity Vs potential gradient (V/um) at 10 mW/cm® and at 5
mW/cm’.

6.4.1.3. Dependence of switching behaviour of HPDLC diffraction grating on
spatial frequency:

Switchable diffraction gratings were recorded in PDLC layers with 11 % wt E7 LCs of
10 wm thickness by exposing them to interference patterns of light at 300 lines/mm and
1000 lines/mm with 10 mW/cm® recording intensity for 35 sec. After recording the
diffraction gratings were uniformly exposed to UV light of intensity 16 W for 20 sec to

completely polymerize remaining material.

The diffraction gratings were characterized by measuring the variation of intensities in
the first and zero orders of diffraction with applied AC voltage. The value of DE was
calculated by using equation 4.1 and is shown in figure 6.8. It was observed that the first
order diffracted beam disappears at around 2.5 V/um in the 300 lines/mm grating and

around 4 V/um for the 1000 lines/mm grating. This disappearance of the diffracted light
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is due to the refractive index of the LC droplets (directors aligned parallel to the applied
field) matching the refractive index of the polymer. In the HPDLC diffraction grating
of 1000 lines/mm in 5 um thick layer reported by Harbour et al., complete switching

was observed at 40 V/um [32].

300 lines/mm

i 1000 lines/mm

0o 1 2 3 4 5 6 17 8
Potential gradient, V/um

Figure 6.8 DE% Vs potential gradient (V/um) at 300 lines/mm and at 1000 lines/mm.

(a) (b)

Figure 6.9 The response of the switchable diffraction grating at 1000 lines/mm.
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The response time of the switchable diffraction grating at 1000 lines/mm is shown in
figure 6.9(a). Repeatability of the switching behaviour is shown in figure 6.9(b). From
figure 6.9(a) it is seen that the diffraction grating switches OFF in 300 ms and when
voltage is removed the grating switches ON in 1.5 sec. This switching behaviour is slow
compared to other reported devices [5, 32, 33] but these are preliminary results and they
show promise for the further optimization of the material to obtain low driving voltages
and faster switching time. The switching of the diffraction orders at 300 lines/mm is
shown in figure 6.10. The redistribution of LC droplets in the grating with spatial
frequency of 300 lines/mm was studied using phase contrast microscopy and is shown
in figure 6.11. It is observed that the LC droplet size is approximately equal to fringe
spacing i.e., around 3 um. As the droplet size matches the fringe spacing in the 1000
lines/mm grating the LC droplet size would be around 1um. The faster response of the
300 lines/mm grating also supports the suggestion that the LC droplet size is greater in

the gratings with 300 lines/mm.

Figure 6.10 Diffraction patterns for 300 lines/mm at V = 0 V/um (a) and at V =2.5 V/um (b).
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LC droplets

Figure 6.11 Phase contrast microscope image of redistribution of LC droplets at 300 lines/mm.

Figure 6.12 shows the normalized transmissivity versus applied electric field at 300
lines/mm and at 1000 lines/mm. At both spatial frequencies transmissivity increases
with the field which shows that the scattering losses are high at the beginning and
reduce with applied electric field. The slope of the transmissivity curve at 300 lines/mm
is greater than that at 1000 lines/mm. This suggests that scattering is greater at 300
lines/mm than at 1000 lines as expected for larger droplet size at 300 lines/mm. The
difference in the LC droplet size is most probably the reason for the higher switching
voltage at 1000 lines/mm compared with 300 lines/mm. The switching voltage is
expected to be higher when the droplet size is smaller [1, 6]. These results were
confirmed by Raman spectroscopy which has several advantages over other

spectroscopic techniques such as noninvasiveness and no need for sample preparation.
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Figure 6.12 Normalized transmissivity Vs potential gradient (V/um) at 300 lines/mm and at 1000
lines/mm.

6.4.1.4. Raman studies:

Blach et al. studied LC ordering and director field distribution inside individual droplets
in PDLC material using confocal micro-Raman spectrometry [23]. To study the
orientation of LC droplets in a PDLC diffraction grating the C=N (carbon-nitrogen triple
bond) stretching vibrational band at 2226 cm’' was used [48] and is shown in the

figure.6.13.

Samples were recorded at 200 lines/mm, with recording intensity of 5 mW/cm?” for 140
sec. After recording the sample was uniformly polymerized with UV light intensity of
16 W for 20 min. The probing of the sample was carried out at 514 nm wavelength. The
spectra were recorded in the range of 2000-2400 cm™ with a spatial resolution of 1.3

pm. All the spectra were fitted with a Lorentz function and a linear baseline.
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Figure 6.13 Raman Band of the C=N at 2226cm™.

Figure 6.14 shows Raman mapping across the PDLC grating at 2226 cm’. It is
observed that the intensity of C=N is changes periodically with a spatial period of 5 pm
which confirms that the LC droplets are aligned regularly and that the size of droplets is
equal to the fringe spacing which is 5 um. Similar behaviour is observed in the PDLC

gratings with 20 % E7 LCs as explained below.
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Figure 6.14 Raman mapping of the C=N band across the PDLC grating with 11 % E7 LCs.

To confirm redistribution of LCs droplets in HPDLC diffraction gratings, two sets of
samples were prepared with PDLC material with 20 % E7 LCs. One set of samples were
uniformly polymerized with UV light intensity of 16 W and in the other set of samples
diffraction gratings were recorded at 200 lines/mm with 10 mW/cm” recording intensity
for 70 sec exposure time. The spectra were recorded in the range of 2000-2400 cm'

with a spatial resolution of 2 pm.
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20 % E7 LCs (a) Raman Image of the PDLC grating (b).

Figure 6.15 shows Raman mapping across the PDLC uniform polymerized layer at 2226
cm™ and the Raman image of the layer. It is observed that the intensity of C=N is fairly
constant all over the mapping region which confirms that the LC droplets are not
aligned regularly. Figure 6.16 shows Raman mapping across the PDLC grating and the

Raman image of the grating. It is observed that the intensity of C=N is changes
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periodically with a spatial period of 5 um which confirms that the LC droplets are

aligned regularly.
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Figure 6.16 Raman mapping of the C=N band along the PDLC grating with 20 % E7 LCs (a)
Raman Image of the PDLC grating (b).

HPDLC diffraction gratings were fabricated with 11 % E7 PDLC material. The electro
optical switching of the diffraction grating was studied. When the field was removed the
90 % of the original DE was restored. To study the influence of the LCs on the DE of

the gratings, switchable HPDLC diffraction gratings were fabricated with nematic LCs
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whose optical anisotropy is more than that of E7 LCs. Here BL037 LCs (An = 0.282 and

n, = 1.526) were used.

6.4.2. Switchable HPDLC diffraction gratings with BL.037 L.Cs
Switchable diffraction gratings were recorded in PDLC layers with 11 % wt BL037
LCs, with 6 um and 3.5 um thickness spacers by exposing them to interference patterns
of 1000 lines/mm with 10 mW/cm” recording intensity for 35 sec. After recording the

diffraction gratings were uniformly exposed to UV light of intensity 16 W for 20 sec.

Switching behaviour of these devices is shown in figure 6.17. It is observed from the
graph that DE is slightly more in layers with 6 um thick spacers than in a 3.5 um
spacers. It was observed that the first order diffracted beam switched off at around 30
Vrus in 3.5 um spacer layers and in 6 um spacer layers at around 50 Vgys that is at the
same field strength. Also the slope of the plot of DE versus field during the transition
from ON to OFF in the 3.5 um device is greater than in the thicker one which one
would expect. Thus when the thickness is smaller the switching of the device is faster. It
is also observed from this graph that the DE of 6 um layers of BL037 is higher than in
the layers of E7 LCs. This could be explained by the fact that the optical anisotropy of

BLO037 (An = 0.282) is more than the optical anisotropy of E7 LCs (An = 0.225).
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Potential gradient, V/um

Figure 6.17 DE% Vs potential gradient (V/um) in layers with 3.5um and 6pm thick spacers.

Figure 6.18 (a) and (b) shows the response of the switchable diffraction gratings in
PDLC layers with 3.5 um and 6 um thick spacers respectively. As it is observed that the
time taken to switch from ON to OFF state in 3.5 um is ~ 300 ms which is much faster
than for the 6 um device (10 sec). From OFF state to ON state in the 3.5 pum (spacers)
device the time taken is ~ 2 seconds while in the 6 um (spacers) device it is ~ 20
seconds which shows that the response time is much slower in samples with 6 um

Spacers.
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Figure 6.18 The response of the switchable diffraction grating at 1000 lines/mm in 3.5 pm (a) and 6
um (b)

When the time response is compared with the samples with E7 LCs (figure 6.9), the
response of BL037 LCs samples (figure 6.17 (b)) is much slower although the DE is

much larger.

Normalized transmissivity versus applied electric field for different thicknesses of the

cell are shown in figure 6.19. At both spatial frequencies transmissivity increases with

157



the field which shows that the scattering losses are high at the beginning and reduce
with applied electric field. The slope of the transmissivity curve in thicker layer is
greater than that in thin layer. The switching at 1000 lines/mm in the layers with 6um

spacers is shown in figure 6.20.
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Figure 6.19 Normalized transmissivity Vs potential gradient (V/pum) at different thicknesses of the
dveice

(b)

Figure 6.20 Diffraction patterns for 1000 lines/mm in 10um thick layer at V=0 V/um (a) and at V=
6 V/pum (b).
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The DE was also observed at different azimuths of the probe beam and seen that the DE
changes with azimuth of the probe beam. This suggests that the recorded diffraction
gratings are anisotropic in nature. These observations were carried out in both kinds of

device with E7 and BL037 LCs.

6.5 Conclusions

Holographic PDLC diffraction gratings were fabricated using a novel PDLC
composition. The LCs used to prepare PDLC solutions were E7 and BLLO37 LCs. The
dependence of DE on the recording intensity showed that during recording of diffraction
grating the polymerization rate is faster than the diffusion rates in this material. The
diffraction gratings prepared with BL0O37 LCs show higher DE due to high optical
anisotropy. The electro-optical switching of these diffraction gratings was
demonstrated. The response time of the diffraction gratings fabricated with BL037 LC
was slow when compared to E7 LCs. The redistribution of the LC droplets was studied
using phase contrast microscopy and confocal Raman spectroscopy. The above studies
show the potential of this new PDLC material for the fabrication of electrically

switchable LC devices.

To improve the performance of the devices and to understand the mechanism of

recording in this material further experiments on recording conditions, composition and

thickness of the material are needed.
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7. CONCLUSIONS

Fabrication of LC optoelectronic devices by exploiting a) the holographic surface relief
effect in the photopolymer and b) a novel holographic PDLC material is reported in this
thesis. An acrylamide based photopolymer developed in the Centre for Industrial and
Engineering Optics was used as an alignment layer for the fabrication of LC devices.
The outstanding advantage of this material is the absence of any chemical post
recording treatment. Photoinduced surface relief gratings were recorded in an
acrylamide based photopolymer and the dependence of surface relief grating amplitude
modulation on recording parameters, physical and chemical characteristic properties
were studied. The experimental observations reveal that the diffusion of monomer from
dark to bright regions is the main mechanism involved in the formation of surface relief

grating in this photopolymer.

It was observed that with the increase in the spatial frequency of recorded grating the
amplitude of the surface modulation decreases. The dependence of surface relief
amplitude modulation on the recording intensity and exposure imply that the optimum
intensity and exposure time to record surface relief gratings with higher surface relief
amplitude modulation for the fabrication of LCs devices were 10 mW/cm?” and 35 sec
respectively. Post-exposure of the recorded gratings to uniform UV light leads to a 30%

increase in the surface relief amplitude.

As the TEA concentration is increased the surface relief amplitude modulation

decreases.
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The influence of thermal treatment on the surface relief amplitude modulation was
studied and it was found that when the surface relief gratings were heated above a given

temperature the surface relief amplitude modulation decreases.

The thickness of the alignment layer is very important for the fabrication of LC devices
in order to minimize the potential drop required across the device. The dependence of
surface relief amplitude modulation on the physical thickness of the layer was studied
and from the result it is observed that the most appropriate thickness was 10 wm because
for the fabrication of LC devices the thickness of the alignment layer should be small so
as to minimize the potential drop required across cell. At low spatial frequencies
profiles with doubled spatial frequency were observed and these profiles depend on the
thickness of the layer and the time of exposure. This could be due to shrinkage which
depends on the thickness of the layer and exposure time, which shows that shrinkage is
also responsible for the formation of surface relief gratings. Preliminary results from
work on crossed gratings show that there is an optimum exposure time to obtain a
crossed grating. These gratings show promise for the fabrication of variable focus lens

arrays with LCs.

Surface relief gratings were filled with LCs to fabricate switchable diffraction gratings
and a polarization rotator. Switchable diffraction gratings were successfully fabricated
by filling surface relief gratings with E7 and E49 LCs. The electro-optical switching of
these switchable diffraction gratings was demonstrated. The variation of DE with
applied voltage was studied. The diffraction gratings prepared with higher n. LCs show

higher DE because refractive index modulation between polymer and n. is larger.
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A novel technique where photoinduced surface relief gratings in combination with
rubbing technique was used to orient LCs for the successful fabrication of a twisted
nematic LC device for rotating the plane of polarization of light. A twist angle of 92° +
10° was observed in the zero and first orders. The presence of the limited number of
diffraction orders is the significant advantage of this device compared to commercially
available devices because it acts as a polarization rotator and as a beam splitter. The
influence of applied electric field on the transmitted and the first order diffracted light
intensities was studied by placing the device between crossed polarizers. It was
observed that the intensities in the zero and the first order decrease with the applied
electric field. The effect of applied electric field on the twist angle was also studied and
it was observed that the twist angle decreases with the applied electric field. These
results show the successful fabrication of a twisted nematic LC device. The state of
polarization of the transmitted light in the zero order as a function of applied electric
field was analysed by measuring the ellipticity. Ellipticity studies show that linearly
polarized light can be converted to elliptically polarized light with the application of
electric field. By adjusting the applied voltage a required degree of ellipticity can be

achieved.

These studies show the potential of photoinduced surface relief gratings in an
acrylamide based photopolymer for the fabrication of electrically switchable LC optical
components. However the drawbacks of this fabrication technique are slow time

response and low DE.

To improve diffraction efficiency of the switchable LC diffraction gratings, a new

PDLC material for recording holographic volume gratings was developed as a part of
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this work. Holographic PDLC diffraction gratings were fabricated by using this novel
PDLC composition. The LCs used to prepare PDLC solutions were E7 and BL037
LCs. The dependence of DE on the recording intensity and spatial frequency show both
diffusion and shrinkage could be responsible for the growth of diffraction gratings in
this material. The diffraction gratings prepared with BL0O37 LCs show higher DE. The
electro-optical switching of these diffraction gratings was demonstrated. The response
time of the diffraction gratings fabricated with BL0O37 LC was slow when compared to

E7 LCs.

The redistribution of the LC droplets was studied using phase contrast microscopy and
confocal Raman spectroscopy. These studies show the potential of this new PDLC

material for the fabrication of electrically switchable LC devices.

The significant contribution of this thesis to the scientific community is the fabrication
of LC devices by exploiting photoinduced surface relief gratings in an acrylamide based
photopolymer, a system in which there is no photochemical generation of surface
anisotropy. A novel fabrication technique for the fabrication of TNLC devices which

has advantages over the commercial fabrication method is reported.

A novel PDLC material for holographic recording has also been developed. The

successful fabrication of the switchable diffraction gratings shows the potential of this

new PDLC material for the fabrication of electrically switchable devices.
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FUTURE WORK

From the results of this thesis, there is a great deal of scope for further studies for
the fabrication of the holographic switchable LC devices using surface relief effect

and PDLCs.

The main objectives in future will be

1. Optimizing the recording conditions and physical parameters such as thickness
and composition to obtain optimum diffraction efficiency gratings in PDLC
composite.

2. To understand and propose a mechanism of formation of gratings in this PDLC.

3. To fabricate and test optoelectronic devices.

Fabrication of polarization rotators by adjusting the thickness of the cell and
using different LCs to improve the performance of the device.

Adjustable focus lenses based on surface relief gratings.

Fabrication of switchable diffraction grating (also polarization gratings) and

adjustable focus lenses using PDLC.
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