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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.

11



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].
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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
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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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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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Figure 5.13 Ellipticity verses applied voltage.

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 I 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.

Off state

(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 um.
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Figure 6.15 Raman mapping of the C=N band along the uniformly polymerized PDLC layer with
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 BL0O37 LCs (An = 0.282 and

n, = 1.526) were used.

6.4.2. Switchable HPDLC diffraction gratings with BL.037 LCs
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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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
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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 6.20 Diffraction patterns for 1000 lines/mm in 10um thick layer at V=0 V/um (a) and at V=
6 V/pm (b).

158



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.

159



References

1.

J. W. Doane, “Polymer Dispersed Liquid Crystal Displays.” in Liquid crystal:
Applications and Uses, B. Bahadur, World Scientific, 362-394, 1990.

K. Takatoh, M. Hasegawa, M. Koden, N. Itoh, R. Hasegawa and M. Sakamoto,
“Alignment technologies and applications of liquid crystal devices.” Taylor &
Francis, 2005.

P. J. Collings, “Liquid crystals: Nature’s delicate phase of matter.” Princeton
University press, 2002

M. Mucha, “Polymer as an important component of blends and composites with
liquid crystals.” Prog. Polym. Sci., 28(5), 837-873, 2003.

T. J. Bunning, L. V. Natarajan, V. P. Tondiglia and R.L Sutherland “Holographic
Polymer-Dispersed Liquid Crystals (H_PDLCs)”, Annu. Rev. Mater. Sci, 30, 83-
115, 2000.

S. J. Klosowicz, “Polymer-dispersed liquid crystals as prespective media for
display and optical elements”, Proceeding of the symposium on photonics
technologies for 7" framework program, 238-241, 12-14 Oct 2006.

H. Ren and S. T. Wu, “Inhomogeneous nanosacle polymer-dispersed liquid
crystals with gradient refractive index.” Appl. Phys. Lett., 81(19), 3537-3539,
2002.

R. Karapinar, “Electro-optic response of a polymer dispersed liquid crystal Film.”
Tr. J. of Physics, 22, 227-235, 1995.

A. Y. G. Fuh, K. L. Huang, C. H Lin, I-I C. Lin and I. M. Jiang, “Studies of the
dependence of the electra-optical characteristics of polymer dispersed liquid

crystal films on curing temperature.” Chinese J. of. Phy., 28(6), 551-557, 1990.

160



10.

11.

12.

13.

14.

15.

16.

17.

18.

S. J. Klosowicz and M. Aleksander, “Effect of polymer-dispersed liquid crystal
morphology on its optical performance”, Opto Electronics review, 12(3), 305-312,
2004.

C. Y Huang, MS. Tsai, CH Lin and A. Y. G. Fuh, “Scattering light interference
from liquid crystal polymer dispersion films” J. Appl. Phys., 41, 1436-1440, 2002.
M. S. Malcuit, M. E. Holmes and M. A. Rodriguez,” Characterization of PDLC
Holographic Gratings.” Lasers and Electro-Optics, 395-396, 2002.

L. V. Natarajan, D. P. Brown, J. M. Wofford, V. P. Tondiglia, R. L. Sutherland, P.
F. Lioyd and T. J. Bunning, “Holographic polymer dispersed liquid crystal
reflection gratings formed by visible light initiated thiol-ene photopolymeristion.”
Polymer, 47(12), 4411-4420, 2006.

J. Qi and G. P. Crawford “Holographically formed polymer dispersed liquid
crystal displays.” Displays, 25, 177-186, 2004.

L. McKenna, L. S. Miller and I. R. Peterson, “Polymer dispersed liquid crystal
films for modulating infra-red radiation.” Polymer, 45, 6977-6984, 2005.

A. Y. G. Fuh, M. S. Tsai, T. C. Liu and L. J. Huang, “Optically switchable
gratings based on polymer-dispersed liquid crystal films doped with a guest-host
dye.” ASID, 207-210, 1999.

T. J. Bunning, S. M. Kirkpatrick, L. V. Natarajan, V. P. Tondiglia and D. W.
Tomlin, “Electrically switchable gratings formed using ultrafast holographic two-
photon-induced photopolymerization.” Amer. Chem. Soc., 2000.

M. Jazbinsek, 1. D. Olenik, M. Zgonik, A. K. Fontecchio and G. P. Crawford,
“Characterization of holographic polymer dispersed liquid crystal transmission

Gratings.” J. Appl. Phys., 90(8), 3831-3837, 2001.

161



19

20.

21.

22.

23.

24.

25.

26.

. D. E. Lucchetta, L. Criante and F. Simoni, “Optical characterization of polymer
dispersed liquid crystals for holographic recording.” J.Appl.Phy, 93(12), 9669-
9674, 2003.

D. E. Lucchetta, R. Karapinar, A. Manni and F. Simoni, ‘“Phase-only modulation
by nanosized polymer-dispersed liquid crystals.” J.Appl.Phys, 91, 9, 2002.

Y. J. Liu, X. W. Sun, J. H. Liu, H. T. Dai and K.S. Xu, “ A polarization
insensitive 2x2 optical switch fabricated by liquid crystal-polymer composite.”
Appl. Phys. Lett., 86, 2005.

S. Harbour, T. Galstian, R. S. Akopyan and A. V. Galstyan, “Angular selectivity
asymmetry of holograms recorded in near infrared sensitive liquid crystal
photopolymerizsable materials.” Opt. Commu., 238, 261-267, 2004.

L. V. Natarajan, R. L. Sutherland, V. P. Tondiglia, and T. J. Bunning, “Electro-
optical switching of volume holographic gratings recorded in polymer dispersed
liquid crsyatls.” IEEE, 744-749, 1996.

K. Beev, L. Criante, D. E. Lucchetta, F. Simoni and S. Sainov, “Recording of
evanescent waves in holographic polymer dispersed liquid crystals.” J. Opt.
A:Pure Appl. Opt., 8, 205-207, 2006.

C. C. Bowley, P. A. Kossyrev, G. P. Crawford and S. Faris, “Variable-wavelength
switchable Bragg gratings formed in polymer-dispersed liquid crystals.” Appl.
Phys. Lett., 79(1), 9-11, 2001.

R. L. Sutherland, L. V. Natarajan, V. P. Tondiglia, and T. J. Bunning, “ Bragg
Gratings in an acrylate polymer consisting of periodic polymer-dispersed liquid

crystal planes.” Chem. Matter. , 5, 1533-1538, 1993.

162



27.

28.

29.

30.

31.

32.

33.

34.

R. A. Ramsey and S. C. Sharma, “Switchable holographic gratings formed in
polymer-dispersed liquid crystal cells by use of a He-Ne laser.” Opt. Lett., 30(6),
592-594, 2005.

K. Beev, S. Sainov, T. Angelov and A. G. Petrov, “Investigation of Bragg gratings
recorded liquid crystals.” J. of optoelectronic and advanced materials, 6(3), 799-
803, 2004.

V. K. S. Hsiao, T. C. Lin, G. S. He, A. N. Cartwright, P. N. Prasad, L. V.
Natarajan, V. P. Tondiglia and T. J. Bunning, “Optical microfabrication of highly
reflective volume Bragg gratings”, Appl. Phys. Lett., 86, 131113(1-3), 2005.

C. C. Bowley, A. K. Fontecchio, G. P. Crawford, J. J. Lin, L. Li, and S. Faris,
“Multiple gratings simultaneously formed in holographic polymer-dispersed
liquid-crystal displays.” Appl. Phys. Lett., 76(5), 523-525, 2000.

G. Zharkova, 1. Samsonova, S. Streltsov, V. Khachaturyan, A. Petrov and N.
Rudina, “Electro-optical characterization of switchable Bragg gratings based on
nematic liquid crystal-photopolymer composites with spatially ordered structure.”
Microelectronic Engineering, 81, 281-287, 2005.

S. Harbour, L. Simonyan and T. Galastian, “Electro-optical study of acrylate
based holographic polymer dispersed liquid crystals with broad band
photosensitivity” Opt. Commun., 277, 225-227, 2007.

J. Zhou, D. M. Collard and M. Srinivasarao, “Switchable gratings by spatially
periodic alignment of liquid crystals via patterned photopolymerization” Opt.
Lett., 31 (50), 652-654, 2006.

L.Criante, F. Vita, R. Castagna, D. E. Lucchetta and F. Simoni, “Characterization
of blue sensitive holographic polymer dispersed liquid crystal for micro

holographic data storage”, Mol. Cryst. Liq. Cryst., 465, 203-215, 2007.

163



35

36.

37.

38

39.

40.

41.

42.

. G. Cipparrone, A. Mazzulla and G. Russo, “Diffraction gratings in polymer-
dispersed liquid crystals recorded by means of polymerisation holographic
technique.” Appl. Phy. Lett., 78(9), 1186-1188, 2001.

A. Y. G. Fuh, C. R. lee and T. S. Mo, “Polarization holographic grating based on
azo-dye-doped polymer-ball-type polymer-dispersed liquid crystals.” J. Opt. Soc.
Am. B, 19(11), 2590-2594, 2002.

Y-q. Lu, F. Du and S-T. Wu, “Polarization switch using thick holographic
polymer-dispersed liquid crystal grating.” J. App. Phy., 95(3), 810-815, 2004.

. R. Caputo, A. V. Sukhov, N. V. Tabirian, C. Umeton and R. F. Ushakov, “Mass
transfer processes induced by inhomogeneous photo-polymerisation in a
Multicomponent medium.” Chem. Phys., 271, 323-335, 2001.32

T. J. White, W. B. Liechty, L. V. Natarajan, V. P. Tondiglia, T. J. Bunning and C.
A. Guymon, “The influence of N-vinyl-2-pyrrolidinone in polymerization of
holographic polymer dispersed liquid crystals (HPDLCs).” Polymer, 47, 2289-
2298, 2006.

R. M. Henry, S. C. Sharma, R. A. Ramsey, M. L. Cramer and J. B.Atman,
“Effects of formulation variables on liquid crystal droplet size distributions in
ultraviolet-cured polymer dispersed liquid crystal cells.” J. of Polymer Science:
Part B: Polymer physics, 43, 1842-1848, 2005.

T. Kyu and H. W. Chiu, “Morphology development during polymerisation-
induced phase separation in polymer dispersed liquid crystal.” Polymer 42, 9173-
9185, 2001.

P. Malik and K. K. Raina, “Droplet orientation and optical properties of polymer

dispersed liquid crystal composite films.” Opt. Materials, 27, 613-617, 2004.

164



43.

44,

45.

46.

47.

48.

Y.J. Liu, X. W. Sun, H. T. Dai, J. H. Liu and K.S. Xu, “Effect of surfactant on the
electro-optical properties of holographic polymer dispersed liquid crystal Bragg
gratings.” Opt. Material, 27, 1451-1455, 2005.

M. Wang, W. Li, Y. Zou and C. Pan, “A study on the effects of the UV curing
process on phase separation and electro-optical properties of a polymer-network-
dispersed liquid crystals.” J. Phys. D: Appl. Phys., 30, 1815-1819, 1997.

S. Massenot, J. Luc Kaiser, R. Chevallier and Y. Renotte, “Study of the dynamic
formation of transmission gratings recorded in photopolymers and holographic
polymer-dispersed liquid crystals.” Appl. Opt., 43(29), 5489-5497, 2004.

A. Veltri, R. Caputo, C. Umeton and A. V. Sukhov, “Model for the photoinduced
formation of diffraction gratings in liquid crystalline composite materials.” Appl.
Phys. Lett., 84(18), 3492-3494, 2004.

A. V. Galstyan, R. S. Hakobyan, S. Harbour and T. Galstian, “Study of the
inhibition period prior to the holographic grating formation in liquid crystal
photopolymerizable materials.” electronic-Liquid Crystal Communications, May
07, 2004.

http://www.e-lc.org/Documents/Tigran V_Galstian 2004 05 05 11 13 17.pdf

10-3-2006.
J. F. Blach, A. Daoudi, J. M. Buisine and D. Bormann, “Raman mapping of

polymer dispersed liquid crystal.” Vibrational spectroscopy, 39, 31-36, 2005.

165



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 BL037 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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