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on NiO nanorods dispersed in a ferroelectric liquid
crystal†
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Avanish Kumar Srivastava,b D. Haranathab and Ashok M. Biradarab

We present a low voltage driven electro-optical memory device fabricated by dispersing nano-sized nickel

oxide (nNiO) composed of short length nanorods into a ferroelectric liquid crystal (FLC) host material. The

nNiO/FLC composite showed a tremendous decrease in saturation voltage compared to the pristine FLC

material along with non-volatile memory behavior which is confirmed through dielectric spectroscopy,

polarized optical microscopy and electro-optical response methods. This drop off in saturation voltage is

due to the fast alignment of dipolar nNiO and mesogens in the nNiO/FLC composite along the direction

of the applied electric field and reduced screening effect. The non-volatile memory behavior of the

composite is attributed to the reduction in the depolarization field by adsorption of impurity ions onto

the surface of nNiO, which is verified through dielectric spectroscopy and electrical conductivity

measurements. These studies pave the way for fabricating non-volatile, low power electro-optical

memory devices for advanced information storage applications.
Introduction

The memory effect shown by so materials has attracted wide
research attention due to its fundamental and applied
aspects.1–3 The term memory in so materials refers to the
ability of the material to retain the stressed/switched state even
aer the removal of an external stimulus. Various forms of
memory exhibited by so materials include digital memory
shown by bio-nano composites,1 multilevel non-volatile tran-
sistor memory,4 the re-writable shape memory effect of poly-
meric materials,5 so memory based on magneto-electric
coupling in polymer forms6 etc. Recently, non-volatile, low
power memory devices are being fabricated by using regular
arrays of a highly ordered nano-structured ferroelectric poly-
mer.7 Among the members of the so matter family, liquid
crystals (LCs) have attracted a great deal of scientic interest
owing to their unique electro-optical properties for displays as
well as non-display applications such as lenses, spatial light
modulators, antennas, sensors etc.8–11 Also, the so memory
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behavior shown by LCs are fascinating one due to its use as an
active component for futuristic andmotivatingmemory devices.
The non-volatile memory seen in different LC systems are the
topological frustrations driven memory effect in nematic LC,12,13

sub microsecond bistable electro-optic switching in surface
stabilized ferroelectric liquid crystal (FLC),14 electro-mechanical
helix deformations in deformed helix FLCs,15 nano structured
materials induced electro-optical memory effect in LCs16 etc.
Although this memory effect in LCs was reported many years
ago, its exact physical behavior is not explained yet. FLCs, the
highly potential member of LC family is well-known for their
good optical contrast, fast response time, low operational
voltage and memory effect.17 But, the memory behavior of most
of the FLCs is found to be transient in nature.

Dispersion of NPs in LCs is mutually benecial as the prop-
erties of both can be tailored by adequate doping concentration.18

A variety of nano structured materials including metal nano-
particles (NPs),19 metal oxide NPs,20 ferroelectric NPs,21 carbon
nanotubes,22 quantum dots23 etc. have been used to improve the
memory behavior of LCs. As a dopant to LCs, metal oxide NPs are
well known for their unique physical and chemical properties
owing to their limited size and high density of corners.24 On
dispersing SiO2 NPs into nematic25 and smectic26 LCs induced
a memory effect owing to the hydrogen bonds between the
individual silica particles. Recently, it is seen that ZrO2 NPs/FLC
composites showed a non-volatile memory behavior due to
adsorption of impurity ions on to the surface of NPs.20 Apart from
imparting the memory effect, dispersing the nano structures into
the LCs have improved the molecular alignment, dielectric and
RSC Adv., 2016, 6, 53873–53881 | 53873
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electro-optical characteristics of the host material such as
enhanced optical contrast, faster response time, low operational
voltage etc.16 Also, low power operating devices are highly
appreciable since the saving of energy is equally important as
that of production. Metal oxide NPs such as TiO2 and ZnO when
dispersed in nematic and smectic LCs respectively has shown
their potential for low power LC device operation.27,28

Among the metal oxide nanostructures, nano-sized NiO
(nNiO) has been used as a promising candidate in wide range of
technological applications including catalytic convertors, nano
magnetic and spintronic devices for memory and computing,
sensors, supercapacitors etc.29–32 This versatile material has
exciting properties such as transparent conduction, magnetism
and resistance switching which renders its use in spintronics
and resistive random access memories.33–35 Recent efforts are
made to evaluate the performance of nNiO in nematic LC, in
which it is seen that twisted nematic LC doped with nNiO
exhibited lower threshold voltage and faster response time.36 To
the best of our knowledge, this is the rst attempt to elucidate
the effect of nNiO dispersions on the bistability and electro-
optical properties of FLC.

Here in, we propose a device based on nNiO/FLC composite
which ends the quest for low voltage drivenmemory device based
on LCs. The low power operating non-volatile memory behavior
of the composite is conrmed through dielectric spectroscopy,
polarized optical microscopy and electro-optical response
methods. The enhanced bistability of the composite is due to the
reduced depolarization eld by adsorption of ions in the host
FLC and the reduction in saturation voltage is owing to the fast
aligning of dipolar nNiO and mesogens in the composite along
the applied electric eld and reduced screening effect of ionic
impurities. The nNiO/FLC composite can be utilized for fabri-
cating advanced e-book readers and notice boards which are low
voltage triggered electro-optic memory devices.
Experimental
Synthesis of nNiO

The nNiO composed of short length nanorods are fabricated
from a wet chemical solutionmethod. Nickel nitrate hexahydrate
(Ni(NO3)2$6H2O; 98%, Merck, AR) and ammonia solution
(NH4OH; 25%, Rankem) are the main precursors used for the
synthesis of nNiO. A typical synthesis of nNiO was carried out as
follows. A green aqueous solution of Ni(NO3)2$6H2O (0.5 M) was
rst prepared. The pH of this solution was adjusted at the value
of 10 by adding NH4OH (2 M) solution dropwise under constant
stirring maintaining a constant temperature of 85 �C. The light
green coloured precipitate was ltered off andwashed repeatedly
by millipore water and ethanol followed by micro-oven drying at
70 �C for 24 h. To obtain the nNiO, the resultant light green
powder was calcined at 400 �C for 2 h inside a muffle furnace.
Details of FLC material used

The FLCmaterial used in this study is ZLI 3654, which is a room
temperature FLC mixture procured from E. Merk, Darmstadt.37

The phase sequence of the FLC material, ZLI 3654 is as follows:
53874 | RSC Adv., 2016, 6, 53873–53881
cryt
������! ������

\�30 �C
SmC*

������! ������

62 �C
SmA*

������! ������

76 �C
N*

������! ������

86 �C
iso

where, cryst is the crystalline phase, SmC* is chiral smectic C
phase, SmA* is the chiral smectic A phase, N* is the chiral
nematic phase, and iso is the isotropic phase.
Preparation of nNiO/FLC composite

The LC sample cells used to ll the composite have been
fabricated by using highly conducting (30 ohms per square) and
optically transparent sputtered indium tin oxide (ITO) glass
substrates. The desired (square) electrode patterns having the
area 0.45 cm � 0.45 cm were obtained by using photolitho-
graphic (using positive photoresist) technique. The homoge-
neous alignment of LC sample cells has been achieved by using
conventional rubbed polyimide technique. The thickness of the
cell was maintained by using 7 mm thick Mylar spacers.

The nNiO/FLC composite was prepared by dispersing various
concentrations (wt%) of nNiO into the FLC host material, ZLI
3654. The mixture was then ultrasonicated for about 40 min in
the isotropic phase of the FLC material to ensure the homoge-
neous dispersion of nNiO in the FLC host. The pristine and
nNiO (of different concentration) dispersed ZLI 3654 material
were then introduced into the LC sample cells by means of
capillary action at temperature just above the isotropic transi-
tion temperature of ZLI 3654.
Apparatus and measurements

The dielectric spectroscopic measurement for conrming the
memory effect in sample cells has been done by using imped-
ance analyzer (Wayne Kerr 6540 A, U. K) in a frequency window
of 20 Hz to 1 MHz with a measuring voltage of 0.5 Vpp. A
temperature controller (JULABO F-25 HE) was used for
controlling the temperature with a temperature stability of
�0.01 �C. The sample holder containing the sample cells was
kept thermally isolated from the external sources for carrying
out the temperature dependent studies. The optical tilt angle
and micrographs of the sample cells were taken with the help of
polarized optical microscope (POM) (Ax-40, Carl Zeiss, Ger-
many) tted with charge coupled device (CCD) camera. The
material parameters of FLC sample cells such as rotational
viscosity and spontaneous polarization are determined by using
an automatic liquid crystal tester (ALCT, Instec, USA). For
optical response, the sample was mounted on a polarizing
microscope and the transmission of normally incident polar-
ized light through the sample and analyzer was monitored with
a photodiode. The time delayed square pulse generated from
the function generator was applied to the sample and studied by
using a storage oscilloscope (HAMEG, HM 1507-3) interfaced
with the computer via SP-107 soware. Powder X-ray diffraction
(XRD) pattern was collected on a Rigaku Miniex-II X-ray
diffractometer using the Cu-Ka monochromatic radiation (l ¼
1.541 Å), in the 2q range between 10.07 and 70.07�. The struc-
tural renement for rening the crystalline structure of NiO was
determined by the Rietveld method using the program FULL-
PROF. The morphological identication and size were exam-
ined using a high-resolution transmission electron microscopy
This journal is © The Royal Society of Chemistry 2016
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analysis and selected-area electron diffraction (SAED) pattern
were acquired with a high resolution transmission electron
microscope (HRTEM) (FEI Tecnai G2 F30 STWIN) operated at
the electron accelerating voltage of 300 kV using electron source
as eld emission gun.
Results and discussions

We demonstrate the crystallographic structural characteristics
and electron microscopy of the NiO nanorods in Fig. 1(a)–(c).
The XRD pattern of NiO nanorods (Fig. 1(a)) is compared with
Joint Committee on Powder Diffraction Standards (JCPDS) le
and found matching with JCPDS no. 71-1179. Thus the product
has cubic NiO of space group Fm�3m with lattice parameters a ¼
b ¼ c ¼ 0.4178 nm (standard JCPDS no. 71-1179). Moreover, the
identied peak positions and relative intensity of peaks
observed in XRD pattern were sharp and intense indicating
good crystallinity and high purity of NiO nanorods. Also, the
experimental XRD pattern of nNiO is simulated by Rietveld
renement and the details of which is given as ESI.† The ball-
Fig. 1 (a) Rietveld-refined XRD pattern of NiO nanorods, (b) bright-field
showing the lattice fringe scaling of the sample. Insets: (a) the cubic crys
corresponding SAED pattern. Color code: (inset in a) Ni atoms, gray (larg
drawn in green, blue and pink rectangles, respectively.

This journal is © The Royal Society of Chemistry 2016
and-stick representative unit cell with the observed planes in
XRD pattern of nNiO illustrated in Fig. 1(a) (inset in Fig. 1(a))
has a cubic crystal structure in octahedral environment of the
Ni2+ (3s23p63d8) imposed by the six neighboring oxygen (O2�)
atoms. The morphology and size of nanorods has been evalu-
ated by HRTEM analysis. Fig. 1(b) shows the bright-eld TEM
micrograph of NiO nanorods. The result obtained using TEM
elucidated the presence of uniform short-length nanorods of
length between 12 and 30 nm with 6 nm in width. The HRTEM
image (Fig. 1(c)) elucidates the stacking of (200) planes with the
interplanar spacing of about 0.22 nm of NiO nanorods reveals
the good consistency with the observed XRD pattern. The inset
in Fig. 1(c) displays the SAED pattern of NiO nanorods estab-
lishes the polycrystalline nature of the sample.

Fig. 2 shows the POM images (dark and bright state) of
homogeneously aligned LC cells lled with pure and various
concentrations (0.25 wt%, 0.5 wt% and 1 wt%) of nNiO
dispersed FLC material ZLI 3654 at room temperature (27 �C).

The dark and bright state of pristine FLC material (Fig. 2(a)
and (b)) exhibit a non-uniform alignment of mesogens owing to
TEM image at low magnification, (c) high-resolution TEM micrograph
tal structure of NiO with the observed planes from XRD pattern, (c) the
e balls) and O atoms, red (small balls); planes (111), (200) and (220) are

RSC Adv., 2016, 6, 53873–53881 | 53875
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Fig. 2 Polarizing optical micrographs of (a) dark, (b) bright state of
pure ZLI 3654 material; (c) dark, (d) bright state of 0.25 wt% nNiO
dispersed ZLI 3654 material; (e) dark, (f) bright state of 0.5 wt% nNiO
dispersed ZLI 3654material; and (g) dark, (h) bright state of 1 wt% nNiO
dispersed ZLI 3654 material filled LC sample cells of 7 mm thickness
under crossed polarisers at room temperature (27 �C) (rubbing
direction of each sample cell is indicated as yellow arrow).
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the zig–zag defects present in the cell. The sharp edges of these
defects allow the light transmission in the dark state of the LC
cell, which is seen in Fig. 1(a), and degrades the performance of
display devices. But on dispersing various concentrations of
nNiO on to the host FLC material, ZLI 3654, the defect got
reduced and a better alignment of mesogens is observed.
Among the nano-dispersed samples, 0.5 wt% nNiO dispersed
FLC cell showed the best dark and bright states as demon-
strated in Fig. 2(e) and (f). The shape anisotropy of nNiO and its
dipolar nature is responsible for the improved alignment of
mesogens. When the concentration of nNiO was higher (1 wt%),
the alignment of LC molecules got distorted due to the
agglomeration of nNiO resulting in light leakage in dark state
(Fig. 2(g)) and dark spot type appearances in bright state
(Fig. 2(h)). So, the optimum dispersion concentration of nNiO is
0.5 wt% for electro-optical display based applications, where
good molecular alignment of FLC is seen.
53876 | RSC Adv., 2016, 6, 53873–53881
Further the pristine and nNiO/FLC composite samples were
characterized for their material parameters. Fig. 3 illustrates the
changes inmaterial parameters of pristine FLCmaterial such as
optical tilt angle (q), spontaneous polarization (Ps), rotational
viscosity (g) and response time (s) with applied voltage due to
dispersing nNiO into it.

For FLCs, q is the primary order parameter, which increases
with increasing the applied voltage owing to the coupling of Ps
with applied electric eld and attains a saturation value at
a particular applied voltage called saturation voltage (Vsat).
From Fig. 3(a), it is evident that saturation value of q is �22� for
both pure and composite samples. Interestingly, the Vsat value
for pure FLC sample is �8 V, whereas the q of nNiO/FLC
composite got saturated at an applied voltage of �4 V. i.e., at
half the voltage of pristine FLC cell. Thus, nNiO/FLC composite
device can be operated in half the voltage of the pristine FLC,
which saves almost �50% of operating power. As evident from
Fig. 3(b)–(d), the saturation value of Ps, g and s is �29 nC cm�2,
�380 mPa s and �1 ms respectively for the pure FLC material,
ZLI 3654. On dispersing nNiO into ZLI 3654, the composite
showed a reduction in saturation value of Ps and g. The value of
s is decreased for nNiO dispersed FLC sample, since Ps, g and s
are related to each other as shown in eqn (1).

s ¼ g/(PsE) (1)

where, s is response time, g is the rotational viscosity, Ps is the
spontaneous polarization, and E is the applied electric eld
respectively.

Dielectric spectroscopy is a promising tool for conrming
the memory behavior in an LC sample cell. Fig. 4 shows the
dielectric dispersion spectra at room temperature of pristine
and nNiO/FLC composite sample at room temperature (27 �C).

In Fig. 4(a), it is seen that in pure FLC sample cell, when an
external DC bias of 15 V is applied, the dielectric permittivity (30)
decreases to a minimum value due to suppression of phason
mode, which occurs due to the phase uctuation of the meso-
gens. On removal of external DC bias, 30 gets back to its initial
value within 1minute. Thus, thememory behaviour of pure FLC
material ZLI 3654 is transient in nature. But, on comparing with
nNiO/FLC composite, it is seen that (Fig. 4(b)), the composite
stayed in memory state for up to 10 minutes. Also, the transit
from stressed state to relaxed state was gradual. This indicates
almost tenfold increment in memory behaviour of pure FLC
material by dispersing nNiO into it.

In order to conrm and observe the duration of the electro-
optic memory state in nNiO/FLC composite, POM images of the
composite is taken by applying and then removing the DC bias.
Fig. 5 shows POM images of nNiO/FLC composite in dark and
switched (bright) states at room temperature.

The composite cell is initially set to dark state (Fig. 5(a))
under POM without any external bias. It is then switched to
bright state by application of 15 V DC bias as shown in Fig. 5(b).
As the bias eld is switched off, the nNiO/FLC composite cell
was able to retain the bright state up to�20min as evident from
Fig. 5(c)–(f). Thus, the observed memory state is recorded aer
removal of bias under POM at different time intervals of 10 s, 2
This journal is © The Royal Society of Chemistry 2016
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Fig. 3 Behaviour of (a) tilt angle (q), (b) spontaneous polarization (Ps), (c) rotational viscosity (g), and (d) response time (s) of pure FLCmaterial, ZLI
3654 and nNiO/FLC composite material filled sample cells of 7 mm thickness at room temperature (27 �C).

Fig. 4 Dielectric dispersion spectra (dielectric permittivity, 30, as a function of frequency) of (a) pure FLC material, ZLI 3654 and (b) nNiO/FLC
composite filled sample cell of 7 mm thickness showing the duration of dielectric memory state at room temperature (27 �C).
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min, 10 min and 20 min respectively (Fig. 5(c)–(f)). The surface
anchoring forces imparted by the alignment layer along with
the elastic forces of mesogens are responsible for bringing the
FLC molecules back to the initial dark state.

The electro-optical memory effect seen in nNiO/FLC
composite is further veried by optical response. Fig. 6
demonstrates the optical response of pristine and nNiO
This journal is © The Royal Society of Chemistry 2016
dispersed FLC sample cell by applying a time delayed positive
and negative square pulse of 20 Vpp at 100 Hz.

In the optical response of pure FLC sample cell, the output
waveform was simply following the input signal, which shows
the transient memory behavior in pristine FLC material
[Fig. 6(a)]. But, in nNiO/FLC composite sample cell (Fig. 6(b)),
the optical transmission remains in the maximum state even
RSC Adv., 2016, 6, 53873–53881 | 53877
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Fig. 5 Polarizing optical micrographs showing the duration of electro-optical memory state of nNiO/FLC composite material filled sample cell.
The images of composite sample cell at (a) 0 V DC bias, (b) 15 V DC bias, (c) 10 seconds after removal of bias, (d) 1 minute after removal of bias (e)
10 minutes after removal of bias and (f) 20 minutes after removal of bias at room temperature (27 �C).

Fig. 6 Optical response of (a) pure FLC material, ZLI 3654 and (b) nNiO/FLC composite material filled sample cells to a driving time delayed
positive and negative square pulse of 20 Vpp at 100 Hz. Ch1 (Ch1: 10 V per div, Ch2: 5 V per div, time: 5 ms) shows the input square pulse and Ch2
shows its optical response. The time scale per division is shown on x-axis, which is same for both channels.
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the input waveform switched to zero state (0 V). This behavior is
repeated for the negative pulse also. Thus, optical response
method gave yet another conrmation of the electro-optical
memory behavior of nNiO/FLC composite sample cell.

It is interesting to elucidate the underlying mechanism of
enhancement in electro-optical memory of FLC material, ZLI
3654 by dispersing nNiO. Previous reports on bistability of FLC
device reveals that, it is greatly inuenced by the impurity ions
containing in it.38 In spite of its mobility, impurity ions are
always detrimental to the bistability of FLCs. The ionic impu-
rities accumulated in between the alignment layer and FLC
medium enhances the depolarization eld and accelerate the
decay of bistability when the electric eld is switched off. Also,
the overall performance of FLC devices based on ZLI 3654
material is degraded by the selective ion adsorption by the
alignment layers.39 The gray-level shi, image sticking/
ickering problem and slow response to electric eld are also
caused by ionic impurities present in LCs. In an LC device,
sources of impurity ions are LC material itself, through atmo-
sphere or alignment layer, during synthesis process etc. The
53878 | RSC Adv., 2016, 6, 53873–53881
anchoring energy of mesogens and driving voltage of LC devices
get altered owing to the presence of impurity ions in it.39,40

It is worth to study the electrical conductivity and dielectric
absorption spectrum of the pristine and nNiO/FLC composite
sample cells to get inference about the ionic impurity content in
the sample cells. Fig. 7 presents the dielectric absorption and
electric conductivity with frequency for pure and nNiO/FLC
composite sample cells at room temperature (27 �C).

In dielectric absorption (tan d) spectrum (Fig. 7(a)), it is seen
that the pristine FLC material, ZLI 3654 shows two types of
dielectric relaxation peaks at room temperature, goldstone
mode (GM)37 relaxation peak and a low frequency dielectric
relaxation peak. The GM relaxation process occurs due to phase
uctuations of mesogens in the smectic C* phase of FLCs near
to �1 kHz and the low frequency dielectric relaxation peak
centered at�40 Hz is owing to the ionic impurities contained in
the FLC materials. This ionic relaxation process in FLCs may
occur due to ionization–recombination assisted diffusion of
slow ions or single particle diffusion of fast ions.41 But, on
dispersing nNiO into ZLI 3654, it is seen that (Fig. 7(a)) the ionic
This journal is © The Royal Society of Chemistry 2016
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Fig. 7 (a) Dielectric absorption spectra (dielectric loss factor, tan d, with frequency) and (b) behavior of electrical conductivity (s) with frequency
of pure FLC material, ZLI 3654 and nNiO/FLC composite material filled cell of 7 mm thickness at room temperature (27 �C).

Fig. 8 Schematic depiction of mechanism of memory behavior in
nNiO/FLC composite material filled sample cell. The homogenously
aligned composite sample cell at (a) OFF and (b) ON state of external
DC bias.
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impurity peak is disappeared and only GM peak is visible. This
screening effect of ionic impurities in the composite sample cell
is due to adsorption or trapping of the same by nNiO. Similar
reports are there in which the effect of ionic impurities in LC
materials are reduced by adsorption/trapping phenomenon
using different types of nano-sized species including Al2O3,
ZrO2, TiO2, ZnO, carbon nanotubes, diamond powders etc.20,42–45

In nano-structured NiO, there are plenty of defects such as
structural and compositional defects and the control over those
defects will lead to tailor the properties of NPs.46 It is well known
that, the defect structures seen on the surface of metal oxide NPs
are attributed to incomplete oxidation of hydroxide species
during synthesis process. Here, during the synthesis process
of nNiO from the precursors, Ni(OH)2 is formed as an interme-
diate compound. This Ni(OH)2 undergoes decomposition/
dehydration during the calcination process to produce nano-
particulate cubic NiO. The dehydration process is accompanied
by oxolation mechanism and subsequently forms O–Ni–O
bridges.47 Thus, improper calcination leads to unsaturated OH
groups, anionic and cationic vacancies on the surface of nNiO.
Also, nNiO has proven its ability to adsorb ionic impurities from
aqueous solutions on to the active sites on its surface.48,49 These
active sites are composed of either nickel or oxygen vacan-
cies.50,51 Several mechanisms including surface complexation,
cation exchange and electrostatic attraction are responsible for
the strong adsorption affinity of nano sized NiO to ionic
species.48 Impurities with organic or polar functional groups are
strongly adsorbed onto the surface of nano sized NiO containing
hydroxyl moieties (–OH2

+, –OH, –O�) via charge–charge or elec-
tronic coupling interactions.52 Here also, the unsaturated
surface sites of nNiO are responsible for the trapping/adsorption
of ionic impurities contained in FLC material ZLI 3654.

The adsorption/trapping of ions in the nNiO/FLC composite
is again conrmed through the electrical conductivity (s)
studies of the pure and composite samples, as the s in LCs is
only due to ions contained in it. As illustrated in Fig. 7(b), the s
of nNiO/FLC composite is less than the pristine FLC material.
On comparing the values, the s of pure ZLI 3654 is �1.3 � 10�7

S m�1 at 40 Hz and that of the composite sample cell is�0.66 �
This journal is © The Royal Society of Chemistry 2016
10�7 S m�1 i.e., almost �50% decrement in the s. This drop off
in s is due to the adsorption/trapping of ionic impurities in the
pure ZLI 3654 material by nNiO.

The mechanism behind low voltage driven enhanced electro-
optical memory behavior by trapping of impurity ions is sche-
matically illustrated in Fig. 8. The nNiO/FLC composite material
is sandwiched in between the ITO coated glass plates with
RSC Adv., 2016, 6, 53873–53881 | 53879
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rubbed polymer (nylon 6/6) layer for homogeneous alignment of
mesogens is seen in Fig. 8(a).

The ionic impurities which arise from FLC material, align-
ment layer and atmosphere are randomly distributed over the
volume. It is reported that nNiO possess a permanent dipole
moment along [111] plane.53,54 The nNiO used in our study for
preparing the composite is also having [111] plane (JCPDS no.
71-1179). Since the mesogens and nNiO are dipolar in nature,
the FLC molecules get aligned along the nNiO owing to the
effective dipole–dipole interaction which leads to the improved
alignment of composite device. Also, nanorods possessing
inherent dipole moment can align faster with mesogens due to
large torque experienced in external bias eld, which results in
reduction in Vsat.55 When electric eld is switched on, the
dipolar mesogens and nNiO get aligned along the direction of
eld as shown in Fig. 8(b). Mean while the mobile ionic impu-
rities will travel to the opposite electrodes according to their
charge. In the case of pristine FLC material ZLI 3654, these
impurity ions will add to the depolarization eld and enhances
the screening of external bias eld. Thus, more external voltage
is required to switch on the pristine display device (�8 V). Also,
when the display is switched off, the mesogens will switch back
to initial state under strong depolarized eld and shows tran-
sient memory (<1 min). But in nNiO/FLC composite sample, the
impurity ions get trapped on the unsaturated surface sites of
nNiO during their travel to opposite electrode on application of
external bias. This reduces the screening of external bias eld
and offers a low voltage switching (�4 V). When the bias eld is
switched off, the nNiO/FLC composite tend to stay in the same
state (memory) for long duration (�up to 20 min) owing to the
reduced depolarization eld. Thus, the adsorption of impurity
ions in ZLI 3654material by nNiO offers a technique to fabricate
low power operating memory device based on nNiO/FLC
composite.

Conclusion

In summary, a low voltage driven electro-optical memory device
is fabricated by dispersing nNiO into FLC host material. The
drop off in operating voltage and non-volatile memory behavior
of nNiO/FLC composite sample cell is conrmed through
various electro-optical measurements. This enhancement in
electro-optical memory of nNiO/FLC composite device is
attributed to the reduction in depolarization eld by adsorption
of impurity ions on to the surface of nNiO. Also, fast aligning of
dipolar nNiO and mesogens in the nNiO/FLC composite, along
the direction of applied electric eld and reduced screening
effect offered the low voltage operation of the composite. These
studies elucidate the way for fabricating low power operating
electro-optical memory devices for advanced information
storage applications.
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