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Abstract: Liquid crystals (LCs) have become indispensable materials in everyday life, with their
applications ranging from high-resolution television displays to being a part of sophisticated and
modern equipment for telecommunications and sensing purposes. Various important features of
LC-based devices such as their response time, driving voltage, contrast ratio and brightness are
controlled by the uniform alignment of the constituting molecules along the substrate surface. This
alignment control can be achieved through various mechanical and non-mechanical techniques.
Nanoparticles (NPs), which have become an underbelly of the latest technological developments,
can also be incorporated into these tunable materials in order to achieve the desired alignment in
them. The present review highlights the advantages of NPs -induced alignment technique over the
other contemporary techniques available for aligning LCs. The NPs-induced alignment process is
found to be cost-effective and reliable, and it does not require extreme physical conditions such
as a low pressure for its operation. This alignment process enables manufacturers to effectively
control the pretilt angle of the LC molecules by simply varying the concentration of the doped NPs
in the host LC matrix. Furthermore, the alignment behavior in LCs is found to be a function of
shape, size, concentration and solubility of the doped NPs in these materials. At the end, this review
focuses on the methodology of developing new innovative devices based on this alignment process.
With the fabrication of new NPs of different morphologies in recent times, the horizon of the LC
nanoscience field is continuously increasing, thus paving way for new devices capitalizing on this
alignment technique.
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1. Introduction

Liquid crystals (LCs), intermediate phases with a tendency to flow like liquids but
having optical properties similar to solids, have unmasked extensive research in various
fields due to their self-organizational nature and their ability to form structures of different
types [1–5]. The relevance of these materials, discovered in 1888, is highlighted in various
displays and photonic and other high-tech devices due to their tunable electro-optical
nature [6–8]. LCs are ubiquitous materials, if we know where to look. They are found
in gluten, milk, phospholipids, lipstick, cell membranes of the inner ear, crude oil, insect
wings, snail slime, mineral slurries, DNA, Bose–Einstein condensates, etc. [9,10]. Figure 1
shows a glimpse of the presence of LCs around us.

The orientational dynamics of these materials are influenced by the presence of external
perturbing fields, which in turn affects their dielectric behavior as well. The demand for
tunable and reconfigurable materials in the micro- and millimeter wavelength regions has
placed the spotlight on LCs in recent years [11]. The canvas of the LC field continues to
increase manifold due to the mobile and anisotropic behavior of these materials.
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Figure 1. A glimpse of the ubiquitous nature of LCs around us.

LCs can be broadly divided into two groups, thermotropic and lyotropic, based on the
different physical attributes which affect their phase transitions [12]. The phase transitions
in thermotropic LCs are a function of the temperature only, whereas in lyotropic LCs,
these transitions are governed by the amphiphilic mesogenic concentration in a suitable
solvent under ambient temperature and pressure [13]. Thermotropic LCs are enormous
in number and are extensively used in various applications due to the wide variety of
substituents available for connecting functional groups at the terminal and core positions in
them [14–17]. Meanwhile, lyotropic LCs commonly exhibit lamellar, cubic and hexagonal
phase structures [18–21]. The lamellar phase consists of a layered arrangement in which
water is sandwiched between the amphiphiles in such a way that the hydrophilic part
of it is in contact with the water but the hydrocarbon part is directed away from it [19].
Similarly, in the cubic phase, the mesogenic arrangement is in the form of a sphere with
polar heads lying on the surface of it and the hydrophobic part filling up its volume.
The hexagonal phase, on the other hand, consists of amphiphilic molecules arranged in the
form of infinite cylindrical structures on a hexagonal lattice. The lattice constant of all these
lyotropic mesophases is of the order of a few nanometers which enables them to be used
for fabricating various soft materials such as biomolecules, emulsions etc.

Thermotropic LCs can be subcategorized into discotic, calamitic and banana-shaped
LCs [1,2,22–25]. Discotic LCs are disc-shaped molecules composed of aromatic or phenyl
rings encapsulated by flexible hydrocarbon chains [22–24]. The arrangement of these
molecules is in the form of a stack which causes an overlap of π* orbital, thereby resulting
in conductivity due to the electron transfer among them [23]. Calamitic mesophases, on the
other hand, have rod-shaped molecules which are characterized by a rigid polarizable core
with flexible substituents on either side. Calamitic LCs can be further subdivided into
nematic, smectic and cholesteric LCs [1]. The simplest LC phase which is characterized by
only the long-range orientational order with no positional order is the nematic LC (NLC)
phase [13,26]. The orientational ability of the director of NLCs under the external applied
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electric as well as magnetic field coupled with other interesting features such as low power
consumption and a large cell gap tolerance gives them tremendous scope in various display
applications [12,26–29]. Besides their cost-effective nature, these materials exhibit a high
switching time and have low viscosity as well. In contrast to nematics, smectic LCs exhibit
periodicity in one direction of space along with the orientational order [2,30–32]. This positional
ordering in one dimension causes molecules to arrange themselves in well-defined layers
which are capable of sliding over one another. This imparts fluid behavior to this system and
these materials generally have higher viscosity than NLCs. Another fascinating subgroup
of the LC family is the cholesteric LC (CLC) phase, which is obtained by the introduction
of a chiral molecule in the achiral NLC phases. Despite being symmetric, CLCs differ
from nematics in the context that the director of these materials moves uniformly in the
medium, thereby paving the way for a helical structure [33,34]. CLCs have registered their
foothold in various technological applications as their unique optical properties can be
tuned or refined easily by altering their pitch length [35,36]. Scientifically, the position and
concentration of chiral molecules in these CLCs control the birefringence, viscosity and
anisotropic behavior, thus leading to a profound impact on their pitch length [37]. On the
contrary, when chirality is induced in smectic phases with tilted structures, they start to
exhibit spontaneous polarization and piezoelectric properties [1,2]. Such chiral smectic
phases are termed ferroelectric LCs (FLCs) and are characterized by a spatially modulated
layered structure with the molecular director precessing helicoidally while moving from
one layer to another [38–40]. These FLCs have unleashed their prominence in modern
technological applications due to their bistable nature and faster switching speed [41].
A description of this classification is schematically presented in Figure 2.

Figure 2. Schematic description of the classification of LC materials.
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LCs have been ushered into various scientific areas of research due to their self-
organizational nature and ability to easily respond to external applied fields. Thermotropic
LCs having polar substituents such as –NCS, –F and –CN at one end also serve as excellent
lubricating agents [42]. This lubrication effect is due to the ordered structure of LCs which
enables the two contacting metallic surfaces to easily glide over one another and thus
reduce the energy loss due to friction. In earlier times, NLCs were the underbelly of display
applications due to their simple molecular alignment and ability to operate even at lower
voltages [12,43]. Afterwards, many NLC mixtures with large values of dielectric anisotropy
and birefringence were synthesized in order to remove the constraint of the poor switching
time which plagued these materials [44]. Apart from displays and digital calculators,
nematics are also used for the study of malignant and non-malignant tissues in human
beings for the treatment of cancer as well [45]. While the earlier use of cholesterics was
restricted to display applications and temperature sensors, currently, their tunable nature is
put to effective use in mirrorless lasing action [46–48]. This application is harnessed by the
presence of a selective reflection band in these materials. Furthermore, the reflection band
can be expanded or allowed to dwindle by the action of the external applied field, thereby
paving the way for its usage in tunable dye lasers [46]. The property of CLCs to selectively
reflect light of a particular wavelength makes them a useful candidate for the fabrication of
diffraction gratings as well.

In recent times, lyotropic LCs have unleashed tremendous curiosity among various
research groups due to their excellent potential in drug delivery systems and in colloidal
science [18,19,49]. Apart from their biodegradable and non-toxic nature, lyotropic systems
are endowed with the property to assimilate different types of amphiphilic, hydrophobic
and hydrophilic additives [50]. The hexagonal LC phase (a subtype of the lyotropic LC
phase) is often employed for the transport of pharmaceutical compounds and important
biomolecules such as peptides, proteins and nucleic acids [19,51]. Even DNA macro-
molecules, which are considered as the seat of genetic information in human beings, form
lyotropic LC phases when dispersed in water [50]. The presence of a lyotropic mesophase
is not restricted to organic molecules only but is also widespread in the suspensions formed
by dispersing inorganic minerals such as clay in an aqueous medium [52]. Such phases
are also produced by the mixing of proper concentrations of polymers in various isotropic
solvents. For example, the incorporation of aramid polymers in concentrated sulfuric acid
yields a heat-resistant synthetic fiber with high tensile strength [1,50]. This material, named
as Kevlar, exhibits liquid crystalline behavior and has wide ranging applications from
bicycle tires to bulletproof vests [53].

Nanomaterials with dimensions in the range from 1 to 100 nm have become the
backbone for industrial development due to their size-dependent optical, magnetic and
electronic properties [54–57]. The unique properties of nanostructured materials can be
further diversified by incorporating them into tunable anisotropic materials such as LCs.
The coupling of the long-range orientational order in LCs with the intrinsic properties of
doped nanoparticles (NPs) has a substantial impact on the overall properties of newly
formed composites [58]. Technological advances require novel materials with refined
characteristics, and the combination of NPs with LCs focuses on the development of
such materials for various applications. This combination may cause an increase in the
contrast ratio along with dielectric and optical anisotropy, improve the switching time of
the composite system and even induce a non-volatile memory in it [59,60]. Furthermore,
the recent developments in the LC nanoscience field include the enhancement of the
physical and electro-optical properties of many materials which has profound applications
in the field of photonics and biotechnology [61–63]. For example, doping of the optimum
amount of silver NPs into a NLC 4-(trans-4′-nhexylcyclohexyl)-isothiocyanatobenzene
(commonly known as 6CHBT) causes a decrease in the response time and significantly
improves the switching time of the doped samples [61]. These results will be fruitful for the
improvement of the spectral, polarizing and guiding properties of photonic crystal fibers
infiltrated with LCs which are useful for telecommunication and sensing purposes [62].
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Similarly, doping of semiconducting NPs such as quantum dots (QDs) in LCs may open
new doors of applications in the fields of optoelectronics, drug delivery mechanisms and
biochemical sensors [64–66]. QDs are electron-deficient species and are capable of forming
a link between polymer and organic substituents, when doped in hybrid solar cells [64].
This blend formation by QDs considerably improves the charge transport mechanism in
these solar cells, thereby overcoming the poor conductivity shortcoming associated with
the constituent polymer. It is also observed that the doping of these semiconductor NPs in
columnar LCs results in doubling of the DC conductivity in them due to the same blend
formation in these QD-LC composites.

The alignment of LC molecules over a suitable substrate is essential for their appli-
cations in different fields such as sensing, displays, photonics and photovoltaics [67–78].
In particular, the orientation of the LC director, pretilt angle and surface anchoring strength
of the constituent molecules collectively help in studying the alignment properties of
mesogens [69,79]. Various important features of a LC display such as its brightness, con-
trast ratio and response time are influenced by the alignment of these phases between
the substrates [80–83]. The response time and driving voltage of these displays are pre-
cisely controlled by the pretilt angle of the LC molecules. Variations in the pretilt angle
even of the order of 0.2◦ may cause unevenness in the visibility [69]. Generally, a LC
alignment with a pretilt angle of 1◦ or less is usually preferred in order to obtain a high
contrast ratio in displays [69,84]. Similarly, spatial variation in the pretilt angle can serve
the fruitful purpose of obtaining low-power-consuming tunable lenses composed of LCs.
Furthermore, in order to achieve a wider viewing angle and reduce the problem of image
sticking in displays, in-depth study of the surface anchoring strength of LC molecules
is important. The surface anchoring strength gives an estimate of the energy required
to change the orientation of the director of LCs from its initial anchoring position [85].
Moreover, it is an important parameter to understand the interfacial interaction of LCs at
different surfaces [86–89]. In earlier times, strong anchoring characteristics were required
to reduce the problem of image sticking in LC-based displays [69]. However, in recent
years, many devices involving weaker strength characteristics have also been developed.
Therefore, the alignment control of LC molecules involves the appropriate choice of pretilt
angle, director direction and surface anchoring strength in order to achieve the desired
electro-optical behavior in various applications [88].

2. Ways to Align Liquid Crystal Materials

There are three possible alignments of LCs over the substrate: homogeneous (also
known as planar), homeotropic (also known as vertical) and hybrid [67]. Homogeneous
alignment is achieved when the long axis of LC molecules is oriented along the substrate
surface, whereas in homeotropic alignment, the LC director lies perpendicular to the
substrate. Alternatively, the angle between the substrate and the LC director, i.e., the pretilt
angle varies between 0◦ and 90◦ in the case of a tilted LC alignment and is 0◦ and 90◦

for planar and homeotropic alignment respectively. In the case of hybrid alignment, the
molecules are parallel to one substrate and perpendicular to another, i.e., hybrid alignment
is a mixture of planer and vertical alignment configurations. A schematic representation of
vertical, planar and hybrid alignment is exhibited in Figure 3.

One of the persistent problems in the LC field is to obtain a stable pretilt angle of
the molecular director with respect to the substrate surface. In order to achieve better
optimization of LC-based devices, pretilt control is necessary. For example, a LC-based
polymer retardation film can be fabricated only if a large value of the pretilt angle is
made available. Many LC applications such as bistable displays and tunable lenses have
a prerequisite of having a pretilt angle from 10◦ to 80◦ [90]. Such a broad range of pretilt
angles can be achieved by the mixing of vertical- and planar-aligned materials.
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Figure 3. Schematic illustration of different alignment configurations: (a) homeotropic, (b) homoge-
neous and (c) hybrid.

Traditional alignment methods involve unidirectional rubbing of a velvet or nylon
cloth on the lower and upper solid substrates coated with a thin layer of polyimide (PI),
in order to achieve the desired homogeneous alignment [67,76,91–98]. The rubbing creates
an array of microgrooves in the thin PI layers, and the LC molecules are aligned along these
grooves [76]. For substrates that are rubbed in more than one direction, the pretilt angle
is determined by the last rubbing direction [99]. The rubbing process has proved to be
beneficial for the mass production of LC displays with good electro-optical characteristics.
However, this prevailing technique for aligning LC molecules suffers from numerous
disadvantages [67]. It often causes surface deterioration and stimulates the generation of
immobile radicals and ions on the sample substrates. Additionally, this rubbing technique
does not yield fruitful results in the case of multidomain alignment requirements. Due to
its innumerable drawbacks, the rubbing technique was later replaced by another homoge-
neous alignment technique involving the oblique evaporation of materials such as silicon
monoxide or gold on the sample substrates [100–110]. LC devices fabricated through this
technique are found to exhibit better electro-optical characteristics as compared to those
fabricated through the rubbing process [100]. This oblique evaporation process requires
an extremely low pressure below 10−5 Torr and creates a thin film of a thickness around
100 Å in a specific direction. This technique is beneficial for LC display devices in certain
ways. Apart from exhibiting a strong and stable alignment, it can also withstand high
temperature (of around 500 ◦C) during the glass frit sealing of the substrate plates [111].
Moreover, the pretilt angle of LC molecules is found to be influenced by the angle between
the evaporation beam of silicon monoxide and normal to the substrate [112]. This allows
the pretilt bias angle to be easily manipulated by the variations in the incidence angle of the
evaporation beam. Later, Minhua and his research group further analyzed the possibility
of achieving a tilted or homeotropic alignment of LCs using the oblique evaporation of
the silicon dioxide layer [75]. They concluded that the single evaporation of the silicon
dioxide layer results in LCs being aligned homeotropically or homogenously depending
on whether the dielectric anisotropy of the material is negative or positive, respectively.

Research groups in recent years have switched to non-mechanical alignment methods
including photoalignment techniques and NP-induced alignment [113–126].

A step-by-step procedure to obtain a one-dimensional photo-polymerized material [76].
In the photoalignment technique, the substrate is first coated with a photoreactive chemical
and is then exposed to a polarized beam of light [113–132]. The beam irradiation on
this photosensitive material results in the E/Z or trans/cis photoisomerization of the
monolayer on the substrate surface and therefore results in switching of NLC molecules
between homogeneous and homeotropic modes [113]. Effectively, this photosensitive
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material or its photoproducts formed as a result of beam irradiation are responsible for
aligning the LC molecules [114]. This technique was first used by Ichimura et al. on
quartz substrates treated with an azobenzene compound which served the purpose of a
command surface [116]. The orientation of the chemically coated substrate with respect
to the polarized beam causes the alignment of the LC molecules along the desired pretilt
angle. Apart from the oblique incidence of the polarized beam of light, the pretilt angle
in this alignment process is also influenced by the bulkiness, length and polarity of the
substituents present in the aligning material. Moreover, it is also reported that the pretilt
angle profile can be effectively controlled by changes in the total dose of the irradiated
beam on the cross-linked polymer materials. The pretilt angle is found to increase with
the increase in the cumulative doses of the incident beam, and this pretilt control is stable
against external environmental conditions such as temperature and pressure [117]. This
confirms that this technique helps in achieving a controllable anchoring energy by varying
the doses of the irradiation on the aligning material [118]. Furthermore, it is more beneficial
than the conventional rubbing technique due to its non-contact nature, thus allowing easy
alignment of LC molecules even in mechanically inaccessible regions [67]. This technique
has an upper hand in aligning large-sized substrates for LC displays and is also beneficial
in achieving domain-divided pixels. In contrast to the rubbing mechanism, there is feeble
accumulation of static charges on the substrate which could destroy the functioning of
diodes and transistors within the LC displays [115]. Apart from displays, photoalignment
of LCs offers vast potential in various telecommunication, photonic and thin-film electronic
devices as well [113,117,119,127–132].

An important method to achieve homeotropic alignment in an LC cell without using
vertical alignment layers is the NP-induced alignment technique [133–137]. This technique
is used to generate various pretilt angles by doping different concentrations of NPs in
a planar-aligned LC material [135]. Moreover, this method of aligning LC materials has
been readily adopted by display manufacturers as it utilizes the conventional PI alignment
layer and other traditional facilities only. It undoes the requirement of extreme physical
condition such as a low pressure which is required in the alignment process of the oblique
evaporation of silicon monoxide. The alignment behavior of NP-doped LC systems is found
to depend on the order parameter, the concentration of NPs in the host and its physical
conditions [136]. This technique is especially suitable for fabricating flexible displays at
a low temperature, thereby omitting drawbacks which are generally associated with a
high-temperature fabrication process [137]. It has also opened up the possibility of using
alignment-free LC displays along with the added benefit of utilizing the intrinsic electronic
properties of the doped NPs [136].

3. Nanoparticle-Induced Alignment

The combination of NPs and LCs has gained extensive pace in recent years due to their
interesting guest–host interaction as well as high surface-to-volume ratio [138,139]. It is well
established that the incorporation of NPs into LCs can perturb their self-assembled nature,
produce various structural defects in these phases and even break their continuous rota-
tional symmetry [140,141]. Apart from exhibiting various electro-optical characteristics
such as frequency modulation response, low threshold voltage and memory effect, the dop-
ing of NPs into LCs can severely affect the alignment properties of the host as well [134].
The unique shape- and size-dependent behavior of nanoscaled particles can be effectively
capitalized to analyze different alignment effects in LC hosts [142]. This alignment be-
havior is majorly affected by changes in the concentration of the doped NPs and yields
results which are suitable for flexible plastic displays [141]. Different research groups have
observed perfect homogeneous and homeotropic alignment in LCs by dispersing NPs of
different shapes in them. While the incorporation of spherical NPs in various LCs induced
homeotropic alignment in them, the doping of bowl-shaped NPs in the same LCs resulted
in homogeneous or parallel alignment.
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For example, Jeng and his research group doped polyhedral oligomeric silsesquioxane
(POSS) NPs into both positive and negative dielectric anisotropic unaligned LC phases and
observed spontaneous vertical alignment induced in them due to these NPs [133,134].

Figure 4 depicts the chemical structure of POSS NPs. These silica-based nanocom-
posites contain covalently bonded functional groups and are widely used in numerous
applications such as in drug delivery, thermoplastic and thermosetting polymers [143].
The diameter of a typical POSS molecule lies in the range of 0.7–30 Å [133]. In recent times,
it has been established that POSS NPs have the ability to improve the dispersive, reactive
and solubility-related properties of the polymer matrix in which they are incorporated in.
This is due to the ability of these NPs to forge new covalent bonds between the interfaces.
Moreover, the arrangement of these POSS molecules is in such a way that the organic
substituents are present on the outer surface only, thereby making them compatible with
different polymers [144]. This cross-linking property of POSS NPs and their compatible
nature help in remarkably improving the thermal stability and electro-mechanical behavior
of the newly formed polymeric NP aggregates as well.

Figure 4. Chemical structure of POSS NPs. Reproduced from [144].

Jeng et al. earlier doped fullerenes into the NLC E7 but could not come to any conclu-
sive result due to their limited solubility in E7 [133,134]. They later substituted fullerenes
with POSS NPs as the latter exhibited a fullerene-like structure but better solubility in the
same NLC. They observed that a spontaneous vertical alignment was induced upon the
doping of POSS NPs in the unaligned E7 mixture.

In order to confirm their observation, the research team fabricated three different sam-
ple cells each with the help of ITO-coated glass substrates [133,134]. Figure 5 explains the
structures of different sample cells and different mixtures filled in them through capillary
action. In the case of the first sample cell (Figure 5a), the lower glass substrate was first
spin coated with a PI layer in order to achieve the required homogeneous alignment. Then,
a mixture of the NLC E7 (∆ε = 14.5) and 20 wt.% POSS NPs was filled in it through capillary
action at room temperature. The second test cell was fabricated by coating the lower glass
substrate with a homogeneous alignment layer and the upper glass substrate with a vertical
alignment layer. Finally, the third sample cell was prepared by homogeneously aligning
only the lower glass substrate and leaving the upper substrate of it unaligned. Both the
second and third sample cells (Figure 5b,c) were filled with pure E7 only. The variation in
the optical transmission as a function of the applied voltage was almost similar for the first
and second sample cell arrangements. This clearly implies that the arrangements of the
NLC in both of these test cells were similar to each other. In other words, the doping of
POSS NPs in the NLC served the purpose of achieving vertical alignment without using
external alignment layers. The underlying cause for this homeotropic alignment is the
adsorption of POSS NPs into the inner surfaces of the LC sample cells [137].
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Figure 5. Structures of sample cells (a) containing a mixture of E7 and POSS NPs with the lower
glass substrate homogeneously aligned, (b) containing pure E7 with the lower and upper glass
substrates homogeneously and vertically aligned, respectively, and (c) containing pure E7 with only
one homogeneous alignment layer and without using any vertical alignment layer. Reproduced with
permission from [134]. Copyright 2007 AIP Publishing.

The NPs-induced alignment technique serves an important advantage in the form of
achieving variable pretilt angles based on incorporating different concentrations of NPs in
the homogeneously aligned LC layer [135]. Hwang et al. observed that the pretilt angular
values were found to increase with the increase in the concentration of the doped NPs.
Figure 6 demonstrates the variation in the pretilt angles of LC molecules by changing
the concentration of POSS NPs in the homogeneously aligned PI material. Precisely, it is
the competition between the horizontal alignment due to the rubbed PI layer and the
vertical alignment induced by the doped NPs that realigns the LC molecules along the
desired pretilt angle. From Figure 6, it can also be inferred that a stronger rubbing depth
results in lower pretilt angular values. This is due to the fact that an enhancement of
the rubbing depth causes an increase in the polarity of the PI alignment surface. This
results in an increase in the forces of attraction between LC molecules and molecules of
the alignment layer, thereby leading to a lower pretilt angle. Due to its ability to achieve
large pretilt angular values, this alignment technique is beneficial for fabricating no-bias
optically compensated bend LC displays, bistable bend-splay displays and bistable super-
twisted NLC displays [135,145]. Moreover, the addition of NPs into LCs causes a lowering
of the surface energy of the alignment layer as well. The surface tension of the alignment
layer has been found to decrease with the increase in the concentration of NPs in the PI
layer [135]. Apart from the wide range of pretilt angular values, this technique offers
another important advantage [142]. The homeotropic alignment induced in these cells
can be electrically reoriented at a much lower Freedericksz transition threshold voltage
as compared to pure nematics. Meanwhile, the increase in the pretilt angular values of
LC molecules is found to be synonymous to lowering the threshold voltage of the system.
This can be attributed to the fact that LC molecules with a high pretilt angle realign easily
towards the electric field, thereby reducing the threshold voltage of the system [145].
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Figure 6. The variation in the pretilt angle in degrees with changes in the concentration of POSS NPs
in the polyimide layer for two different rubbing depths. Reproduced from [135].

NPs-based alignment in LCs has undergone important changes in recent years in
order to make it more reliable, less temperature-sensitive and more cost-effective [146].
The coating of a photoresponsive material on a particular NP and then doping it into LCs
can also help in achieving dual alignment. The resultant system in this case does not require
an external field but instead relies on different beam irradiations for a reversible alignment
switching mechanism. To corroborate the above statement, the reversible orientational
control of the NLC 4 cyano-4′-pentylbiphenyl (which is commonly known as 5CB) was
achieved with the help of photoresponsive azobenzene thiol-grafted gold NPs upon UV
and visible beam irradiations. The purpose of grafting an azobenzene thiol on gold NPs
was twofold. The azobenzene derivatives are usually endowed with the property of pho-
toinduced geometric isomerization. This property enables the azobenzene thiol substance
to modulate the functionalized gold NPs and helps in exhibiting different alignments
upon beam irradiation. Additionally, there were issues associated with the homogeneous
dispersion of gold NPs into the LCs. However, the coating of the azobenzene thiol on
these NPs helps in overcoming the dispersion-related problems. It helps in the uniform
dispersion of the gold NPs in 5CB even at room temperature. Furthermore, the variations
in the wavelength of the irradiated UV and visible beams can also help in switching to
the desired LC alignment. Overall, this technique offers numerous advantages over the
conventional dual alignment technique as it neither requires any low-frequency electric or
magnetic fields for its operation nor any special surface treatment of the aligning substrate.

4. Development Status

The relevance of the alignment of NPs into LCs has been effectively capitalized by vari-
ous research groups, leading to the fabrication of new materials with exciting electro-optical
behavior [133–137,147–157]. These research groups have doped different concentrations of
NPs in several LCs in order to observe the alignment effects of the newly formed aggre-
gates on the response time and viewing characteristics of displays along with their contrast
ratio [83]. These developments have enabled manufacturers in the LC display industry
to produce flexible plastic displays requiring a low-temperature process without using
conventional alignment layers.

The doping of NPs can also serve as a tool to achieve a wide range of pretilt angles
required for the desired LC alignment. Hwang et al. incorporated different concentrations
of POSS NPs in the unaligned NLC E7 and observed spontaneous vertical alignment
induced in it [135]. An interesting observation incurred by this research group was that
the entire range of pretilt angular values (from 0◦ to 90◦) can be generated by varying the
concentration of doped POSS NPs from 0 to 0.18 wt.%. Figure 7 explains the variation in
the contact angle as well as the surface energy of the POSS-filled E7 mixture as a function
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of the different concentrations of POSS NPs in it. From Figure 7, it can be observed that the
increase in the percentage of NPs in the NLC is found to be synonymous with a decrease in
the surface energy of the alignment layers, thereby leading to greater pretilt angle values
of the LC cells. Furthermore, it was also observed that when the concentration of these
POSS NPs was insufficient, an incomplete vertical alignment of the LC molecules took
place [137]. Conversely, when the concentration of these dopants exceeded the threshold
limit, these NPs aggregated and caused the light to scatter severely. This degraded the
overall electro-optical behavior of the LC-NP composites.

Figure 7. Variations in the contact angle of a distilled water droplet on a POSS-aligned E7 mixture and
its surface energy as a function of the concentrations of POSS NPs in the polyimide layer. Reproduced
from [135].

Vimal et al. studied the effect of doping silver NPs in a ferroelectric LC (FLC) mixture,
W343, on the alignment and relaxation behavior of the FLC mixture [147]. The study of
the polarizing optical micrographic images of the composites gave an insight into the
change in alignment of the FLC due to the presence of silver NPs. The alignment of the
molecules in the smectic C* phase was found to improve due to the self-aligning nature
of the NPs in these FLCs. The interaction between NPs and LC molecules created strong
anchoring conditions and therefore resulted in the alignment of these NPs parallel to the
rubbed surface. Meanwhile, the effect of doping silver NPs into the concerned FLC mixture
was also pronounced in the form of a slight increase in the SmC*–SmA phase transition
temperature. Similarly, Kumar et al. doped polymeric (a copolymer of pentacene and
benzene) NPs in FLC mixtures and observed spontaneous vertical alignment induced in
them [148]. The vertical alignment in these FLC mixtures was confirmed with the help of
dielectric relaxation spectroscopy. In this molecular arrangement, the long molecular axis
of the LC molecules lies perpendicular to the substrate which prevents the Goldstone mode
from taking place. Thus, the only possibility for the molecule available is to rotate about its
short molecular axis. This is reflected in the smaller values of the real part of the complex
dielectric permittivity. The researchers also studied the influence of doping polymer NPs in
FLC mixtures on various parameters such as the transition temperature, threshold voltage
and response time of the composites. The response time and threshold voltage were found
to decrease in the NP-FLC composites. Furthermore, Kuang et al. studied the alignment
control of the NLC 5CB by doping gold NPs fabricated with the help of the two-phase Brust–
Schiffrin method [157]. The gold NPs were highly grafted by the liquid crystalline polymer
and had azobenzene mesogens as a side chain. A well-dispersed mixture of these gold NPs
into the required NLC resulted in a perfect homeotropic alignment. It was concluded that
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the pure side chain liquid crystalline polymer did not cause vertical alignment in 5CB. This
affirmed the fact that the alignment control was due to a synergistic interaction between
the gold core and polymers.

The research on the alignment of LCs doped with various NPs has gained intensive
pace in the past decade [141]. Zhao et al. doped two different types of nickel NPs: nickel
nanospheres (NiNSs) and nickel nanobowls (NiNBs), in nematic as well as cholesteric LCs.
The NLCs used were 4 cyano-4′-pentylbiphenyl (which is commonly known as 5CB) and
Slichem Liquid Crystal Material (SLC-1717). The CLC mixture was prepared by mixing a
chiral dopant, CB15, in SLC-1717 with a weight ratio of 3.0%.

Figure 8 depicts the polarizing optical micrographs of 5CB and the CLC mixture filled
in an unaligned LC cell under 0.01 wt.% concentrations of two NPs: NiNSs and NiNBs [141].
For the sample cell only filled with 5CB, a bright state was observed under the crossed
polarizers due to the random orientation of the LC molecules, as shown in Figure 8a. From
Figure 8b–f, it can be concluded that the alignment mode completely depended on the
morphologies of the two different NPs. While the incorporation of nanospheres induced
homeotropic alignment in both types of LCs, the doping of nanobowls into them resulted
in homogeneous or parallel alignment. However, this alignment effect was pronounced in
both types of materials only when the concentrations of the doped NPs were more than
0.01 wt.%. These observations highlight that, apart from the concentration, the physical
attributes of the doped NPs also control the alignment mechanism in the host materials
as well.

Figure 8. Polarizing optical micrographs of an unaligned LC cell filled with (a) pure 5CB, (b) 5CB
incorporated with 0.01 wt.% NiNSs, (c) cholesteric LC mixture doped with 0.01 wt.% NiNSs, (d) 5CB
filled with 0.01 wt.% NiNBs in the bright field, (e) 5CB filled with 0.01 wt.% NiNBs in the dark
field and (f) the same cholesteric LC mixture now doped with 0.01 wt.% NiNBs. Reproduced with
permission from [141]. Copyright 2011 Wiley.

Controlling the molecular alignment in LCs over a macroscopic region is a challenging
task. Apart from the alignment control, the doping of NPs into LCs offers the possibility of
dual alignment behavior in the presence of the electric field as well. For example, the in-
corporation of metal or semiconductor NPs such as gold into NLCs has culminated into
certain interesting observations [149]. The textural observations of 8CB–gold composites
comprises of uniform birefringent stripes which are separated by areas of homeotropic
alignment. It is found that composites of gold NPs and 8CB exhibit a chiral nature even
though the LC material is achiral. The literature survey has affirmed that the intrinsic
chirality induced in the gold NPs is due to the packing of gold atoms in them in a particular
manner. Circular dichroism spectropolarimetry experiments performed on the composites
have confirmed that the optically active gold NPs have transferred the chirality to the achi-
ral 8CB material. Apart from the chiral nature, the composite also exhibited dual alignment
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behavior in the presence of the electric field. The 8CB–gold mixture was first heated above
its nematic–isotropic transition temperature and then cooled back to its nematic phase
under the influence of the electric field. This resulted in the formation of a planar alignment
which is also stable even after the removal of the external perturbation. Moreover, these
doped NLCs can again be homeotropically aligned by switching from the planar alignment
on the application of the electric field with a value above the Freedericksz transition limit.
Thus, dual alignment and electro-optical switching can be achieved in these planar-aligned
LC cells by doping suitable NPs in them.

Qi and his research team tried to forge alignment in NLCs using gold NPs as a
substituent [136]. A critical study of their research work provides a valuable insight into
numerous ways in which the alignment of these mesophases can be tuned, reversed or even
manipulated with. They highlighted that, apart from the NP concentration or size, even the
length of the carbon chain of the alkyl thiolate coated on these nanoscaled substituents plays
a vital role in LC alignment as well. To affirm their observations, they synthesized several
combinations of NLCs and alkyl thiolate-coated gold NPs suspensions and observed them
under crossed polarizers. They observed that as the temperature decreased, the LC textures
shifted from being homogeneously aligned to a vertically aligned. This thermal alignment
switch phenomenon was attributed to the change in the solubility of these NPs in the
host material. At higher temperatures, these NPs were uniformly distributed across the
LC matrix, and only those LC molecules which were in contact with the glass substrate
controlled the overall alignment. However, at lower temperatures, the order parameter of
the NLC improved, and this resulted in expelling some of the embedded NPs to the glass–
LC interface. Thus, at the reduced temperatures, NPs control the alignment mechanism of
the NLC molecules. Hence, the alignment of NPs-doped NLCs strongly depends on the
order parameter of the system, the concentration and solubility of the incorporated NPs
and also on the sample preparation conditions.

5. Applications of Nanoparticles-Induced Alignment

The NPs-induced vertical alignment technique in LCs has complemented the efforts
of the leading manufacturers of the world in fabricating flexible displays with the desired
characteristics without even using the vertical alignment layers [117,135,158]. This simple
and economical technique can be used to fabricate an LC microlens device by dropping
POSS NPs on a localized area on a homogeneously aligned layer [158]. Since the sprinkling
of NPs takes place only on a specific area of the glass substrate, the reorientation of the
LC molecules is also distributed spatially, thereby depicting a circularly dispersed pattern.
This leads to the development of a concentric non-uniform distribution of the refractive
index across the substrate surface, which indirectly serves the purpose of a tunable lens.

In earlier times, many efforts were made by various manufacturers to develop this
portable device [117,158]. However, the high driving voltage (of approximately 90 Vrms)
and small aperture (of less than 2 mm) have proved to be big deterrents. Thus, researchers
swayed their attention to this NPs-induced vertical alignment technique in trying to fabri-
cate an electrically controlled tunable-focal-length lens. The biggest benefit of such a lens is
that it is light, compact and also endowed with a low power consumption output [158].

Figure 9a presents the step-by-step procedure involved in the fabrication of an LC
microlens by microdropping POSS NPs on a homogeneously aligned substrate [158]. As
evident from Figure 9b, only those LC molecules which are in contact with the microdroplets
of the POSS NPs are vertically aligned, thus leading to the creation of a hybrid-aligned
LC cell.
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Figure 9. (a) The procedure involved in the fabrication of an LC microlens using the NPs-induced
vertical alignment technique. (b) Overall configuration of LC molecules due to the localized micro-
dropping of POSS NPs on a homogeneously aligned polyimide film. Reproduced from [158].

The overall refractive index related to the extraordinary ray in an LC cell is given by
the following equation:

neff
e =

neno√
n2

e sin 2 θ+ n2
0 cos 2 θ

(1)

where n0 and ne are the ordinary and extraordinary refractive indices of the LC material, and
θ is the tilt angle of the LC molecules. Meanwhile, it is observed that the ordinary refractive
index does not play a crucial role in controlling the focusing effect of this microlens.
Therefore, the extraordinary refractive index only decides the optical properties of this
hybrid-aligned LC microlens.

To analyze the voltage-dependent behavior of this LC microlens, it was placed near a
card bearing several digits on it. This card served the purpose of an object and was placed
at a distance of 10.54 mm from the lens.

Figure 10 depicts the image formation of an object by a hybrid-aligned LC microlens
when the applied voltage is increased beyond the threshold voltage (which is approximately
equal to 0.5 Vrms). As seen in Figure 10, the image of the object became blurred when the
magnitude of the applied voltage was increased. This can be attributed to the fact that
when the applied voltage exceeds the Freedericksz transition value, the reorientation of the
LC molecules takes place [135,158]. Therefore, the refractive index distribution of the LC
microlens is altered and the microlens now serves as a divergent lens. This suggests that in
order to focus the image of a nearby object, the magnitude of the applied voltage must be
kept below the Freedericksz transition value so as to enable the microlens to behave as a
convergent lens.
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Figure 10. Image formed by a hybrid-aligned LC microlens under different applied voltages:
(a) the original image of the card as an object, (b) 0 V, (c) 0.5 Vrms, (d) 1 Vrms, (e) 2 Vrms and
(f) 3 Vrms. Reproduced from [158].

Figure 11 presents a description of an experimental setup to study the variation in
interference fringes as a function of the applied voltage for an LC microlens [158]. In this
setup, the microlens is placed between two crossed polarizers such that their transmission
axes are at 45◦ with respect to the rubbing direction. A He-Ne laser beam having a
wavelength of 0.633 µm was incident on one of the polarizers, and the transformation in
interference fringes were observed upon the increment in the applied voltage.

Figure 11. An experimental setup to analyze the voltage-dependent behavior of a hybrid-aligned LC
microlens. Reproduced from [158].

Figure 12 presents the interference patterns of the microlens at different voltages.
A close look at these images highlights that the interference pattern is composed of nearly
circular fringes. As observed in Figure 12, these circular fringes are found to move from
the center to the edge upon increasing the applied voltage. This happens due to the
reorientation of the directors of the LC molecules by variations in the applied electric field.
As the applied voltage exceeds the Freedericksz threshold transition value, reorientation of
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the LC directors takes place, and the refractive index distribution is altered. Meanwhile,
the focal length of this LC microlens can be calculated from the following equation:

f =
r2

2λN
(2)

where r is the radius of the aperture of the patterned lens, λ is the wavelength of the incident
light, N is the total number of fringes and f is the focal length of the LC microlens.

Figure 12. Field-induced transformation in a hybrid-aligned LC microlens due to changes in the
applied voltage. Reproduced from [158].

Thus, NPs-induced vertical alignment technique offers a unique way to fabricate a
cost-effective hybrid-aligned LC microlens which has a low operating voltage and a tunable
focal length [117]. By controlling the droplet volume of POSS NPs on homogeneously
aligned glass substrates, the LC microlens with a desirable focal length range can be
obtained. Due to its simple and cost-effective fabrication procedure, this LC microlens
may find numerous applications in various optical devices such as 3D displays, imaging
systems and optical tweezers.

6. Conclusions and Outlook

Research in LCs has made rapid strides with their innovative and diverse applications
in the field of nanoscience and nanotechnology. The present review highlights the relevance
of the alignment control of LC molecules in various applications in order to achieve the
desired electro-optical behavior. The different ways to align LC molecules have been sys-
tematically explained, and the advantageous nature of NPs-induced alignment technique
has been stressed upon. Apart from being cost-effective and reliable, this NPs-induced
alignment technique offers the advantage of achieving a wide range of pretilt angles which
are useful for mature display industries. Furthermore, this alignment method does not
require extreme physical conditions such as a high vacuum and is useful for fabricating
flexible plastic displays as well. The detailed development status of this technique gives
an insight into numerous ways in which it was capitalized by various research groups
to obtain the desired alignment properties. Several research works have corroborated
the fact that the alignment behavior of NPs-doped LCs strongly depends on the shape,
size, solubility as well as concentration of the former in the latter. Apart from these, the
sample preparation conditions and order parameter of the system also play a vital role in
tailoring the alignment behavior in these composites. These recent developments have led
to the fabrication of a hybrid-aligned LC microlens by selective microdropping of NPs on a
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localized area of a homogeneously aligned layer. The focal length of these lenses can be
electrically tuned by the applied electric fields due to the reorientation of the directors of
LC molecules. Considerable challenges still exist related to the efficiency and stability of
this hybrid-aligned microlens. The development of a wide spectrum of nanomaterials in
the coming years will be helpful in improving this technique to a large extent. The quest
for more cost-effective materials with refined dielectric and electro-optical characteristics
will direct researchers to further refine this alignment technique in order to use it in various
biomedical applications.
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