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Chapter

An Overview of
Polymer-Dispersed Liquid
Crystal Composite Films and
Their Applications
Anuja Katariya Jain and Rajendra R. Deshmukh

Abstract

Inherent and incredible properties of liquid crystals (LC) such as optical and
dielectric anisotropy make them special candidates for flat-panel display devices;
bi-stable reflective displays; high-definition spatial light modulators; switchable
windows; haze-free normal- and reverse-mode light shutter devices; projectors;
optical, thermal and strain sensors; tuneable lenses; etc. Non-linear response of LC
material to the applied electric field is very useful in the above-mentioned applica-
tions. When a low molecular weight LC material is doped in a high molecular
weight polymer matrix to obtain polymer-dispersed liquid crystal (PDLC) films, it
offers flexibility and mechanical strength (structural stabilization) to the composite
films—PDLC devices. Depending upon the concentration of monomer/polymer,
these composite films are classified as polymer-stabilized liquid crystal (PSLC),
PDLC and holographic PDLC (HPDLC) films. Depending upon the process condi-
tions, we get phase-separated randomly dispersed micron-sized LC droplets in a
continuous polymer matrix. These nematic LC droplets exhibit light scattering
transmission properties depending on their orientation, which can be controlled by
external electric field. This chapter gives deep insight about operating principle,
phase separation techniques involved, alignment of LC and controlling LC droplet
morphology of PDLC films to obtain desired properties. In order to improve the
optical efficiency and to obtain the desired result from PDLC films, various guest
entities such as dye and nanomaterials are doped in the host LC material. This
chapter also accounts for various possible LC dopants desired for improving the
electro-optic (EO) and dielectric properties of PDLC devices. Various applications
of PDLC composite films are also described in this chapter.

Keywords: nematic liquid crystal, polymer-stabilized liquid crystal,
polymer-dispersed liquid crystal, holographic polymer-dispersed liquid crystal,
phase separation techniques, electro-optic and dielectric properties of PDLC

1. Definition and history of liquid crystals

Liquid crystal (LC) is a thermodynamic phase of a condensed matter, interme-
diate of (in between) conventional isotropic liquid and three dimensionally ordered
solid crystal with only orientational order but no positional order [1]. It holds
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properties of liquid such as fluidity, coalescence and formation of droplets as well as
crystalline properties such as order and anisotropy in optical, electrical and mag-
netic properties (as summarized in Table 1) [2]. The difference between molecular
arrangement of solid, liquid crystal and liquid is shown in Figure 1.

This phase of matter was discovered by the Austrian botanist Friedrich Reinitzer
in the year 1888 while he was studying the compounds cholesteryl benzoate and
cholesteryl acetate. He observed colored phenomena occurring in melts of
cholesteryl acetate and cholesteryl benzoate. In addition, he reported that the com-
pound cholesteryl benzoate has two distinct melting points. Its crystal transforms
into hazy liquid at a temperature 145.5°C, and with the further increase in temper-
ature, it suddenly turns into isotropic liquid at a temperature 178.5°C [3]. The word
“liquid crystal” for this unusual phase of material was coined by German Physicist,
Otto Lehmann, a specialist in polarizing optical microscopy [4]. Friedrich
Reinitzer’s and Otto Lehmann’s studies revealed that liquid crystals (LCs) can rotate
the direction of polarization of light and reflect circularly polarized light [5]. The
history of the development of LCs can be divided into three phases: the first phase is
from the discovery of LC (1888) to the acceptance of its existence (1925). Friedel’s
article about classification of LC, along with the publications on synthesis and
studies of new LC materials by organic chemists in Germany, notably Vorlander
[6, 7], provided a firm basis for the development of the subject. In the period from
1925 to about 1960, research in the field of LC was at a low level; however contri-
bution of some devoted researcher has been summarized here: Vorlander synthe-
sized a number of compounds forming LC phases, some of them showing up to
three different mesophases. A lamellar and tilted lamellar structure was found by
Herrmann for some thallium soaps [8]. In this period, the effect of external electric
or magnetic field on the LC has been recognized, modifications of surface to orient
LC has been done, and significance of anisotropic physical properties of aligned
LC has been understood, which was the foundation of display technology of the
future world. Synthesis of new LC materials and their structure–property

Solid Liquid crystal Liquid

Anisotropic Anisotropic Isotropic

Rigidity Fluidity Fluidity

Ordered Ordered Disordered

3-D lattice 0/1/2 lattice No lattice

Table 1.
Properties of solid, liquid crystal and liquid.

Figure 1.
Molecular arrangement of solid, liquid crystal and liquid.

2

Liquid Crystals and Display Technology



relationships has been explained using principles commencing from swarm theory
to continuum theory. Identification of mesophases, determination of transition
temperatures and awareness about defect textures through polarizing optical
microscope (POM) appreciably helped in developing a new era of LC applications
[9]. The beginning of the third period (1960 to the present time) gives us a famous
statistical Maier and Saupe mean field theory which states about the isotropic-
nematic phase transition [10, 11]. Synthesis of new LC materials is ongoing.
Classification, molecular structure and properties of LCs, defects characterizing
microscopic textures of LC phases and existence of blue phases are some topics,
which are now well understood [12–14]. The decade of 1970 is known for
announcing application of LCs as display devices. Expansion of theories and their
employment in practical applications give rise to new LC science from display
world to beyond display technology as well. Having high resolution and high
brightness and being lightweight, flexible and an energy saver make LC devices
attractive and competitive in the high-tech world. LC science has been now well
acknowledged and documented, but it is still thriving. Liquid crystal displays
(LCDs) are like a milestone for the future world, but a continuous evolution via
dedicated research is still anticipated.

2. Types and phases of liquid crystals

This special class of materials are moderate-sized organic molecules, composed
of flat segments like benzene rings, double bonds, strong dipole and easily polariz-
ing groups [15]. Depending upon the molecular structure, LC compounds may have
one or many phases (polymorphism), characterized by order and symmetry. LCs
can be broadly classified into two generic classes: thermotropic and lyotropic [1].
Commonly found LCs from either group possess a remarkable polymorphism and
give rise to various mesophases such as nematic, smectic, cholesteric, columnar
and blue phases in thermotropic LC and discontinuous, hexagonal, lamellar,
bicontinuous, reverse hexagonal and inverse cubic phases in lyotropic LC,
depending upon the type, amount and proportion of ordering in it [16]. Sometimes,
thermotropic LCs are also cataloged as rod-like (calamatic) and disk-like (discotic).
Thermotropic LC are single compounds, whereas lyotropic LC are always mixtures.
The LiqCryst database accounts for more than 39,000 nematic phase compounds,
about 18,000 chiral compounds and more than 6000 ferroelectric SmecticC* phase
compounds [17]. Some day-to-day life examples of LCs are soap solution, tobacco
mosaic virus, protein and cell membrane.

2.1 Thermotropic liquid crystals

Thermotropic LCs are comprised of rod-like organic molecules and exhibit
phase transition into the LC phase as a function of temperature. At very low
temperature, most LC materials are in anisotropic phase, but with the increase in
temperature, these LC materials acquire isotropic phase along with so many inter-
mediate phases such as smectic, nematic, cholesteric etc., which are described
below [1, 15].

2.1.1 Nematic phase

As the temperature of isotropic phase (no positional or orientation order) is
lowered, the LC material undergoes a transition to the nematic phase. It is a trans-
parent or translucent low-viscosity liquid and a stable LC phase in a particular
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temperature range. It is the most common LC phase of calamatic or rod-shaped
organic molecules, as shown in Figure 2(a) [4].

The structure of a typical nematic LC is shown in Figure 2(b), and each entity
has exclusive function. The terminal group (e.g. (C6H13)n) determines dielectric
constant and anisotropy, and benzene rings provide short-range molecular forces
which affect electrical and elastic properties; the linkage group stabilizes LC against
moisture, UV radiation and chemicals, and the side chain (e.g. cyano group) influ-
ences the elastic constants and transition temperature of LC. Figure 2(c) represents
example of nematic LC. Nematic LCs lack positional order, but have self-aligning
long-range directional order with their long axes almost parallel, characterized by a
nematic director n̂, which is the average direction of the ensemble of molecules [15].
The director n̂ is a function of space with unit magnitude and n̂ = �n̂. Thus, the LC
molecules in nematic phase are free to flow with three translational degrees of
freedom, and their centre of mass positions is randomly distributed as in a liquid, but
still maintains their long-range directional order. In nematic phase of LC, one axis is
generally longer and preferred than the other two, i.e., they are uniaxial and can be
approximated as cylinders and rods. The easy alignment of these uniaxial nematic LC
using electric or magnetic field makes them optically uniaxial and prominent in
display devices. However, some LCs are biaxial nematic, i.e., in addition to orienting
along their long axis, they also orient along a secondary axis [1, 18]. As the nematic
LC is relatively a low-viscosity fluid, it easily gets deformed by small external forces.
In a deformed LC, the director direction n̂ changes from point to point. These LC
deformations can be explained using three basic deformations: splay, twist and bend,

Figure 2.
(a) Molecular arrangement, (b) general chemical structure and (c) example of nematic liquid crystal.
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and their associated elastic constants are K11, K22 and K33, respectively. The free
energy of distortions of nematic LC is given by Eq. (1) [19]:

F ¼
1

2
K11 ∇:n

!
� �2

þ K22 n
!
:∇� n

!
� �2

þ K33 n
!
� ∇� n

!
� �2

� �

(1)

2.1.2 Cholesteric phase

The cholesteric LC phase is typically composed of nematic mesogenic molecules
containing chiral centres. Chiral molecules have no internal planes of symmetry and
produce a twist in the nematic structure by inducing intermolecular forces which
favour alignment between molecules at a slight angle to one another. They are
composed of quasi-nematic layers. Their individual directors are turned by a fixed
angle on proceeding from one layer to the next as shown in Figure 3(a). The
rotation is constrained in a plane perpendicular to the pitch direction. The pitch (p)
is the distance over which the director of LC molecules undergoes a full twist of 2π
angle. As the phase directors at 0° and 180° are equivalent, the arrangement of
molecules in the chiral nematic phase repeats at every half pitch (p/2). Due to this
strong twisting effect, in a definite spectral range, cholesteric phase shows a selec-
tive reflection of the circularly polarized light of wavelength equal to pitch length.
The pitch length p can be altered by varying temperature or adding other materials
in LC host. With the increase in temperature, the angle at which the director
changes increases, which in turn decreases the pitch length and vice versa
[4, 20, 21]. The free energy of distortions in cholesteric LC is given by Eq. (2)

F ¼
1

2
K11 ∇:n

!
� �2

þ K22 n
!
:∇� n

!
þ q0

� �2
þ K33 n

!
� ∇� n

!
� �2

� �

(2)

where q0 ¼ 2π
p corresponds to the intrinsic twist of the system. For nematics p is

infinite; therefore q0 vanishes from free energy equation of nematic LC [22].
Figure 3(b) represents example of cholesteric LC.

Figure 3.
(a) Molecular arrangement and (b) example of cholesteric LC phase.
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2.1.3 Blue phase

The blue phases are a set of thermodynamically distinct phases that occur at the
boundary of the helical phase and isotropic phase of highly chiral LCs within a small
temperature range. It was first observed by Reinitzer in 1888 as an unstable phase,
and after a century (in 1975), they were shown to be stable and distinct thermody-
namic phase by Armitage and Price [23, 24]. In the absence of electric fields, in the
order of increasing temperature, there can be three blue phases: BPI*, BPII* and
BPIII*. BPI* has body-centred cubic symmetry, BPII* possess simple cubic symme-
try and BPIII* is with a local cubic lattice only. BPI* and BPII* reflect blue light, as
their name suggest, whereas BPIII* phase is observed at highest temperature and
appears fogy because of which it is called as fog phase or blue fog [25, 26]. The
building structure element of BPI* and BPII* phase is double-twist cylinders
(Figure 4(a)). The double-twist cylinder is a local structure of minimum free
energy with local director rotating around any given radius of the cylinders. Free
energy of blue phases is lower than the free energy of chiral nematic phase because
here molecules twist in two dimensions simultaneously (Figure 4(b)). As the local
twist is increased, the cylinder becomes strained and distorted. Therefore, blue
phase cannot have a single, large double-twist structure; instead it consists of many
of these double-twist structures arranged in a lattice with cubic symmetry. But for
elastic reasons, it is only possible by introducing a lattice of topological defects
[27, 28] as shown in Figure 4(c).

2.1.4 Smectic phase

Upon cooling, nematic phase LC transforms into smectic phase. The distin-
guished feature of smectic phase LC is their stratification. In addition to the orien-
tational order, their molecules form well-defined layers which can slide over one
another. Thus, they are positionally ordered along one direction with two transla-
tional degrees of freedom. The increased order indicates that the smectic phase is
more solid-like than the nematic. Several different smectic classes (phases) have
been discovered so far, and some of them are discussed here. In the smectic A
(SmA) phase, on average, the molecules are parallel to one another possessing
orientational order and are arranged in layers, with the long axes perpendicular to
the layer plane. The orientational order is characterized by the director n̂ analogous
to the nematic LC but restricted within a specific layer/plane. Within the layers the
centre of mass of the molecules is ordered at random and has no correlation
between intra-plane centres of masses. Thus, the SmA phase (Figure 5(a)) pos-
sesses the one-dimensional quasi long-range positional order, and within the layers,

Figure 4.
(a) Double twisted structure with two helical axes, h1 and h2 in a blue phase LC, the directors perform a
rotation of 90o across the diameter. (b) Perspective view of the double twist cylinder, the angle of directors at the
outer edge of the cylinder is 45°, relative to the central axis. (c) Local arrangement of three double twist
cylinders forming a defect region, which eventually leads to the three-dimensional, cubic lattice of defects
observed in blue phases.
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molecules show relatively high mobility. The thickness of layer is equal to molecular
length. The SmA LCs are optically positive and uniaxial with the optic axis parallel
to the molecular long axes. The layers of the SmA LC can be bended in a way
causing splay deformation. Bend and twist deformations are prohibited in this LC
phase. The free energy density equation is given by Eq. (3)

F ¼
1

2
K11 ∇:n

!
� �2

� �

(3)

Upon further cooling, the smectic B (SmB) (Figure 5(b)) and smectic C (SmC)
(Figure 5(c)) phases are formed. The SmB mesophase orients with the director
perpendicular to the smectic plane, but the molecules are arranged into a network
of hexagons within the layer. In the SmC mesophase, molecules are arranged as in
the SmAmesophase, but the director is at a constant tilt angle measured normally to
the smectic plane. For some material the tilt angle is constant, but for others it is
temperature dependent. The centre of mass of the molecules is randomly oriented/
ordered, and the molecules are free to rotate around their long axes. SmC phases
are optically biaxial. If the molecules of SmC LC are in chiral state, then they are
designated as smectic C* (SmC*) (Figure 5(d)) state, and the direction of the
director projection is rotated from layer to layer forming a helix. Therefore, these
phases appear optically positive uniaxial and show optical activity and selective
reflection similar to the cholesteric phase. The SmC* shows ferroelectric properties
if their molecules have permanent dipole moment perpendicular to their long axes.

In some smectic phases (e.g. Smectic G phase), the molecules are affected
by the various layers above and below them. Therefore, a small amount of

Figure 5.
Molecular arrangement in (a) smectic A phase, (b) smectic B phase, (c) smectic C phase, (d) smectic C* phase
and (e) example of smectic phase.
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three-dimensional order is observed in them [1, 2, 15, 21]. Figure 5(a–d) shows the
molecular arrangement in all types of smectic phases, and Figure 5(e) is an example
of smectic phase.

2.1.5 Discotic phase

Apart from the rod-like molecules, more advanced-shaped LCs are possible such
as disk-like (Figure 6(a)) which can give rise to other types of ordering. They were
first discovered in carbon precursor compounds with a transient existence by
Brooks and Taylor in stable low molecular weight systems [29, 30].

Disk-shaped LC molecules can orient themselves in a layer-like manner termed
as the discotic nematic phase. This phase is called as a discotic columnar, if their
disks pack into stacks/columns. Again, these columns may organize themselves into
rectangular or hexagonal arrays [31]. Discotic LCs are composed of an aromatic core
surrounded by flexible chains as shown in Figure 6(b). The aromatic cores allow
charge transfers in the stacking direction through the π conjugate system, due to
which these LCs become electrically semiconducting along the stacking direction.

2.1.6 Banana-shaped LC

Sterically induced packing of bent core (banana-shaped) LCmolecules (Figure 7(a))
is interesting frommany viewpoints. These are the first ferroelectric and anti-
ferroelectric LCs, which contain no chiral carbon atoms; however they can introduce
chirality to the system [32]. One example of banana-shaped LC is shown inFigure 7(b).

Figure 6.
(a) Molecular arrangement and (b) example of disk-shaped LC.

Figure 7.
(a) Molecular arrangement and (b) example of banana-shaped LC.
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2.2 Lyotropic liquid crystals

Another class of LCs is named as lyotropic LCs, having two distinct parts/
building blocks—hydrophobic and hydrophilic. Their properties depend on the
concentration in the solvent and the shape of the molecule. Soaps and detergents are
some common examples of lyotropic LCs. It consists of two or more components
that exhibit phase transition into the LC phase as a function of both temperature
and concentration of the molecules in a solvent (generally water). The solvent
molecules fill the space around the compounds and provide fluidity to the system.
In lyotropics, along with temperature, concentration is another degree of freedom
that enables them to induce a variety of different phases. A compound which has
two immiscible hydrophobic and hydrophilic parts within the same molecule is
termed as an amphiphilic molecule. Depending on the volume balances between the
hydrophobic part and hydrophilic part, many amphiphilic molecules show lyotropic
liquid-crystalline phase sequences. These structures are formed because of the
micro-phase segregation of two incompatible components on a nanometre scale. At
very low amphiphile concentration, the molecules are randomly dispersed in a
solvent without any order. At slightly higher concentration, amphiphilic molecules
spontaneously assemble into micelles or vesicles. This is done to “hide” the hydro-
phobic tail of the amphiphile inside the micelle core, exposing a hydrophilic (water-
soluble) surface to aqueous solution. However, these spherical objects do not order
themselves in solution. At higher concentration, the assemblies are well ordered. An
example of such phase is a hexagonal columnar phase (Figure 8(a)). In this phase,
the amphiphiles form long cylinders (again with a hydrophilic surface) that arrange
themselves into a roughly hexagonal lattice. This is called the middle soap phase. At
further higher concentration, a lamellar phase (Figure 8(c)) (neat soap phase) may
form. In this phase extended sheets of amphiphiles are separated by thin layers of
water. For some systems in between the hexagonal and lamellar phases, a cubic
phase (Figure 8(b)) (viscous isotropic) may exist. In this phase spheres are formed
that create a dense cubic lattice. These spheres may also be connected to one
another, forming a bicontinuous cubic phase. The objects created by amphiphiles
are usually spherical (as in the case of micelles), but sometimes disk-like (bicelles),
rod-like or biaxial (all three micelle axes are distinct) objects are also possible. These
anisotropic self-assembled nanostructures can then order themselves in similar way
as thermotropic LCs do, forming large-scale versions of all the thermotropic phases
(such as a nematic phase of rod-shaped micelles). For some systems, at high con-
centrations, inverse phases are observed, i.e., one may generate an inverse hexago-
nal columnar phase (columns of water encapsulated by amphiphiles) or an inverse

Figure 8.
Molecular arrangement of (a) hexagonal phase, (b) micellar cubic phase and (c) lamellar phase of
lyotropic LC.
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micellar phase (a bulk LC sample with spherical water cavities) [33, 34]. Different
lyotropic phases are listed below:

1.Hexagonal phase (hexagonal columnar phase) (middle phase) (Figure 8(a))

2.Discontinuous cubic phase (micellar cubic phase) (Figure 8(b))

3.Lamellar phase (Figure 8(c))

4.Bicontinuous cubic phase

5.Reverse hexagonal columnar phase

6.Inverse cubic phase (inverse micellar phase)

By varying concentration, even within the same phases, their self-assembled
structures can be tuned. For example, in lamellar phases, distance between the
layers increases with the solvent volume. Since lyotropic LCs indirectly depend on a
subtle balance of intermolecular interactions, it is difficult to analyse their proper-
ties and structures as compared to those of thermotropic LCs. Similar type of phases
and properties has been observed in immiscible diblock copolymers.

3. Properties of liquid crystals

3.1 Order parameter

To quantify amount of the orientational order in the LC phase, the term order
parameter has been introduced; it is a second-rank symmetric traceless tensor
defined as

S ¼
1

2
3 cos 2θ � 1
� �

; For nematic phase 0:5< S<0:7 (4)

Figure 9.
(a) Liquid crystal director direction and (b) temperature dependence of order parameter.
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where θ is the angle between the axis of an individual molecule and the local
director n̂ as shown in Figure 9(a). It is the preferred direction in a volume element
of a LC, and the average is taken over the complete ensemble. The bracket denotes
both temporal and spatial average. For a completely isotropic sample, S = 0,
whereas for a perfectly aligned sample, S = 1. For a typical LC sample, the value of S
is 0.3 to 0.9, and for nematic LC, it is 0.5–0.7. Figure 9(b) shows the temperature
dependence of order parameter (S), which follows an inverse relation [11, 35, 36].

3.2 Anisotropy in liquid crystals

LCs exhibit uniaxial symmetry around the director, which gives them shape
anisotropy. The shape anisotropy of LC and their resulting interactions with the
surrounding environment (applied fields) leads to an anisotropy in many other
physical properties such as refractive index (RI), dielectric permittivity, magnetic
susceptibility, viscosity and conductivity.

3.2.1 Optical anisotropy

LCs are optically anisotropic materials and show birefringence. LCs have two
direction-dependent refractive indices, ordinary RI ( no) and extraordinary RI ( ne)
with birefringence:

∆n ¼ ne � no: (5)

Also, the average RI is given by

nav ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1

3
n2e þ 2n2o
	 


r

(6)

Figure 10.
Indicatrix of optically uniaxially material: (a) positive birefringent material and (b) negative birefringent
material.
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The value of ∆n may be positive or negative, which can be represented by
indicatrix as shown in Figure 10. For uniaxial crystal, it is ellipsoid where the
rotational axis is identical to the optical axis [34, 37, 38].

For rod-like molecules (Nematic LC) ne > no, where ∆n is positive and between
0.02 and 0.4. For discotic and chiral nematic molecules ne < no, and thus negative
birefringence is associated with the discotic or columnar phase.

The values of optical anisotropy ∆n can be increased [39]:

1.by replacing saturated aromatic rings with the unsaturated ones

2.with the elongation of the conjugation chain parallel to the long molecular axis

3.by increasing the values of the order parameter S or decreasing the value of
temperature

4.by shortening the alkyl chain of the end molecular groups in homologous series
in the form of even-odd alternation

In general, birefringence ∆n of LCs decreases as the wavelength of the incident
light or the temperature increases. Also, if the temperature of the LC material is
raised up to its clearing point/nematic-isotropic temperature (TNI), its internal
order gets destroyed, and it behaves like an isotropic liquid with RI niso as shown in
Figure 11.

3.2.2 Dielectric anisotropy

Dielectric properties of LCs are related to the response of LC molecules upon
application of an electric field. Permittivity is a property of a material that deter-
mines how dielectric medium affects and is affected by an electric field. It is
determined by the capability of a material to polarize upon application of an electric
field and in turn partially cancels the field induced inside the material [40, 41].

Figure 11.
Temperature dependence of refractive index (RI).
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In the LC materials, consisting of non-polar molecules, there is only an induced
polarization, which consists of two parts: the electronic polarization (which is also
present at optical frequencies) and the ionic polarization. In the LCs with polar
molecules, the orientational polarization exists along with the above-mentioned
polarization. Considering the uniaxial LC phases in a macroscopic coordinate sys-
tem, x, y and z, with the z-axis parallel to the director n̂, it is possible to distinguish
two principal permittivities, parallel to the director εǁ ¼ εzz and perpendicular to the
director ε⊥ ¼ 1=2 εxx þ εyy

	 


. εǁ is the characteristic of nematic LCs, as it corresponds
to the polarization contribution related to the molecules. Then the dielectric anisot-
ropy ∆ε ¼ εǁ � ε⊥ can take positive or negative values. If the value of ∆ε>0, then
LC molecules align parallel to the field, whereas if the value of ∆ε<0, then the LC
molecules tend to align perpendicular to the field (Figure 12(a)). The graph of
temperature dependence of dielectric permittivity for a typical LC (Figure 12(b))
shows that magnitude of ∆ε usually depends on temperature. With the increase in
temperature, liquid crystal material behaves as isotropic liquid with dielectric
permittivity εiso [15].

The mean dielectric permittivity ε is temperature and frequency dependent,
which can be described as

ε ¼
1

3
εǁ � ε⊥ð Þ (7)

3.3 Elastic properties

The behaviour of LCs in an external electric field is highly dependent on their
viscoelastic properties. While dealing with the elasticity of the nematic LC, we
assume that the order parameter S remains invariable throughout the volume of LC
at a constant temperature T and only director n̂ changes with external field. The
elastic constants of LCs associated with the restoring torques become apparent
when the system is perturbed from its equilibrium configuration. These are of the
order of 10�11 N (especially for nematic and fluid smectic phases), which suggests
that a LC can be easily deformed by external forces, such as mechanical, electric or
magnetic. The resistance of the LC to the external field gives rise to deformation.
Final deformation pattern depends on the contribution of the associated elastic

Figure 12.
(a) Alignment of positive and negative dielectric anisotropic LCs in external field, (b) temperature dependence
of dielectric constant.
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constants in elastic energy. For nematic LCs, it is assumed that change in elastic
energy is only due to splay, twist and bend type deformation (Figure 13). The
increase of free energy F due to these deformations is described by the continuum
theory. This theory was first developed by Oseen and Zocher and later reformulated
by Frank. It was based on the balance laws for linear and angular momentum
[4, 42]. The contribution of each deformation to the overall energy F is given by

F ¼
1

2
K11 ∇:nð Þ2 þ K22 n:∇� nð Þ2 þ K33 n� ∇� nð Þ2
h i

(8)

where K11, K22 and K33 are proportionality constants of splay, twist and bend
deformations, respectively, often known as Frank elastic constants [19]. They were
forced to splay, twist and bend until equilibrium. When the system is in equilib-
rium, it is in minimum energy state [15]. Other types of deformation are forbidden
due to the symmetry and absent polarity.

3.4 Viscosity

The dynamics of LC is described by (i) velocities of the centres of the molecules
v and (ii) director field n̂. Generally, these variables obey equation of continuity in
incompressible liquids, Navier–Stokes equation in anisotropic viscous liquid and the
equation of rotation of director in nematic LC. While dealing with the rotation of
director, backflow effect should be considered, which states that the rotation of
molecules (after removing external field) induces a macroscopic translational
motion in LCs. However, the mathematics associated with the above-mentioned
equations is insufficient to explain the viscosity behaviour of different LC sub-
stances and their mixtures. But in order to develop new liquid crystalline
low-viscosity materials, the following phenomenological rules should be
remembered [39]:

1.Alkyl end groups provide lower values of viscosity than alkoxy and acyloxy
end groups.

2.The viscosity is lower for shorter molecules.

3. Introducing the rings with heteroatoms increases viscosity compared to phenyl
analogues.

4.The most viscous bridging groups are the ester group ▬COO▬, the simple bond
(as in biphenyls) and the ethane group ▬CH]CH▬.

Figure 13.
(a) Splay, (b) twist and (c) bend deformation.
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5.Replacement of phenyl ring by a trans-cyclohexane ring results in reduced
viscosity values.

The most useful compounds for reducing viscosity in LC materials are cyclo-
hexane derivatives due to their high clearing temperature, good solubility and low
viscosity.

3.5 LC in electric and magnetic field

The dependence of the free energy “F” of nematic LC on gradients of the
director field is a unique property of LC. Therefore, the measurement of elastic
constants in LC is a very crucial part in LC studies. The idea behind Kii measure-
ment is related to the registration of spatial distortions in structure induced by
different factors such as electric field, magnetic field and thermal and surface
fluctuations for which the following methods can be employed:

1.Optical method (Freedericksz transition)

2.Light scattering

3.Alignment inversion walls

4.Cholesteric-nematic transition

Out of which the optical method based on Freedericksz transition is the simplest
and most significant from the application point of view [40].

3.5.1 Freedericksz transition

In the absence of any surface alignment or external field, LC directors of nematic
molecules are free to point in any direction. However, it is possible to force the
director to point in a specific direction by introducing an outside agent to the
system. For example, when a thin layer of polymer (usually a polyimide (PI)) is
coated on a glass substrate and rubbed in a single direction with a velvet cloth, it is
observed that LC molecules in contact with that surface get aligned along the
rubbing direction and achieve uniform director configuration. Upon application of
magnetic or electric field for any distortion to occur (to overcome the elastic and
viscoelastic forces of LC), the strength of the applied field has to be larger than
certain threshold value [21]. Initially, when electric field is low, no change in
alignment occurs. However, as we increase electric field above threshold, the LC
director changes its orientation from one molecule to the next, and deformation
occurs. This threshold is called the Freedericksz threshold, and the transition from a
uniform director configuration to deformed director configuration is named as
Freedericksz transition. To find out various elastic constants, we need to under-
stand geometry of confined LC molecules and applied external field. The external
field may be either electric or magnetic; it is more convenient and accurate to
record electric field because measurement of magnetic field near to the sample is a
tricky procedure due to the field inhomogeneity, and temperature dependence of
Hall probe, etc.

Consider two, coated and rubbed (along X direction), conducting glass plates,
separated by a distance “d”. Due to this, LC director tends to align along the
direction parallel to the flat surface (X direction). Now we consider the following
cases which give rise to splay, bend and twist geometries [20].
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3.5.1.1 Twist geometry

An electric field is applied perpendicular to the x-axis. Let this be the y-axis. If
the anisotropy of the dielectric susceptibility is positive, then the director tends to
align along the direction of electric field, rotating away from the x-axis towards the
y-axis. Let us call the angle between the director and the x-axis be θ. If we consider
the dimensions of the flat pieces of glass to be much larger than the separation, then
θ should not be a function of x or y but should depend on z (an axis normal to the
surfaces of the glass). This geometry is illustrated in Figure 14.

3.5.1.2 Splay geometry

A director is oriented along the x-axis, but now the electric field is applied in the
z direction. The director now has x and z components, and θ(z) is measured from
the x-axis to the director in the xz plane as shown in Figure 15.

3.5.1.3 Bend geometry

The last geometry also involves both splay and bend. As shown in Figure 16, the
boundary conditions are such that the undistorted director points along the z-axis
and the electric field is applied along the x-axis. The angle θ(z) now is measured
from the z-axis to the director in the xz plane.

The threshold value for deformations of the director n̂ in the electric (Et) and
magnetic field (Bt) is given by

Figure 14.
Twist deformation in nematic LC molecules: (a) initially oriented planar cell, (b) sketch of molecular
reorientation, and (c) deformation induced by electric field.

Figure 15.
Splay deformation in nematic LC molecules: (a) initially oriented planar cell, (b) sketch of molecular
reorientation, and (c) deformation induced by electric field.
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where Kii is elastic constant; ii = 11, 22, 33 corresponds to splay, bend and twist
deformations respectively; μ0 is permeability of free space and ∆χ is anisotropic
diamagnetic susceptibility.

3.6 Alignment of liquid crystals

To manufacture LC device with desired electro-optic (EO) effect, confinement
and alignment of LC molecules in a specific direction is very essential. Mauguin
reported that LC domains could be aligned by placing them in contact with a crystal
surface. The structure of LC nearby interface is different from that in the bulk. The
interfacial LC molecules change the boundary conditions and influence the LC in
bulk. By controlling the LC directors at the surface, reproducible director orienta-
tions can be obtained. The different interaction (anchoring) conditions of LC
molecules with their neighboring phase (solid substrate) give rise to different types
of liquid crystal display (LCD) devices with varied properties [4, 31, 38, 43–46].
Various types of LC molecule alignment can be induced by treating the supporting
substrate differently. The most common types of alignment are homogeneous
(planar) and homeotropic.

3.6.1 Homogeneous alignment

This is also called as planar alignment (Figure 17(a)). Here, directors of LC
molecules are oriented parallel to the electrode surface. Homogeneous alignment
refers to the unidirectional orientation of the molecular axis in the planar mode and
displays birefringence with excellent optical quality [47]. It can be achieved using
surface treatment methods, such as obliquely evaporated SiOx layers, Langmuir–
Blodgett films, photoalignment and rubbed polymer films [48–50]. Out of which
photoalignment and mechanical rubbing are more promising techniques. In
photoalignment, materials like polyvinyl alcohol (PVA) or polyvinyl cinnamate
(PVC) are coated on indium tin oxide (ITO)-coated glass plates. These materials are
illuminated with polarized ultraviolet light, which forces the LC directors to align
parallel to the specific surface direction. Another method is rubbing, invented by
Mauguin in 1911; in this method electrode is coated with transparent polymeric

Figure 16.
Bend deformation in nematic LC molecules: (a) initially oriented homeotropic cell, (b) sketch of molecular
reorientation, (c) deformation induced by electric field.
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material (generally PI), followed by baking and rubbing [45, 51]. The thin layer of
PI is known for its exceptionally strong and outstanding heat, mechanical and
chemical resistivity [52]. The mechanical treatment such as unidirectional rubbing
modifies surface topography by breaking the symmetry and creating linear micro-
grooves on the polymer surface [48, 53, 54]. The rubbing direction on one ITO plate
is 0° or 90° with respect to other depending upon the parallel/antiparallel or twisted
mode, respectively [55, 56].

3.6.2 Homeotropic alignment

In homeotropic alignment the LC molecule directors are oriented perpendicular
to the electrode surface (Figure 17(b)). It can be achieved by treating the surface
with a surfactant such as hexadecyltrimethylammonium bromide (HTAB), lecithin
and polymers [57]. The polar head of a surfactant chemically attaches to the sub-
strate, and the hydrocarbon tail points out, perpendicular to its surface. At this
point maximum intermolecular interaction between LC molecules and surfactant
promotes perpendicular anchoring of the nematic LC director. However,
surfactant-based homeotropic alignment is not stable against humidity and heat
[58, 59].

Apart from these two standard alignments, there are many other variations such
as hybrid, twisted, supertwisted, fingerprint, multidomain vertically aligned, etc.
which are employed in various LCD devices.

4. Applications of liquid crystals

LC science and applications now permeate almost all segments of the society
from display technology to beyond display front. LCD is a well-known and leading
application of LC [60] in the information display industry. They are used in small-
sized displays such as smart phones, calculators, wearable displays and digital
cameras, medium-sized displays such as desktop and laptop computers and large-
sized displays such as data projectors and direct view TVs. They have the advan-
tages of having high brightness and high resolution and being flat paneled, energy
saving, light weight and even flexible in some cases [61]. To select the appropriate
LCD for application and to tailor their optical performance, we need to understand
broad classification (Figure 18) of LCD and their basic mechanism [62]. Till date
mainly three types of LCD have been developed: transmissive, reflective and trans-
reflective.

Figure 17.
(a) Homogeneous and (b) homeotropic alignment of liquid crystals. [1, PI coated ITO glass plate; 2, LC
molecules].
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4.1 Transmissive LCD

A transmissive LCD transmits a backlight for illuminating the LCD panel, which
results in high contrast ratio and high brightness. As their viewing angle is limited,
they are more suitable for single-viewer applications, such as games and notebook
computers. To make them applicable for multiple viewers, such as televisions and
desktop computers, a phase compensation film should be introduced in them. They
can also be used for projection displays, for which a high-power arc lamp or a light-
emitting diode (LED) array is used as a light source. The most common and finest
example of transmissive LCD is twisted nematic liquid crystal (TNLC) cells which
are extensively used for notebook computers, where viewing angle is not critical. Its
operating principle is based on the ability of the nematic LC to rotate the polariza-
tion of light beams passing through it [43, 63].

4.1.1 Twisted nematic liquid crystal cell

It was first invented by Schadt and Helfrich and demonstrated by Fergason in
1971 [64, 65]. It consists of two ITO-coated glass substrates, additionally coated
with transparent alignment layers, usually PI. These PI-coated glass plates are
rubbed with velvet cloth in one direction; as a result, the LC molecules orient
parallel to the rubbing direction. The rubbing directions on two substrates are
perpendicular to each other. These glass plates are arranged in such a way that a 90°
twist of director from one substrate to the other is formed inside the cell. The cell is
kept in between two crossed polarisers in such a way that their polarization is
parallel to the rubbing direction of the same glass substrate. In the absence of
electric field, the top LC alignment is parallel to the optical axis of the top polarizer,
while the bottom LC directors are rotated 90° and parallel to the optical axis of the
bottom polarizer (analyzer) as shown in Figure 19(a). When d∆n≫0.5λ (the
Gooch-Tarry’s first minimum condition) is satisfied, the incoming linearly polarized
light will follow closely the molecular twist and transmit the crossed analyzer. Here
∆n is the birefringence of LC, d is the cell gap, and λ is the wavelength of the light.
This is called the normally white (NW) mode, since light is transmitted without
application of any voltage. In the voltage-on state (Figure 19(b)), the LC molecules
undergo a Freedericksz transition. In this state, the director of the nematic LC is
parallel to the field and no longer twisted. When polarized light enters a cell in such
a configuration, it is not twisted and is absorbed/blocked by the analyser, resulting
in a dark state. Regions where an electric field is applied appear dark against a bright

Figure 18.
Classification of LCD.
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background. Because of the orthogonality of boundary layers, the dark state is
achieved at relatively lower voltage. Depending on the field strength, twisted
nematic displays can switch between light and dark states, or somewhere in
between (greyscale.) How the LC molecules respond to applied field is the impor-
tant characteristic of this type of display. However, every device has some short-
coming, in TNLC is its narrow viewing angle and poor color production. To
overcome these problems, new technologies such as in-plane switching and vertical
alignment mode have been introduced [61].

4.2 Reflective LCD

In R-LCDs, the necessity of backlight source (as in transmissive-type LCD) has
been seized. They reflect ambient light for displaying images. Therefore, they

Figure 19.
Twisted nematic LCD in (a) OFF state and (b) ON state. [1, unpolarised light; 2, polarizer; 3, PI coated ITO
glass plates; 4, LC droplets; 5, polarized light].
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consume low power, are lighter in weight and have good readability in outdoor
environment, but are inapplicable under low or dark ambient conditions.
The R-LCDs are of two types: direct view and projection view.

4.3 Trans-reflective LCD

In order to overcome the drawbacks and to take advantage of both transmis-
sive as well as reflective LCDs, trans-reflective LCDs have been developed, which
use both ambient light and backlight to display images based on availability
and necessity. It has a semi-reflective film in the back of LCD screen, the backlight
can transmit through it so that it may work as a transmissive mode, but the front
light cannot pass through it and get reflected, and it simultaneously works as a
reflective mode. Broadly, trans-reflective LCDs are classified into four categories:
(a) absorption, (b) scattering, (c) reflection and (d) phase retardation. As the name
suggests, the first category absorbs light, and the corresponding device is referred to
as guest-host (GH) display. The second one scatters light, and polymer-dispersed
liquid crystal (PDLC), polymer-stabilized liquid crystal (PSLC) and LC gels are
related technologies. The third category is based on reflection of light. The fourth
one modulates the phase of an incident light. Here we will discuss operating princi-
ple of PSLC, PDLC and holographic PDLC (HPDLC).

4.3.1 Guest-host display

These types of display systems were first introduced by Heilmeier and Zanoni
[66]. As the name suggests, in these systems light is absorbed by the guest material,
which are generally dichroic dye molecules, dissolved in a host LC material.
Dichroic dye molecules are rod-shaped molecules, which absorb light of certain
wavelength more along one axis than the other. Dye molecules get dissolved in LC
and orient along with LC molecule. Upon application of external field, the rotation
of absorption axis of dye molecule along with LC molecule modulates light trans-
mission. Mainly, there can be three types of GH displays exist: the Heimeier type,
the double-layer type and the PDLC type, which uses 1, 2 and zero polarizers,
respectively [15, 67].

4.3.2 Polymer-liquid crystal composites

Polymer-LC composites are thin films prepared from phase-separated high
molecular weight polymer and low molecular weight LCs. The polymer, which is
homogenously mixed into LC, provides mechanical and structural stabilization to
LC devices. Polymer-LC composites have been used in a wide range of applications
such as high-definition spatial light modulators; switchable windows; flat-panel
large area flexible displays; light valves; color projectors; thermal, optical and strain
sensors; bi-stable reflective displays and haze-free normal- and reverse-mode light
shutter devices [68–71]. The confinement of LC material in both dense polymer
matrix and moderate polymer networks modifies the bulk LC phase. Depending
upon the concentration of monomer unit, they are classified as polymer-stabilized
liquid crystal or polymer-dispersed liquid crystal or holographic polymer-dispersed
liquid crystal (HPDLC). In PSLC, polymer forms a sponge-like structure in a con-
tinuous LC medium. The concentration of LC is much higher than the polymer
concentration. In PDLC, the LC is in the form of micron- and submicron-sized
droplets, which are dispersed in a continuous polymer matrix. The concentration of
polymer is comparable to the LC [61]. In HPDLC the polymer concentration is high
around 60–70 wt%. As droplet size is much smaller than the visible wavelength,
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HPDLC films are free of light scattering. These films have faster response time and
require higher switching voltages. In PDLC and HPDLC films, no surface alignment
layer is needed [72].

5. Polymer-stabilized liquid crystal

Polymer-stabilized liquid crystal is a thin composite film prepared from the
homogenous mixture of LC and monomer. Typically, the monomer concentration
in PSLC is less than 10% of the total weight. The small amount of monomer is used
to stabilize/lock the oriented LC structure at different optical states and to reduce
the switching time and operating voltage [73]. The homogenous mixture of LC and
polymer is prepared and filled into the prefabricated cells made of transparent ITO-
coated electrodes for photopolymerization using PIPS technique [51]. For improved
display performance, LCs should be homogenously and uniformly aligned inside
the cell. To control the orientation of LC, the inner face of electrodes is coated with
a transparent polymeric material (generally PI) followed by baking and rubbing
[53]. A thin layer of PI is known for its excellent strong and outstanding heat,
mechanical, and chemical resistivity [53]. The mechanical treatment such as unidi-
rectional rubbing modifies surface topography by breaking the symmetry and cre-
ating linear microgrooves on the polymer surface [48, 54, 56]. The rubbing
direction on one ITO plate is 0° or 90° with respect to the other depending upon the
parallel/antiparallel or twisted mode, respectively [55, 74]. This induced anisotropic
surface diffuses monomer molecules preferentially along the rubbing direction. Due
to strong interaction and anchoring between LC and monomer, the polymer net-
work formed during/after polymerization keeps the LC director in a definite direc-
tion [75]. Along with the surface alignment layer, the configuration and orientation
of LC can also be controlled by application of external field and/or temperature
during photopolymerization. Even low electric field is sufficient to align the LC
director along the field by fixing torque on it. After establishing the proper combi-
nation of surface treatment and applied field, the sample is irradiated by ultraviolet
(UV) light to induce photopolymerization to obtain the desired texture. Since the
monomer concentration is very small, a continuous LC texture along with
interconnected, interpenetrating and mitigated polymer network can be obtained
after polymerization [61, 76–78] as shown in Figure 20.

Because of application of electric field during photopolymerization, oriented LC
domains are formed. Also, this controlled alignment of the LC molecules between
polymer networks has significant effect on the transmittance, absorbance, response
time, and dielectric properties of PSLC films [79].

Figure 20.
Polymer stabilized liquid crystal.
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5.1 Morphological analysis

Figure 21 shows POM images of PSLC films which are prepared using LC BL036
and prepolymer NOA-65 in 95/5 wt/wt% ratio under different rubbing directions
and in the absence and presence of electric field [80].

Figure 21 shows the POM image of four types of PSLC films named as “A”
(antiparallel rubbing; electric field absent), “B” (antiparallel rubbing; electric field
present), “C” (twisted rubbing; electric field absent) and “D” (twisted rubbing;
electric field present). On the acute observation of these images in all the four
samples, complex geometrical structures of LC and polymer network were found.
Samples A and C which were prepared without applying any electric field during
polymerization showed rectilinear alignment. Since polymer network has a strong
aligning effect on the LC, therefore it tends to keep LC in the aligned state [81]. In
these films, polymer chains move throughout the sample parallel to the rubbing
direction; therefore shorter chains with smaller domains entrapped between them
were observed. In the case of samples B and D, which were prepared by applying
electric field during polymerization, bigger LC domains were formed. Upon appli-
cation of electric field during sample preparation, LC material orients and often
indefinitely retains the alignment imposed by an electric field [82]. Because of the
adsorption of LC droplets at the polymer wall, polymer network grows in the direc-
tion of field. Due to which cross linked, thicker and topologically defective polymeric
walls were formed. Also, diffraction of light was observed from polymer nodules.

The effect of electric field on the orientation and confirmation of the LCmaterial
between the boundaries of polymer network gives deep insight in understanding
PSLC film behaviour.

Figure 21.
POM images of homogenously aligned PSLC films: (A) antiparallel rubbing cured without any voltage, (B)
antiparallel rubbing cured by applying 10 V, (C) 90° twist rubbing cured without any voltage and (D) 90°
twist rubbing cured by applying 10 V, observed using 5� objective.
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Figure 22.
Effect of voltage on homogenously aligned PSLC film sample A (anti-parallel rubbing; electric field absent
during polymerization) observed at (a) 0 V, (b) 2 V, (c) 6 V, (d) 10 V, (e) 20 V (f) 40 V, (g) 60 V and
(h) 80 V using 5� objective lens.
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Figure 22 shows effect of electric field on sample A, prepared with antiparallel
rubbing direction and in the absence of field. Upon application of low electric field
of �10 V, change in color was observed, which indicates change in refractive index.
The change in refractive index is basically due to orientation of LC molecules in the
domains. Also �10 V vivid polymeric boundaries were made visible due to adsorp-
tion of LC molecules on frozen polymer network. On the application of high electric
field of �40 V and above, dark homeotropic state with the LC directors aligned
perpendicular to the substrate surface was observed [83].

5.2 Voltage dependence of transmittance at fixed frequency

The voltage-transmittance curve (Figure 23) of PSLC film indicates that it
follows an opposite trend to that of the PDLC films. It is clear from the graph that
PSLC film has maximum transmittance (TOFF) when no voltage is applied. Upon
application of electric field, the LC orientation changes from planar to homeotropic
state of alignment, and the transmission decreases rapidly for PSLC film.

At a particular voltage, transmittance of PSLC decreases by additional 10% of
the OFF-state transmittance; this voltage is termed as threshold voltage (VTH).
With the further increase in voltage, the polarization state of light is perpendicular
to the analyser which gives dark state or minimum transmittance (TON) state. A
definite value of voltage at which PSLC film achieve TOFF state is termed as ON-
state voltage (VON) condition.

The ratio of maximum to minimum transmittance gives contrast ratio (CR) of
the film, and difference between maximum and minimum transmittance gives
transmittance difference (ΔT). Mathematically

CR ¼
TOFF %ð Þ

TON %ð Þ
(11)

∆T %ð Þ ¼ TOFF %ð Þ � TON %ð Þ (12)

Table 2 gives voltage-transmittance data of PSLC film prepared using monomer
NOA-65 and LC BL036 in 95/5 wt/wt%.

Figure 23.
Transmittance vs. voltage curve of PSLC film.
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5.3 Hysteresis effect

In a scan up cycle, as voltage increases from 0 V to Vmax, transmittance of PSLC
films decreases from TOFF to TON, whereas in scan down cycle as voltage decreases from
VON to 0 V, transmittance increases from TON to TOFF, but it does not follow the same
path. The above observed phenomenon is termed as hysteresis and should beminimized
for better electro-optic properties. It was observed that at a given voltage, transmittance
for scan up cycle was higher than the transmittance for scan down cycle. A measure of
hysteresis is given by the voltage width at half of maximum transmittance (∆V50). The
hysteresis behaviour of a PSLC composite film is shown in Figure 24. Also, hysteresis
effect was not observed at high fields because at higher voltages of scan down cycle, LC
domains remain in the same state of orientation. However, when the applied field is
reduced further, reorientation of LC domains begins, giving rise to hysteresis effect.

5.4 Response time

Response time is the sum of rise time (τr) and decay time (τd). Upon application
of electric field, LC molecules align along the field, and transmittance of film
decreases in PSLC. The time in which transmittance of film reaches from 90–10% is
termed as rise time. On the removal of field, these LC molecules relax back to their
initial position. The time in which transmittance reaches from 10–90% is termed as
decay time. Variation in rise and decay time of PSLC films with respect to applied
voltage is shown in Figure 25. However, with the increase in voltage rise time
shortens, but the trade-off is longer decay time [83, 84].

Figure 24.
Hysteresis curve of PSLC film.

Sample TOFF (%) TON (%) ΔT (%) CR VTH (V) VON (V)

N36 83.6 0.20 83.4 418 2 25

Table 2.
Voltage-transmittance data of PSLC film prepared using monomer NOA-65 and LC BL036 in 95/5 wt/wt%
ratio.
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5.5 Dielectric properties of polymer-LC composite films

Polymer-LC composite films are complex heterogeneous system, holding intrin-
sic anisotropy of LC and polymer. In order to gather the information about the
structure, alignment, phase transitions and intermolecular interactions of compos-
ite films, knowledge of their dielectric properties is essential [85, 86]. For this
purpose dielectric relaxation spectroscopy (DRS) is one of the best methods to
measure the dielectric constant and associated parameters with high accuracy and
sensitivity in polymer-LC composites. It is based on a concept of “energy storage”
and resulting “relaxation” per release of this energy by the system’s individual
components. By developing analogy between polymer-LC composites and passive
electrical circuit, polymer-LC composite films can be conveniently illustrated as a
parallel plate capacitor. Here, two ITO-coated glass plates act as a parallel electrode
with plate separation d and plate area A, and polymer-LC material acts as a dielec-
tric material as shown in Figure 26(a). The effective circuit of polymer-LC cell is
shown below (Figure 26(b)), where Ro is the resistance of electrodes and RLP and
CLP are resistance and capacitance of polymer-LC layer, respectively.

The capacitance is measured, and the relative permittivity εr can be calculated
from the formula given below:

Cp ¼
ε0εrA

d
(13)

where ε0 ¼ 8:854� 10�12 F/m is the permittivity of free space. Relative permit-
tivity εr is complex quantity, also known as dielectric constant; it depends on
parameters like temperature, pressure and frequency. To elucidate the frequency
dependence of εr, we must understand the different polarization mechanisms that
contribute to the dielectric constant (permittivity). In response to an applied elec-
tric field, various types of polarisations may arise, such as electronic, ionic,
orientational and interfacial [87].

a. Electronic/atomic polarization: Electronic polarization occurs when the
electric field displaces the centre of a negatively charged electron cloud
relative to the positive nucleus of the atom and induces a dipole moment. It
has been found to be independent of frequency and vanishes as soon as the
electric field is removed [88, 89].

Figure 25.
Rise and decay time vs. voltage curve of PSLC film.
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b. Ionic/displacement polarization: Ionic polarization also called as vibrational
polarization occurs in ionic substances and is related to the displacement of
atoms, causing the separation of charges [90, 91].

c. Dipolar/orientational polarization: Dipolar polarization usually occurs in
materials with permanent dipoles. Under normal conditions, these materials
exhibit zero net dipole moment and polarization, as the dipoles in these
materials are randomly distributed/oriented. Upon application of an external
electric field, the dipoles tend to orient along the direction of applied field,
resulting a non-zero net dipole moment and polarization [90, 91].

d. Interfacial/translational polarization: Interfacial polarization is associated
with migrating charges, by electrons or ions, over macroscopic distances in an
applied field. These charges get trapped and accumulate at physical barriers
such as defects, impurities, voids and grain or phase boundaries. The
accumulation of charges distorts the local electric field and causes
permittivity. Interfacial polarization is most prevalent in heterogeneous
system like polymer-LC composites and is usually observed at lower
frequencies. In general, a given dielectric material exhibits more than one
polarization mechanism, and the average dipole moment in a given material is
the sum of all polarization contributions. All four types of polarization occur
at low frequency. Each of the above-mentioned polarization processes has
specific features in the frequency and temperature dependence of the real and
imaginary part of the complex dielectric permittivity. Figure 27 shows the
frequency dependence of various types of polarisations [90–92].

As frequency increases the contribution from each type of polarization succes-
sively decreases because polarization can no longer follow the variation in the field.
As a result, there is a decrease in dielectric constant (relative permittivity) with
the increasing frequency. The frequency dependence of dielectric constant reflects
the fact that a material’s polarization does not respond instantaneously to an applied
field. The response must always arise after the applied field which can be

Figure 26.
(a) Schematic of polymer-LC composite film and (b) polymer-LC composite films as RC-circuit.

28

Liquid Crystals and Display Technology



represented by a phase difference. For this reason, dielectric constant is often
treated as a complex function of the angular frequency (ω) of the applied field
[93, 94].

5.5.1 Complex dielectric constant

The frequency-dependent permittivity characterizes amplitude and timescale
(via the relaxation time) of the charge-density fluctuations within the sample. For
the evaluation of relaxation time (time required for LC droplet reorientation),
dielectric permittivity is expressed as a complex function of angular frequency
(ω) of applied field:

ε ∗ ωð Þ ¼ ε0 ωð Þ � iε00 ωð Þ (14)

where ε0 ωð Þ and ε00 ωð Þ are real and imaginary parts of the complex dielectric
constant.

Relaxation processes are characterized by a step-like decrease of the real part ε0

and a peak in the imaginary part ε00of the complex dielectric function ε ∗ ωð Þ with
increasing frequency. The real part is related to stored energy also called as
dispersion, whereas imaginary part is related to loss of energy or dissipation called
as absorption of the system. It is reasonable to introduce here a quantity “loss
tangent”, which is a measure of the energy dissipated due to oscillating field also
known by dissipation factor “D” [21, 92, 95]:

tanδ ¼
ε00 ωð Þ

ε0 ωð Þ
(15)

For parallel plate capacitors with ideal dielectrics, the loss angle δ can be
graphically expressed as shown in Figure 28.

Figure 27.
A Dielectric constant Spectrum over a wide range of frequencies. ε0 ωð Þ and ε0 0 ωð Þ denote real and imaginary
part of the dielectric constant (relative permittivity) respectively.
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Here, V is the applied voltage and Ic and IR are the vector components of current
I. The current Ic represents a non-lossy capacitive current proportional to the charge
stored in the capacitor; it is frequency dependent and leads voltage by 90°. The
current IR is the alternating conduction current in phase with the applied voltage V,
which represents the energy loss or power dissipated in the dielectric [96]. If ψ is
the phase difference between the potential and current, then

δ ¼ 90� ψ (16)

To promote maximum energy storage in a capacitor, the dielectric loss, origi-
nating from interfacial, dipolar, distortional and conduction losses, should be min-
imal [87]. In general, dielectric loss increases with increase in humidity,
temperature, frequency and amplitude of the applied voltage for most of the
materials.

5.5.2 Macroscopic models for dielectric spectra

Dielectric relaxation processes are usually analyzed using model functions.
Starting from the Debye function, several formulas for both the frequency and the
time domain have been suggested to describe the experimentally observed spectra.
The most important approaches are discussed below [97, 98].

a. Debye model: It is a method to study the dielectric behaviour of a material by
measuring the complex dielectric permittivity versus frequency at constant tem-
perature and ambient pressure. As the dielectric spectrum is obtained in a fre-
quency domain, it is called as a frequency domain dielectric spectroscopy
(FDDS). If a single relaxation is considered, it is known asDebye-type relaxation,
and the time assumed for it is Debye relaxation timewhich is inversely related to
the critical relaxation frequency. It is the point where dissipation factor is maxi-
mum. The relaxation frequency f is related to relaxation time τ by the relation

τ ¼
1

ω
¼

1

2πf
(17)

The dispersion and absorption terms for single relaxation as a function of the
field angular frequency ω and relaxation time τ are given as

Figure 28.
Graphical representation of loss tangent.

30

Liquid Crystals and Display Technology



ε0 ωð Þ ¼ ε∞ þ
δε0ð Þ

1þ ω2τ2
(18)

ε00 ωð Þ ¼
δε0ð Þωτ

1þ ω2τ2
(19)

Debye relaxation is usually expressed in terms of the complex dielectric constant
ε ∗ ωð Þ of a medium. On putting values from Eqs. (18) and (19) in (14), we get:

ε ∗ ωð Þ ¼ ε∞ þ
δε0ð Þ

1þ iωτð Þ
(20)

where δε0 ¼ εs � ε∞ is dielectric strength of the material, which is the voltage
a material can withstand before breakdown occurs. εs and ε∞ are static (at
20 Hz frequency) and optical (at relaxation frequency f) values of the relative
dielectric constant, respectively, which were obtained by experimental
relaxation spectra [91, 99–101]. The frequency dependence of real and imag-
inary components of complex dielectric constant of PSLC film is shown in
Figure 29(a) and (b), respectively.

b. Cole-Cole model: To describe secondary relaxations, Cole-Cole model has
been used, given by the equation

ε ∗ ωð Þ ¼ ε0 ωð Þ � iε00 ωð Þ ¼ ε∞ þ
δε0ð Þ

1þ iωτð Þ1�α
(21)

where α is known as the distribution parameter and other terms are the same as
in Debye model. The exponent α characterizes the breadth of the relaxation
time distribution and ranges from 0 (infinitely broad distribution) to 1 (Debye’s
single relaxation time limit), describing different spectral shapes. When α = 0,
the Cole-Cole model reduces to the Debye model. The graph drawn between
imaginary part ε″ and the real part ε0 of the dielectric constant with frequency
as a parameter, shown in Figure 30, is known as a Cole-Cole plot [102, 103].
It is useful for the interpretation of molecular dynamics of materials which
possess one or more well-separated relaxation processes with comparable mag-
nitudes. How well the ε0 and ε″ are fitted to form semicircle is an indication of
the nature of relaxation behaviour. All the above-mentioned parameters were
determined from fitting the experimental data of dielectric spectra with

Figure 29.
Frequency dependence of (a) real component and (b) imaginary component of complex dielectric constant of
PSLC film.
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Cole-Cole approach of the Debye equation and are shown in Table 3. The
frequency corresponding to the top point of this semicircle curve is the relaxa-
tion frequency f of orientational polarization of LC domains. At this point
dielectric heating is maximum due to which dissipation factor is also maximum.
The angle φ between arc radius and ε0-axis gives distribution parameter α:

φ ¼
απ

2
(22)

If the centre of the semicircle lies on the ε0-axis, then the distribution param-
eter α = 0 (Debye type), and if the centre is below the ε0-axis, then α 6¼ 0 (non-
Debye type), while if α > 0.5, there could be more than one relaxation process.
The calculated value of α indicates that the PSLC film exhibits non-Debye-
type relaxation process [104–106].

5.6 Conclusions of PSLC study

PSLC is a reverse to the conventional PDLC but identical to the twisted nematic
liquid crystal cell having maximum and minimum transmittance under crossed
polarizer in the OFF and ON states, respectively. However, the threshold voltages of
PSLC are much lower than TNLC [107–109]. The PSLC are useful for bi-stable
reflective displays and normal- and reverse-mode light shutters [68, 110]. In order
to improve electro-optic responses of PSLC devices, LC material are doped with dye
and nanoparticles [111, 112].

6. Polymer-dispersed liquid crystal

Polymer-dispersed liquid crystal is a smart, inhomogeneous thin composite film
of micron-sized nematic LC droplets, randomly dispersed and embedded in

Figure 30.
Cole-Cole plot of PSLC film at 25°C temperature.

Sample f (MHz) εs ε
∞

δε
0

τ (s) α

A 13.2 29.9 2.53 27.4 1.21 E � 08 0.022

Table 3.
Fitting parameters of various PSLC films.
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optically isotropic polymer matrix first introduced by Fergason in 1984 [61, 113, 114].
The composite of these two is technologically very important because it encom-
passes various unique properties of LCs, which are mechanically and structurally
strengthened by polymer matrix. The operation of these composite films is based
on birefringence property of LC. For LC with positive birefringence, ∆n>0, in the
OFF state as the LC droplets are randomly oriented, light repetitively refract/
scatters at multiple polymer-LC interfaces. Due to which most of the light incident
on PDLC device scatters, and the film becomes/appears opaque (Figure 31(a)).
On the contrary, in the ON state as the directors in LC droplets align along the
direction of electric field and if the RI, np of polymer matrix, matches with the
ordinary RI, no of LC, most of the normally incident light on PDLC device behaves
as an ordinary light and transmits through it, and the film becomes a transparent
one [22, 115] (Figure 31(b)). In a similar manner, for LC with negative birefrin-
gence, Δn < 0, in the ON state extraordinary RI ne comes into picture [34]. The LC
droplet structure, their interaction with the polymer matrix and their optical and
dielectric anisotropy play crucial role in shaping/modeling system properties.
Although LC droplets are spherical in shape, they get deformed when embedded
inside a polymer matrix. The polymer is supposed to act as a mere matrix for the
LC aggregates, but their physical interactions can influence the formation of
mesophases. The LC droplet morphology depends on many physical parameters
such as refractive indices, conductivity, type and proportion of materials used,
phase separation method, rate of diffusion, viscosity and solubility of the LC in the
polymer, addition of dopant or dye molecules, etc. [116–121]. Unlike other LC
technologies, PDLC do not require alignment layers and polarizers. This reduces
cost; simplifies design; increases device lifetime in high-temperature and high-
humidity conditions; increases transmittance, contrast ratio, flexibility and
mechanical strength; and reduces response time. Also, the large surface-to-
volume ratio of the composite film supports the construction of large area
PDLC devices [19].

6.1 Fabrication of PDLC films

For the uniform dispersion of micron-sized nematic LC droplets inside polymer
matrix, principally two methods have been enlisted, namely, phase separation and
encapsulation.

Figure 31.
PDLC in (a) OFF state and (b) ON state.
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6.1.1 Phase separation

The phase separation method starts with homogenous, isotropic solution of LC
and polymer or prepolymer, followed by the formation of nucleated LC droplets
(phase separation) and then finally solidification of polymer matrix pioneered by
Doane and co-workers [122]. The morphology of a phase-separated PDLC film
depends on the chemical nature of the LC and polymer constituents and kinetics
of the processes driving the phase separation to occur, which ultimately control
the electro-optic properties of device. Therefore, to obtain desired electro-optic
properties in a device, systematically processed phase separation of LC and poly-
mer is one of the key parameters. This technique is preferred where film
moldability is required because during phase separation, polymer plasticization
takes place. To induce phase separation in PDLC, generally any of the three
routes, namely, polymerization-induced phase separation (PIPS), solution-
induced phase separation (SIPS) and temperature-induced phase separation
(TIPS), has been practised. Each method produces PDLC film with different
properties and characteristics.

a. Polymerization-induced phase separation: It is usually an irreversible process,
in which initially miscible, single-phased mixture of prepolymer (monomer or
oligomer) and LC is filled into a prefabricated cell. On application of suitable
energy in the form of heat, light or radiation, the polymerization is induced.
The growing polymer chains phase separate LC droplets by forming an
enclosing polymer matrix because LC is less soluble in polymer than in
prepolymer. The phase-separated system has lower entropy than the mixed
one. Polymerization may be initiated by heat, photo (UV irradiation) or free
radicals. Generally, photopolymerization is preferred over the other two
because it has low activation energy, has a good control over final properties
of PDLC film and can occur in broader temperature range [120, 123, 124].
Phase separation process continues even if the UV exposure is interrupted
during the cure process. Nowaday’s photopolymerization technique is also
applied in mask patterning.

b. Solution-induced phase separation: In this method, a polymer and LC are
mixed and dissolved in a common organic solvent to form a single-phase
homogeneous mixture. Such solution is then poured (using suitable tech-
nique) on an optically flat, transparent and conducting substrate for solvent
evaporation. Evaporation of solvent causes phase separation between polymer
and LC domains. Droplets start growing as the polymer and LC come out of
solution and grow up till the polymer solidification. Another substrate (gen-
erally ITO) is laminated and annealed on the film using pressure and heat to
form a PDLC cell. The electro-optic properties, which depend on LC droplet
size and morphology, can be tailored by controlling evaporation rate. Droplet
size and shape can be manipulated after the PDLC cell formation, by heating
the sample cell till the clearing temperature of LC and then cooling. During
heating LC get dissolved in polymer and again phase separates on cooling. By
varying cooling rates, LC droplet size can be varied.

c. Temperature-induced phase separation: It is useful for thermoplastics which
melt below their decomposition temperature. Thermoplastic and LC are
heated until the clear solution is formed, such solution is filled into a
prefabricated cell and then cooled. When the system is cooled, the LC phase
separates from the solidifying polymer. Droplet size can be tailored by
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controlling the rate of cooling. Droplet size (droplet numbers) shows
inverse (direct) relation with rate of cooling. Methodically, it is a simple way
of phase separation, but it is less preferred because the properties of TIPS
films are difficult to reproduce, often sensitive to the processing history, and
homogenous mixture of LC and thermoplastic is obtained at relatively higher
temperature than in PIPS and SIPS techniques, which may worsen electro-
optic properties of the PDLC device.

6.1.2 Encapsulation method

In contrast to phase separation method, encapsulation method starts from inho-
mogeneous solution. LC is dispersed by rapid stirring as an emulsion in an aqueous
solution of a film-forming polymer such as PVA. This emulsion is then spin-coated
or deposited onto a transparent conductive substrate like ITO-coated glass plate and
dried. Thousands of non-uniform, sometimes interconnected LC capsules (drop-
lets), surrounded by a solid layer of polymer are produced. Size of these droplets
depends on stirring speed and time. Materials manufactured from this method are
also known as nematic curvilinear aligned phase (NCAP). Encapsulation method is
beneficial as LC is insoluble in aqueous solution; equilibrium phase separation is
easily achieved as well as polymer plasticization is prevented. But it has limitation
also; because of water evaporation, there is significant change in volume of film
which tends to deform droplet structure, and only few polymers are appropriate for
encapsulation with proper optical properties [120, 123, 124].

6.2 Nematic configurations in PDLC films

The nematic material confined in a droplet in a PDLC is in a particular arrange-
ment, called the director configuration. LC droplets are usually spherical because
of surface tension, but due to photopolymerization reaction the texture changes
significantly to adopt different configurations. When LCs are confined to small
cavities, curved surfaces deform the director field, inducing three basic Frank
elastic deformations in the director structure, namely, splay, twist and bend. The
contribution of each deformation to the overall energy density F is given by
[19, 125]

F ¼
1

2
K11 ∇:n

!
� �2

þ K22 n
!
:∇� n

!
� �2

þ K33 n
!
� ∇� n

!
� �2

� �

(23)

where the proportionality constants K11, K22 and K33 are associated with splay,
twist and bend deformations, respectively. It is usually not possible to pack the
nematic director field into curvatures without creating one or more defects. These
defects are responsible for the transformation of LC droplet from one configuration
to another. Different defect structures are classified on the basis of their two-
dimensional structure often known as “strength (s)” of the defect. “s” is defined by
the rotation of the nematic director on a closed path around the defect; s indicates
how many times of 2π the director rotates. Since +n and – n of the director are
equivalent, half-integer values of s are allowed. The light scattering and dielectric
properties of different droplet configurations can vary considerably, which is an
important factor in the PDLC devices. Accordingly, the configuration of confined
LCs is an area of both scientific and technological interest [19, 126]. The configura-
tion adopted by the nematic director field within a droplet reflects the subtle
interplay of a number of forces, such as shape and size of cavity containing LC
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material, alignment properties of the LC at the polymer surface, elastic constants of
the bulk nematic, temperature and the presence of external fields. Out of these
factors, preferred alignment of the nematic at the surface of the polymer-LC inter-
face determines the droplet configuration. If the anchoring energy is stronger than
the elastic forces inside LC droplets, then the nematic director adopts a uniform tilt
angle either (0° or 90°) at all points on the droplet surface, and the final configura-
tion of nematic director within LC droplet is to minimize the total free energy.
However, if the anchoring energy is weaker than the elastic forces inside LC drop-
lets, then the tilt angle of the nematic varies spatially within the droplet to minimize
curvature in the bulk of the droplet. Strong or weak anchoring conditions depend
on the chemical nature of the polymer interface up to a certain degree. However,
typically anchoring energy is more influential. Anchoring effects are magnified in
small droplets, because of their shorter length scale and increased surface-to-vol-
ume ratio. Along with anchoring energy, balance of elastic constants is an impera-
tive factor in determining the director configuration. Contribution of elastic
constants to the system’s free energy determines whether director configuration
inside the droplet is simple or complex. The shape and size of cavity affects droplet
structure. In submicron-sized droplets, the close proximity of surfaces and defects
can distort the nematic structure throughout the droplet, whereas in large-sized
droplets, it is easy to form multiple defect structures. The director configuration is
isomorphic in a symmetric cavity and unpredictable in irregular-shaped cavity. The
presence of external fields may influence the alignment direction of a nematic
without altering the director configuration. Four commonly found director config-
urations in PDLCs [127–129] are illustrated in Figure 32.

a. Radial configuration (Figure 32(a)): In this configuration, director field is
anchored perpendicular (homeotropic) to the droplet wall. A radial droplet
possesses spherical symmetry, and the only elastic deformation present in this

Figure 32.
Director configurations in a droplet of PDLC (a) radial, (b) axial, (c) bipolar, (d) toroidal and (e) three-
dimensional view of the toroidal configuration.
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structure is a splay deformation with a point defect (s = 1) in the volume
centre known as hedgehog [19, 130]. This is shown in Figure 33. The defects
(also known as disclinations) arise when the elastic energy density of a
nematic grows sufficiently large, and the orientation of the nematic director
becomes indistinct [131]. Radial structure is generally found by dispersing LC
in low-surface energy fluids like polysiloxane or in glycerine containing a
small amount of lecithin.

b. Axial configuration (Figure 32(b)): This configuration was found in director
field which are weakly anchored perpendicular (homeotropic) to the droplet
wall, smaller in radii than radial droplets and in those radial droplets which
were exposed to electric or magnetic field [132]. The director field possesses
cylindrical symmetry, with a line defect perpendicular to the preferred
orientation direction at the droplet equator as shown in Figure 32(b).

c. Bipolar configuration (Figure 32(c)): In this configuration, director field is
anchored tangential (parallel or homogeneous) to the droplet wall. The
director field possesses cylindrical symmetry, with the symmetry axis defined
by two-point defects called boojums, which lie at opposite ends (poles) of the
droplet. Boojums can exist only at the surface and cannot move into the
volume of the droplet. In a bipolar droplet, both splay and bend deformations
are present, with splay-type boojums located at the surface near the poles of
the droplet, as shown in Figure 33. The bend deformation dominates
throughout the rest of the drop along the lines connecting the two poles.

d. Toroidal configuration (Figure 32(d) and (e)): In the case of multiple elastic
constants, the toroidal configuration exists when the splay energy becomes
too large in comparison with the bend energy in the droplet. For a value of
K11/K33 > 0.7, a droplet with the toroidal configuration is a stable structure as
it has a lower free energy than a bipolar structure. The toroidal structure
possesses a line defect running along the droplet diameter, and the nematic
director is everywhere perpendicular to this line arranged in a series of
concentric circles.

Figure 33.
A schematic illustration of splay and bend elastic deformations dictating the nematic ordering in radial and
bipolar LC droplets.
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6.3 Light scattering properties of PDLC films

Light scattering properties of PDLC films which can be controlled by electric
field is a topic of great interest for scientific and technological reasons. The light
scattering effects are insensitive to the initial polarization of light, and hence PDLC
films can modulate light without the use of alignment layers or polarizers. The light
scattering property of a PDLC film depends on many parameters such as LC droplet
shape and size, droplet configuration, droplet density, refractive indices of LC and
polymer, wavelength, etc. However, the nematic director orientation within the LC
droplet dominates the light scattering properties of the films. Upon application of
electric field, directors can be oriented along the direction of electric field causing
transformation from highly scattering to highly transparent film. For simplicity, to
explain the scattering and/or propagation of light at different voltage levels, we
have developed a single droplet model [116, 133, 134].

In the absence of electric field, the different droplets will have different orienta-
tions. The droplet under investigation (Figure 34(a)) will scatter the light at
polymer-LC interface. When a little voltage, below threshold voltage VTH (defined
later) (Figure 34(b)) is applied, because of the strong anchoring at interface, the
alignment of LC droplet directors will not change much except the internal portion of
the droplet. The internal portion experiences the electric field effect and aligns LC
directors along the direction of the field. When the field (Figure 34(c)) is further
increased up to the intermediate level, the majority of the LC droplets gets oriented
along the direction of applied electric field, except the LC directors, which are on the
polymer-LC interface, experiencing enough anchoring forces. At adequately high
electric field (Figure 34(d)), i.e. above saturation voltage VON (defined later), all the
directors get aligned along the direction of electric field. In such situation, light
encounters only ordinary RI of LC, which is very close with the RI of the polymer.
Therefore, a clear transparent film is observed at sufficiently high voltages.

6.4 Electro-optic properties of PDLC films

6.4.1 OFF-state transmittance (scattering) (TOFF)

In the absence of field, i.e. OFF state, the directors of LC droplet are randomly
aligned. In this situation, most of the light incident normal to the film surface gets
scattered giving opaque appearance to the film. The reason behind this is the
mismatch of RI (a) between two adjacent droplets, (b) between a LC droplet and
polymer and (c) within a LC droplet [135]. The OFF-state transmittance of a PDLC
film depends on the birefringence of the LC. To minimize the value of OFF-state
transmittance, the difference between LC extraordinary and ordinary refractive
indices ∆n ¼ ne � no must be as large as possible.

Figure 34.
Single LC droplet model: (a) V=0, (b) V<VTH, (c) VTH ≤V≤ VON, (d) V>VON.
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6.4.2 ON-state transmittance (TON)

In the ON state, when sufficient voltage is applied across the PDLC which
overcome the anchoring at polymer-LC interface, the LC droplets attain mini-
mum free energy by completely aligning themselves parallel to the field
direction by the action of dielectric torque. In such a situation, light incident
normal to the film surface experiences RI, np= no, and gets transmitted through
the film.

6.4.3 Contrast ratio (CR)

Contrast ratio is the term used to evaluate display properties of PDLC films. It is
the ratio of the ON- to OFF-state transmittance:

CR ¼
TON %ð Þ

TOFF %ð Þ
(24)

6.4.4 Transmittance difference (ΔT)

Another term used to evaluate the efficiency of PDLC films is transmittance
difference (ΔT); it is difference of ON- and OFF-state transmittance:

∆T %ð Þ ¼ TON � TOFF (25)

6.4.5 Switching voltages

One of the most important parameters of PDLC films is the voltage required to
achieve an electro-optic effect. Initially the LC droplets are randomly oriented in
PDLC films. When low electric field is applied, LC droplets starts orienting along
the field; the voltage required to increase the transmittance of PDLC film by addi-
tional 10% of OFF-state transmittance (TOFF) is termed as threshold voltage (VTH).
The theoretical model for threshold voltage has been developed by balancing the
elastic forces, surface interaction and applied electric force and is mathematically
derived as [136, 137]:

VTH ¼
d

3a

ρp

ρLC
þ 2

� �

k l2 � 1
	 


∆ε

" #1
2

(26)

where d is the film thickness; ρp and ρLC are the resistivities of polymer and LC,

respectively; k is the elastic constant; the aspect ratio l ¼ a=b, where a and b are the
length of the major and minor axes of LC droplet, respectively; and ∆ε is the
dielectric anisotropy of the LC. With further increase in voltage, more and more LC
align along the field. When sufficient voltage is applied across the PDLC which
overcome the anchoring at polymer-LC interface, the LC droplet attains minimum
free energy by completely aligning itself parallel to the field direction. At this stage
film becomes fully transparent, and corresponding voltage is termed as saturation
voltage or ON-state voltage (VON).

6.4.6 Response time

Another decisive factor in evaluating the performance of the polymer-LC com-
posite film is its dynamic response to an applied electric field. Quick response of a
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PDLC film is critical in many applications. Response time is the time required by the
LC molecules to align along the electric field upon application of field and to relax to
their initial orientation when the electric field is removed. It generally depends on
the relative strength of the applied field and the elastic reorientation forces. It can
be affected by the degree of phase separation between nematic and polymer phase.
Polymer-LC material properties and film morphology which include droplet size,
shape, multiple scattering processes, etc. have high impact on response time of
composite film [138, 139]. Erdmann observed reduced values of response time for
elongated LC droplets [128]. It is calculated by balancing an elastic torque (Гd),
electric torque (Гe) and viscous torque (Гv). It is the sum of rise time (τr) and decay
time (τd). Rise and decay times are usually defined in terms of an optical response.
Rise time is the time in which transmittance of film reaches from 10 to 90% on
application of electric field. Similarly decay time is the time in which transmittance
reaches from 90 to 10% on removal of electric field [115]. Mathematically

1

τr
¼

1

γ1
Δε� V2 þ

k l2 � 1
	 


a2

" #

(27)

and

τd ¼
γ1 � a2

k l2 � 1
	 
 (28)

where γ1is the rotational viscosity of LC and other symbols manifest same
meaning defined earlier.

For higher electric fields

τr ¼
γ1

Δε� V2 (29)

An analysis of the above equation indicates that τr is predominantly a function
of the applied voltage, where τd typically depends on the configuration of LC
domain and their anchoring energy with polymer wall. A good estimation of rise
and decay times can be attained by understanding the director direction inside LC
droplet.

6.4.7 Hysteresis effect

During the study of electro-optic properties, a well-known hysteresis phenome-
non was observed in PDLC films [138]. The hysteresis is a known problem, which
must be addressed for practical application of the display material. It has been
found that the transmittance values obtained at various voltages during scan down
cycle do not follow the same path as that of the scan up cycle. A measure of
hysteresis is given by the voltage width at half of maximum transmittance (∆V50).
The lag of transmittance during scan down cycle may trace on any of the three paths
as shown in Figure 35:

1.Hysteresis: Hysteresis occurs in intermediate voltage range, and the
transmission at a given voltage depends on the previous voltage state. The
situation when a higher transmission at a given voltage is observed during the
scan down cycle as compared to the transmission at the same voltage during
the scan up cycle is termed as hysteresis effect.
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2.Persistence: The phenomenon when the film does not return to its complete
scattering state immediate after removal of field is termed as persistence. The
reason behind persistence is high interconnectivity between LC droplets which
creates defect structure in any of the droplet. Then the other connected
droplets may get trapped in the high field and remain in the same state even
after the removal of field, until the defect escapes from the trap.

3.Memory effect: It is a semi-permanent persistence because film remains
permanently in the transparent state even after removal of field. The reason
for memory effect is weak anchoring force which develops between the
boundaries of polymer network and LC domain upon application of field.

There are some common factors in hysteresis, persistence and memory effect in
PDLC films. Persistence and memory effects are due to predominance of some
specific factor.

The sources which give rise to hysteresis phenomenon have been studied by
various researchers [117, 135, 138, 140, 141]. Hysteresis depends on the rate at
which fields are applied and removed. For quickly (period of microseconds)
varying voltages, hysteresis are more as compared to slowly varying (period of
seconds) voltages in a same film [19]. It has been proposed that the orientation
mechanism of the LC droplet director is a crucial factor responsible for hysteresis.
Upon application and removal of field, there is substantial difference in the director
direction of LC molecules, which are at the polymer-LC interface and which are
inside the LC droplet [138]. The orientation-reorientation of LC directors depends
on the polymer-LC compatibility and induced interfacial polarization, influencing
the distribution of the relaxation time [136]. Hysteresis might be due to the pres-
ence of defect structure within a LC droplet [138, 141]. Depolarization effects might
contribute to hysteresis through the generation of electric fields inside the PDLC
films [142]. It has been suggested that hysteresis might be due to the residual
electric charge (on field removal) which serves as a capacitor during the scan down
cycle [84, 135]. On analysing Figure 35, it is clear that hysteresis effect is not
observed at high fields because at higher voltages of scan down cycle, LC droplets

Figure 35.
Schematic of hysteresis, persistence and memory effect in a PDLC film.
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remain in the same state of orientation. However, when the applied field is
reduced further, reorientation of LC droplets director begins, giving rise to
hysteresis effect [143].

There is a much scope of improvement in the optical and dielectric properties of
PDLC devices, by reducing operating voltages, quickening switching and relaxation
times, enhancing image contrast, etc. Before photopolymerization, PDLC films are
a homogeneous mixture composed of monomer and LC which transforms into
heterogonous system consisting LC droplets embedded in polymer matrix after
photopolymerization.

Several groups have suggested that to augment the PDLC film properties, we
can alter:

1.Film preparation conditions, such as, reaction temperature, UV irradiation
intensity, curing time and film thickness

2.Properties of monomer unit such as their structure, functionality,
concentration in LC, etc.

3.Physical properties of LC such as optical and dielectric parameters, rotational
viscosity, temporal characteristics, molecular dynamics, etc. [76, 119, 120, 123,
144–149].

To enhance the properties of PDLC films, LC properties are modified suitably by
addition of nanoparticles, dyes, polymers and carbon nanotubes. The inclusion of
new additives can add new functionalities to the obtained devices. To obtain the
desired result from the host LC material, proper selection of size, shape and struc-
ture of guest/additive particle is an imperative factor. In has been proved that due to
the inherent dipole moment, LC materials respond radically when doped and
anchored with elongated species.

The incorporation of small quantity of dye molecules to the LC is one suitable
solution, which has been studied by several researchers.

6.5 Operating principle of DPDLC composite films

DPDLC films are also named as guest-host polymer-dispersed liquid crystal
(GHPDLC) composite films. The LC phase acts as the host and dye molecules doped
in LC act as the guest. Once the geometrically anisotropic dye molecules are added/
dissolved in LC, the long molecular axis of dye molecule tends to align along the LC
director; this is called as guest-host interaction. Dyes used for LC media must have
high dichroic ratio, high-order parameter, high stability and good compatibility and
solubility with LC but not with monomer unit or polymer matrix. It must be a
positive type, i.e. the absorption transition dipole is along the long molecular axis.
When the polarization of the incident light is perpendicular to the long axis of the
dye molecules, the light is weakly absorbed. When the polarization of the incident
light is parallel to the long axis of the dye molecules, the light is strongly absorbed,
as shown in Figure 36. Considering all the above-mentioned points, dichroic azo
dyes, which are N]N substance and absorb light of certain wavelength more along
one direction than the other, have been used.

Similar to the PDLC films, the dispersion of the droplets can also be achieved
using polymerization-induced phase separation method, in which the dye and LC
mixture separate from the polymer binder. These DPDLC films possess controllable
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scattering as well as controllable absorbance, modulated by the liquid crystal mole-
cule. The large transition moment of the rod-shaped dye molecules is modulated by
the symmetry axis of the LC molecule in the OFF and ON states of electric field
[150–153]. In the field “OFF state”, dye molecules are randomly oriented along with
the LC droplets. The unpolarised incident light is scattered as well as absorbed due
to LC droplets and dissolved dye molecules. Due to the scattering of light, the
optical path length of light increases, and hence enhancement in absorption has
been noticed. In the field “ON state,” LC droplets and dissolved dye molecules get
aligned along the field direction, making the film feebly absorbing; hence, most of
the light is transmitted through the film. Figure 37 shows the schematic of DPDLC
film in the OFF and ON states of applied electric field [61, 125].

LC droplets in all the composite films exhibit predominantly bipolar (LC
droplet with cylindrical symmetry axis defined by two-point defects at opposite
ends)-type morphology with some radial (LC droplet with spherical symmetry
and the only point defect in the volume centre) structures. No preferred orienta-
tion of LC droplets was found, which is responsible for the scattering of light.
Upon addition of dichroic dye molecule, significant morphological changes arise
in LC droplet. The dye, polymer and LC are chosen such that the solubility of dye
is high in LC but very low in polymer. Figure 38 shows POM image of DPDLC
film (O36N), prepared using LC BL036 and prepolymer NOA65 in wt/wt% with
varying disperse Orange 25 dye concentration. As the dye concentration increases
from 0–1%, there is noticeable increase in droplet size from submicron to �10 μ.
The reason is dye molecules dissolved in LC absorb some of the UV radiations
provided for photopolymerization, which reduces rate of polymerization and in
turn influences droplet growth. At lower dye content, faster polymerization rate
produces smaller and denser LC droplets. At higher dye content, slow polymeri-
zation rate preserves polymer in a liquid state for an extended period, thus
allowing the growth and coalescence of small LC droplets to form bigger ones.
There is more number of bipolar droplets in the high dye-doped film

Figure 36.
A schematic representation of direction dependent absorption of dichroic dye molecule.
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(Figure 38(d)) showing relatively higher affinity for the polymer and thus aiding
strong anchoring at the polymer-LC interface than the low dye-doped composite
films. Altogether, the addition of dye increases the viscosity of polymer-LC mix-
ture, especially at low temperatures, which increases droplet size and hence opti-
cal path length [143, 154–158].

The high dye-doped PDLC film emerges with more number of bipolar droplets,
as shown in Figure 38(d). This can be interpreted as high dye-doped LC molecules

Figure 37.
Schematic of DPDLC in (a) OFF state and (b) ON state.

Figure 38.
POM images of O36N DPDLC film with dye concentrations (a) 0%, (b) 0.015%, (c) 0.25% and (d) 1%.
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show relatively higher affinity for the polymer than the low dye-doped LC mole-
cules and hence facilitating strong anchoring conditions at the interface of polymer
and LC molecules [155].

Figure 39 shows effect of electric field on the morphology of DPDLC film O36S
prepared using disperse Orange 25 dye, LC BL036 and Prepolymer SAM-114. The
LC and prepolymer are taken here in 45/55 wt/wt%. In the ON state, when the
electric field is low (10–20 V) (Figure 39(b)), there is substantial difference in the
director direction of molecules which are near the polymer-LC interface and which
are inside the LC droplet, and point defects are still at their initial position. On
increasing the voltage (higher than anchoring energy at polymer-LC interface)
(30 V and above) (Figure 39(c) and (d)), small and big LC droplets acquire
maltese-type structure and twisted arrangement with director direction parallel to
field, respectively. The appearance of maltese crosses is due to the interference
(recombination) of the two refracted waves at higher fields [125, 159, 160].

The voltage dependence of transmittance for DPDLC composite film (O00N),
prepared using dye disperse Orange 25+ LC HPC850100–100 + prepolymer NOA-
65, at a constant frequency of 200 Hz is shown in Figure 40. LC and prepolymer are
taken in 40/60 wt/wt% ratio, respectively, with dye content varying from 0 to 1%.
The parameters such as TOFF,TON, CR, ∆T, VTH and VON calculated from graph
(Figure 40) are summarized in Table 4.

From the above graph (Figure 40) and Table 4, it is clear that the DPDLC film
with lowest dye concentration (0.007%) is the optimum one. This film has low
value of TOFF and high value of TON, which results in high CR and high ∆T.
The value of VTH and VON is remarkably low, desired for good EO devices.

Figure 39.
Droplet structure of 0.015% O36S DPDLC film at (a) 0 V, (b) 20 V, (c) 40 V and (d) 60 V.
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The variation in rise time and decay time of DPDLC composite films (O36S)
prepared using LC BL036+ Prepolymer SAM-114 in 45/55 wt/wt% ratio and doped
with disperse orange dye, at 40 V, is given in Table 5.

Generally, the rise time of all composite films decreases with the increase in
voltage, whereas decay time is independent of voltage. This observed phenomenon
is in good agreement with Eqs. (27) and (28). However, sometimes, there is small
increase in decay time with voltage indicating longer transparent state even after
field removal. Also, at higher voltages, rise time is of the order of microseconds
indicating quick switching of the films. Table 5 indicates lower value of rise time for
low dye concentration DPDLC film. The proposed reason is increased dipole

Figure 40.
Transmittance vs. voltage curve of various dye concentrations O00N DPDLC films at 200 Hz frequency and
25°C temperature.

Dye concentration (wt%) TOFF (%) TON (%) ΔT (%) CR VTH VON

0.0 1.02 91.43 90.41 90 3.5 40

0.007 0.41 98.98 98.57 241 1.1 40

0.015 0.51 98.37 97.86 193 1 40

0.0625 7.86 97.96 90.1 12 1.5 29

0.25 15.52 97.96 82.44 6 1.3 33

1 33.16 97.40 64.24 3 1.5 29

The significance of bold values are the optimum parameters for the given film.

Table 4.
Voltage-transmittance data of various dye concentrations O00N DPDLC films.

Dye concentration (wt%) Rise time (ms) Decay time (ms)

0 0.4 6.8

0.007 0.2 6.6

0.015 0.3 6.7

1 0.8 8.3

Table 5.
Rise time and decay time of DPDLC film O36S at 40 V.
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moment of LC droplet due to addition of dye molecules, contributing in LC droplet
quick orientation, hence low rise time. With the further increase in dye concentra-
tion, rise time increases because of increase in viscosity of LC+ dye mixture. Alto-
gether, at higher dye concentration, LC molecules expel dye towards polymer
surface creating additional surface anchoring. Upon removal of field, LC droplets of
low dye concentration DPDLC film quickly reorients as compared to the un-doped
film. In high dye concentration DPDLC film, LC droplets took more time to reorient
because of the additional surface anchoring between dye-doped LC droplet and
polymer walls. During application of field, charge gets stored in dye-doped LC
droplet, which serves as capacitor even after removal of external field affecting
relaxation time of LC droplet.

For the analysis of experimental data and qualitative evaluation of distribution
of relaxation time, Cole-Cole plot is drawn for imaginary part ε″ vs. real part ε0 of
the dielectric constant. For O00N (dye Orange 25+ LC HPC850100–
100 + prepolymer NOA65) DPDLC film, Cole-Cole plot is shown in Figure 41.
Dielectric parameters calculated using Cole-Cole plot are summarized in Table 6.
The zero value of α listed in Table 6 clearly shows that DPDLC films show Debye
type behaviour. The 0.007% DPDLC film has very high value of dielectric strength.

Figure 41.
Cole-Cole plots of various dye concentrations O00N DPDLC films at 25°C temperature.

Dye concentration (wt%) f (MHz) εs ε
∞

δε
0

τ (s) α

0.0 15.1 11.66 2.77 8.89 1.05 E�8 0

0.007 15.1 17.17 2.15 15.02 1.05 E�8 0

0.015 17.4 15.36 1.53 13.83 9.15 E�9 0

0.0625 15.1 14.03 2.34 11.69 1.05 E�8 0

0.25 15.1 17.91 1.89 16.02 1.05 E�8 0

1 13.2 18.96 1.38 17.58 1.21 E�8 0

Table 6.
Fitting parameters of various dye concentrations O00N DPDLC films.
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In order to improve the performance of PDLC films, similar to DPDLC films,
LC can be doped with nano-particles or carbon nanotubes. One such example is
multiwalled carbon nanotubes (MWCNT)-doped PDLC (CPDLC) film, which is
discussed here.

6.6 Operating principle of CPDLC composite films

Similar to the DPDLC composite films, in CPDLC films, LC phase acts as the
host and MWCNT doped in LC act as the guest entity. MWCNTs are physically and
environmentally stable, mechanically strong, chemically inert and thermally and
electrically conducting material with high aspect ratio. MWCNT is also self-
organizing, like LC material, but strong attractive Van der Waals forces between
adjacent MWCNT lead them to cluster and form unorganized bundles [161]. It is
very difficult to disperse MWCNT in a medium, but small percentage of MWCNT
can be dispersed well in LC fluid. Till date any experimental confirmations regard-
ing the interaction between MWCNT and LC are unavailable, but on analyzing their
structure, π-π interaction (aromatic interaction) between MWCNT walls and phe-
nyl rings of LC molecules is evident. As MWCNT is insoluble in LC, this type of
interaction is quite weak to cause any LC director deformation. The well-dispersed
MWCNT are generally orientated with their cylindrical axis parallel to the director
direction of nematic LC. After the sufficiently stable dispersion of MWCNT in LC,
both host LC and guest MWCNT share their intrinsic properties with each other,
which are listed below:

1.Due to the dipolar nature of LC material, asymmetric charges are induced on
MWCNT producing permanent dipole moment on MWCNT.

2.Nematic LC solvent provides partial orientational order to MWCNT.

3.MWCNT impart their electrical conductivity to the LC molecules.

Because of this sharing of inherent properties with each other, properties of
CPDLC films get affected significantly. Similar to the DPDLC films, in CPDLC films
also the dispersion of the LC droplets has been achieved using PIPS method, but in
CPDLC films even after completion of polymerization process, MWCNT are found
to be well separated entity from LC droplets embedded in polymer matrix. Since
MWCNT do not absorb any light, hence operating principle of CPDLC films is
based only on controllable scattering of light from randomly dispersed LC droplets.
In the absence of field, i.e. “OFF state”, MWCNT and LC droplets are separately
and randomly oriented inside polymer matrix as shown in Figure 42(a). The
unpolarised incident light is scattered because of LC droplets. Upon application of
field, i.e. “ON state”, LC droplets get aligned along the direction of field, and
MWCNT also get partially oriented as shown in Figure 42(b) and may form
conducting channel at higher MWCNT concentration.

Figure 43(a)–(d) shows SEM images of some representative CPDLC films
(C00N) prepared using LC HPC850100–100 and prepolymer NOA-65 doped with
MWCNT concentration 0, 0.005, 0.05 and 0.5%. Here, LC and prepolymer are
taken in 60/40 wt/wt% ratio. As MWCNT are insoluble in LC and do not participate
in photopolymerization kinetics, therefore, the size of the LC droplets remains
invariant upon addition of MWCNT. On analysing SEM images of 0% and 0.005%
CPDLC films (Figure 43(a) and (b)), it is clear that the size of cavities is of few
microns. Increase in MWCNT concentration (0.05 and 0.5% CPDLC film) does not
affect the size of LC droplets but because of clustering of MWCNT, few bigger size
cavities are formed as shown in Figure 43(c) and (d).
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Figure 42.
Schematic of CPDLC in (a) OFF state and (b) ON state.

Figure 43.
Cavities formed after removal of LC from (a) 0%, (b) 0.005%, (c) 0.05% and (d) 0.5%, C00N CPDLC
films.
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The voltage dependence of output transmittance for CPDLC films with
MWCNT content varying from 0 to 0.5% is shown in Figure 44. The parameters
such as TOFF,TON, CR, ∆T, VTH and VON calculated from this graph are summarized
in Table 7.

From the above graph (Figure 44) and Table 7, it is clear that the CPDLC film
with lowest MWCNT concentration (0.005%) is optimum one. This film has low
value of TOFF and high value of TON, which results in high CR and high ∆T. The
value of VTH and VON is remarkably low, desired for good EO devices.

In order to understand the effect of temperature on other dielectric parameters
such as dielectric strength and relaxation process, Cole-Cole plot can be drawn
between real and imaginary parts of complex dielectric constant. Figure 45 shows
Cole-Cole plots of 0.005% MWCNT-doped C36N CPDLC film (LC BL036 and
prepolymer NOA-65 in 50/50 wt/wt % ratio) at different temperatures. It is clear
from graphs that the value of dielectric strength {difference of relative dielectric
constant at static (at 20 Hz) and optical (at relaxation) frequency f} increases up to
40°C and then starts decreasing because small increase in temperature weakens
intermolecular interaction and hence relaxes orientation-reorientation process of
dipoles, whereas at high temperatures, thermal agitation becomes more predomi-
nant than intermolecular interaction which produces randomization of dipoles.

Figure 44.
Transmittance vs. voltage curve of various MWCNT concentrations C00N, CPDLC films at 200 Hz frequency
and 25°C temperature.

MWCNT concentration (wt %) TOFF (%) TON (%) ΔT (%) CR VTH VON

0.0 1.02 91.42 90.4 90 3.5 40

0.005 0.71 97.02 96.31 137 0.1 30

0.01 3.06 93.46 90.4 31 0.4 24

0.05 7.14 41.83 34.69 6 1.0 32

0.1 10.71 33.36 22.65 3 1.3 20

0.5 15.3 21.42 6.12 1 7.4 30

Table 7.
Voltage-transmittance data of various MWCNT concentrations C00N CPDLC films.

50

Liquid Crystals and Display Technology



The value of distribution parameter α (not shown here) calculated for all Cole-Cole
plots drawn for CPDLC films at different temperatures was zero, revealing Debye
type relaxation [162].

6.7 Conclusions of PDLC study

The phenomenal optical and dielectric anisotropy of LC has been exploited in
various display devices/LC technologies, and one such example is polymer-dispersed
liquid crystal films. To improve the optical efficiency of PDLC device, with reduced
operating voltages, faster switching time and high image contrast, properties of LC
have been modified by doping it with some foreign entity. To obtain the desired
result from the host LCmaterial, proper selection of size, shape and structure of guest
is an imperative factor. In all cases it has been proven that LC responds radically
when doped and anchored to elongated species due to their inherent dipole moment.
Therefore, host LC can be doped with dichroic dye guest molecules. Dye molecules
tend to line up with the LC director, and dye absorbance is modulated by the
alignment of nematic director with an external electric field. The controlled absorp-
tion and scattering of light through these materials make them promising candidates
for various potential devices. Also the self-organizing properties of nematic LCs can
be used to align carbon nanotubes (CNT) dispersed in them. CNT not only well
integrate in the matrix but also, even at very low concentration, have a detectable
effect on the LC properties that can be very attractive for display applications.

7. Holographic polymer-dispersed liquid crystal

When monomer concentration is high around 60–70%, nanosized LC droplets
are formed and embedded inside the polymer matrix, this kind of polymer-LC
composite films is named as HPDLC films. In PDLC films LC droplets are randomly
distributed in polymer matrix, whereas in HPDLC films, alternate polymer-rich and
LC-rich regions exist. As the size of the LC droplets is much smaller than the
wavelength of visible light, composite films, free from scattering effect and with

Figure 45.
Cole-Cole plots of 0.005% MWCNT concentration C36N, CPDLC film at different temperatures.
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faster response time, have been obtained. Similar to the PDLC composite films, no
surface alignment layer is needed in HPDLC films. Figure 46 shows schematic of
HPDLC film.

7.1 Operating principle

When a mixture of LC, monomer and photoinitiator (PhI) is exposed under the
standing wave, formed from the interference of two or multiple coherent laser
beams, it generates periodic dark and bright fringes. These periodic fringes regulate
polymerization and hence phase separation process. High polymerization rate in the
bright region (diffusion of monomer from dark to bright region) and low polymer-
ization rate in the dark region (diffusion of LC from bright to dark region) create
Bragg grating with alternate polymer-rich and LC-rich regions. Similar to the
PDLC, the polymer and LC material are chosen such that the RI of the polymer
should match with the ordinary RI of LC. Upon application of electric field, HPDLC
film becomes optically transparent/homogenous, and the grating is in its OFF state.
When the electric field is removed, LC molecules return to their original random
state, and grating is in its ON state. This HPDLC grating reflects light of a particular
wavelength and transmits light of all other wavelengths [163]. Morphology and
diffraction properties of grating depends upon writing set-up, materials, diffusion
rate, curing conditions and phase separation process [164, 165]. The particular
wavelength that is reflected is a function of the refractive index difference and the
width of the layers in the grating. When a voltage is applied, the liquid crystals align
with the field, and their new refractive index matches that of the polymer, causing
the grating to become transparent.

7.2 Material used and sample preparation of HPDLC films

HPDLC composite films are also prepared by mixing LC, monomer,
photoinitiator and dopant (if any) in a desired ratio.

7.2.1 LC material

The optical and dielectric anisotropy of nematic LC make them suitable candi-
date for HPDLC films. Similar to the PDLC composite films, the operation of
these composite films is based on birefringence property of LC. Nematic LCs are

Figure 46.
Schematic of HPDLC film.
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optically uniaxial materials, i.e. they have two direction-dependent refractive indi-
ces, (ordinary RI, no, and extraordinary RI, ne) with birefringence ∆n ¼ ne � no and

average RI, nav ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1
3 n2e þ 2n2o
	 


q

. The value of ∆n may be positive or negative

[34, 37, 38]. The polymer and LC are chosen such that the refractive index of the
polymer (np) should match with ordinary refractive index (no) of the LC,
typically ne ≫ no � np.

7.2.2 Monomer unit

In HPDLC films two types of monomer can be used:

a. Acrylate-based monomer: A wide range of acrylate-based monomers
with different functionalities are available such as phthalic diglycol
diacrylate (PDDA), 2-ethylhexyl acrylate (EHA), polyurethane acrylate
oligomers (PUA), etc. But these multifunctional acrylates carry some
drawbacks in HPDLC gratings, such as: (i) Because of early gelation and
subsequent vitrification, monomer conversion is low, and polymerization
can continue for prolonged periods, even in the dark; (ii) during exposure
considerable shrinkage was also observed; (iii) larger interfacial area
increases unwanted optical scattering; and (iv) interconnectivity in LC
droplets and variety in LC droplet configuration decreases prompt electrical
switching.

b. Thiol-ene-based monomer: Thiol-ene-based monomers are composed of
multifunctional aliphatic thiols and vinyl monomers comprising ene groups.
These monomers have high conversion efficiency, good stability, less shrink-
age and more elastic; therefore they are preferably used for constructing
HPDLC composite films. Norland optical adhesives are good examples of
these kinds of monomers. Earlier these monomers could only be cured by UV
light, but now new materials were synthesized, which can be cured under
visible light.

7.2.3 Photoinitiator and co-initiators

Along with LC material and monomer, to induce photopolymerization, PhI and
co-initiators are also required. Choice of PhI depends on the wavelength of laser
beam employed for writing. Sometimes chain extenders are also incorporated into
the mixture to optimize grating morphologies.

7.2.4 Sample preparation

Empty sample cell is prepared by two ITO-coated glass substrate (ITO coating
facing each other) separated by suitable spacers. Mixture of LC, monomer,
photoinitiator and dopant (if any) is stirred for homogenization. Mixture is filled
into ITO cell and then exposed under suitable light depending upon the PhI. Gen-
erally, for curing sample cell is placed under the interference pattern formed by
coherent laser beams. Samples are again placed under UV lamp for postcuring if
needed [166].

7.3 Types of HPDLC gratings

Different writing set-ups produce different types of HPDLC gratings, named
as transmission grating and reflection grating. If the writing beams are incident on
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the same side of sample cell, transmission grating will be formed, with grating
planes perpendicular to the sample cell surface as shown in Figure 47(a). If the
writing beams are incident from both sides of the samples, reflection grating
will be formed, with grating planes parallel to the sample cell surface as shown in
Figure 47(b).

7.4 HPDLC grating parameters

7.4.1 Grating period/grating pitch

The grating period depends on the writing wavelength and intersection beam
angle:

Λ ¼
λ

2n sin θi=2ð Þ
(30)

Here, Λ is the grating period, λ is the writing wavelength and n is the average
refractive index of the material mixture. A grating with varied period can be
obtained by inserting a refractive cylindrical lens in conventional double interfer-
ence optical path. It varies the angle of incidence of one of the two interference laser
beams [167].

7.4.2 Cook-Klein parameter

This parameter depends on the grating period and thickness of grating:

Q ¼ 2π
λd

nΛ2 (31)

Here, λ is the wavelength of incident light, and d is the thickness of the grating.
If the value of Q < 1, then it is a Raman-Nath-type grating. It is thin grating and

multiple diffraction orders can be found.
If the value of Q > 1, then it is Bragg-type grating. It is thick or volume grating,

and only zero order or first order of diffraction can be found. Since the optical losses
are low in Bragg-type-grating, it is preferred for practical applications.

Figure 47.
Types of HPDLC grating: (a) transmission grating and (b) reflection grating.
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7.5 HPDLC morphology

Different materials and varying curing conditions produce different types of
polymer-LC morphologies in HPDLC composite films. Mainly, HPDLC morphol-
ogies can be categorized into three types.

7.5.1 LC droplet-like morphology

Generally, this type of morphology has been found in transmission or reflection
grating (Figure 48). These types of gratings are made up of acrylate- or thiol-ene-
based monomers. During PIPS process, because of fast curing process (intense
curing light and small curing time) and high effective functionality of monomer, LC
molecules get diffuse and configure themselves into distinct and elongated LC
droplets. These LC droplets, embedded into the polymer matrix, are distinguished
in SEM image (Figure 48(b)). Here, light scattering is more because the size of the
LC droplets is comparable to the wavelength of the visible light [164, 168].

7.5.2 Polymer scaffolding morphology

In transmission gratings prepared from acrylate-based material systems under
slow curing process, polymer scaffolding morphology can be obtained (Figure 49).
Here instead of small LC droplets, large LC domains or LC layer is obtained. If the
curing process is relatively slow as compared to that in “LC droplet-like morphol-
ogy”, transverse polymer filaments are obtained in polymer-rich region, in between

Figure 48.
LC droplet-like morphology: (a) schematic and (b) SEM image of HPDLC film [164, 168].

Figure 49.
Polymer scaffolding morphology: (a) schematic and (b) SEM image of HPDLC film [164, 169].
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two LC domains/layers, as shown in SEM image (Figure 49(b)). As LC droplets are
absent, scattering losses are low [164, 169].

7.5.3 Sliced polymer morphology (policryps)

In this type of morphology, transmission gratings are prepared from thiol-ene-
based monomers, under slow curing process and above nematic-isotropic tempera-
ture TNI of LC (Figure 50). In this type of grating, polymer slices are well separated
from aligned nematic slices. From the SEM image (Figure 50(b)), it is clear that as
the concentration of LC is low than the polymer, thickness of the LC slices is also
small as compared to polymer slices. The high phase separation degree produces
smooth polymer layers and aligned LC layers, which in turn minimizes scattering
losses [164, 170].

7.6 Conclusions of HPDLC study

Similar to the PDLC films, HPDLC films are based on the scattering and trans-
mittance effect of light from polymer-LC composite film. High monomer concen-
tration and formation of interference pattern during photopolymerization give rise
to alternate polymer-rich and LC-rich regions. Depending upon writing set-ups,
two types of HPDLC gratings can be formed. Variation in materials and curing
conditions can produce different types of morphology in HPDLC composite films.
Simple configuration, easy fabrication process and their integration with other
optical devices make them suitable for practical applications.

8. Applications

Polymer-LC composite film-based devices are switchable and tunable. The RI of
LC droplets embedded in polymer matrix can be tuned using external fields; there-
fore they can be used for a wide range of display and non-display applications. The
low monomer concentration polymer-LC composite film termed as PSLC films can
be used for bi-stable reflective displays and haze-free normal- and reverse-mode
light shutters with quick response [68, 110].

The PDLC composite films with the intermediate monomer concentration are
distinguished because of their flexibility as well as mechanical strength. The com-
prehensive list of applications of PDLC film includes haze-free light shutter devices;
switchable windows; high-definition Fuoss-Kirkwood spatial light modulators;
flat-panel and large area flexible displays; light valves; color projectors; thermal,
optical and strain sensors; electrically tunable focusing lenses; etc. [171].

Figure 50.
Sliced polymer morphology: (a) schematic and (b) SEM image of HPDLC film [164, 170].
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When the monomer concentration is higher than the LC concentration, HPDLC
films get formed. HPDLC films are known to be a promising technology because
they can be used in 3D display, fiber optics, data storage, zoom lenses, image
capture systems, beam vibration sensor, etc. [172].

It can be concluded that the LC’s inherent optical and dielectric anisotropy can
be effectively used in a display as well as non-display devices.

9. Summary

This chapter encompasses a wide range of LC-related subject matter. It begins
with the basics of LC materials, such as definition, history, types, phases and
properties of LCs. Information about properties of LC materials offer deep insight
in choosing LC material for particular application and also benefit in innovating
new applications. Initially applications of LC materials are limited to display world
only; now it is finding scope in a non-display world too. A brief outline about
applications of LC devices has been followed by an extensive study of polymer-LC
composites. The three types of composite films reported in this chapter are as
follows:

1.Low monomer concentration composite: PSLC film

2.Moderate monomer concentration composite: PDLC film

3.High monomer concentration composite: HPDLC film

The detailed study of each of the above composite films is about the following:

1.Fabrication technique using the most suited phase separation process.

2.Morphological analysis, which portrays their size, shape, configuration and
defects in LC droplet/domain structure.

3.Electro-optic study: It comprises definition and formulation of various electro-
optic parameters, such as transmittance difference, contrast ratio, hysteresis,
threshold and saturation voltages and response time, with examples.

4.Dielectric study: Calculation of relaxation frequency, distribution parameter
and breakdown strength using Debye and Cole-Cole plots is incorporated in
this study.

Precisely, this chapter gives a deep and comprehensive knowledge about LC and
some of their applications.
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