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Abstract. Reported herein is the effect of dispersion of a fixed amount of 0.5% (wt/wt) ZnO nanoparticles (NPs) in a
nematic (E7) liquid crystal (LC) mixture. Dispersion of ZnO NPs results in a significant improvement in electro-optical and
dielectric parameters of the nematic mixture. Comparative analysis of undoped and NP-dispersed samples shows a reduced
threshold voltage with better transmittance without compromising dielectric permittivity characteristics. In addition, an
increase in the contrast ratio, birefringence, alternating-current conductivity and band gap was observed after dispersion
of ZnO NPs in LCs. A polarized optical microscopic study of the NP-dispersed sample substantiates a slight increase in
nematic–isotropic phase transition temperature of LCs.
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1. Introduction
Contemporary research on liquid crystal (LC) materials is
continuing over the last few decades due to their wide range
of applications. LCs, one of the organic materials having
interesting electro-optic properties, play a key role in the
advancement of current display technology like counting
wrist watch to three-dimensional display devices [1–8]. LCs
have also been used in electro-optic filters, holography, digital data storage and biosensors [9,10]. Thus a wide use of
LC displays arises a demand for the investigation of new LCs
which led towards more perfection in display devices. In the
bargain of new LCs, dispersion of the guest material in LCs
is a supportive technique to obtain the desired properties for
display applications [11]. Consequently, a LC-nanoparticle
(NP) composite is one of the most desired approaches to
improve physical and electro-optical properties of LC devices.
As dispersion of NP in LCs is cost-effective, and enables to
produce new LC-NP composite materials having unique and
improved properties that are different from pure LCs [12–20].
Thus, different types of NPs such as semiconducting, ferroelectric, metallic, inorganic, carbon-related and ferronematics
are being used to produce technologically improved electrooptic devices [21–25]. The commonly used NPs with nematic
LCs are ZnO, TiO2 , diamond, BaTiO3 and Ag [9,12,26–29].
However, to control a long range orientation order of LCs
in the LC-NP composite material for obtaining a superior
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device performance is critical [3,4,6–8]. Dispersion of TiO2
NPs in nematic LCs has been analysed along with the effect
of UV exposure and the suppressed ionic effect with a promoted voltage holding ratio has been reported [26]. Further,
dispersion of diamond NPs in nematic LCs results in slowing
down of the relaxation process, which further indicates that
NPs impend the rotation of LC molecules and change the ionic
concentration with an increase in dielectric permittivity and
conductivity [27]. The nematic LC and BaTiO3 NP composite
system result in the formation of micro-droplets of LCs with
NPs. These micro-droplets align themselves along the applied
electric field and improved the electro-optic characteristics of
the LC device [28]. Dispersion with Ag NPs in nematic LCs
brings out a decrease in a threshold voltage with enhanced
conductivity and increased nematic to isotropic phase transition temperature [29].
Carbon nanotubes are another potential material of widely
used NPs, which reduced the response time, driving voltage
and stabilized field-induced alignment of LCs, due to similarity in their structure and shape with LCs [27]. As well,
ferroelectric NPs dispersed in the LC system demonstrated
improvement in the dielectric anisotropy, birefringence and
clearing temperature. A reduction in the Freedericksz transition and a change in spontaneous polarization of the
ferroelectric smectic LCs with the dispersion of ferroelectric
NPs are also achieved [30]. In addition, an improved response
time, higher contrast ratio, PL intensity, threshold voltage,
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drop in phase delay and fast switching have been reported
in quantum dot dispersed LC mixtures [31]. Coming on
metallic NPs, ZnO NPs find use in a wide range of technologically important areas of LCs due to simple production, large
band gap energy, high exciton binding energy and excellent
piezoelectric properties at room temperature. Additionally, a
decrease in the threshold voltage, lower energy consumption,
controlled orientation and increased phase transition temperature of LCs–ZnO composites is reported [9,14,29,32]. It is
also observed that a decrease in the threshold voltage with
dispersion of ZnO NPs is resulted by suppressing undesired
field screening effects due to reduced moving ion density
[13]. Thus, extensively, in this paper the effect of ZnO NP
dispersion on textural, electro-optic and dielectric behaviour
of nematic LCs has been investigated and analysed. Nevertheless, on the whole it must be noted that NP dispersion in
the LC system does not always bring improvements in material goods and alteration in physical as well as electro-optical
properties and is related to functionality of the NPs in the LC
system [33].

2. Experimental
A room temperature nematic LC E7 (from Merck, compositions: 4-cyano-4 -n-pentyl-biphenyl (51%), 4-cyano-4 -nheptyl-biphenyl (25%), 4-cyano-4 -n-oxyoctyl-biphenyl
(16%) and 4-cyano-4 -n-pentyl-biphenyl (8%)) with dielectric anisotropy (ε) = +13.8, birefringence (n) = 0.20 and
nematic–isotropic temperature (TN−I ) = 60.5◦ C as well as
inorganic ZnO NPs (Sigma-Aldrich) with an average particle size ∼50 nm and molecular weight = 81.39 g mol−1 were
used for the experimental investigations. Planner indium tin
oxide (ITO) cells (Instec, USA) with a thickness of 9 µm
were used. For the NP-dispersed sample, the E7-ZnO suspension was prepared by adding 0.5% (wt/wt) of ZnO NPs in
E7. Chloroform was also added to the mixture. Homogeneous
dispersions of the ZnO NPs in E7 were obtained by stirring
overnight, followed by an ultrasonic process at a frequency of
20 kHz for 1 h. The mixture was then subjected to heating at
about 55◦ C in a vacuum oven (Harco) and cooled at room temperature for 24 h. Two sample cells, one for pure E7 and other
for E7-ZnO composites, were prepared and then filled separately with these mixtures by capillary action at their clearing
temperature. After filling, both cells were sealed with araldite.
Before electro-optic and dielectric measurements, to enhance
accuracy of results, the sample cells were heated and cooled
from the nematic (room temperature) to isotropic phase and
vice versa respectively, at a rate of 1◦ C min−1 .
Dielectric measurements were performed by a software
(Linksys) controlled impedance analyser (Wayne Kerr, Model
6500B) in the frequency range of 20 Hz–10 MHz, attached
with a temperature controller cum heating/freezing stage
(−196 to 600◦ C, Linkam, Model THMS600E). Sample cells
were first calibrated with an impedance analyser and dielectric
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data of empty cell, with benzene and LCs, were recorded as a
function of frequency to calculate real and imaginary parts of
permittivity. Dielectric data of LCs in the nematic phase were
recorded at different temperatures during the cooling cycle.
Textural and phase transition behaviour was investigated
using a polarising optical microscope (POM) (Nikon, ModelLV100POL) equipped with a Q-imaging camera (Q-28378).
Transmission characteristics were studied using a He–Ne
laser (Melles Griot, 5 mW, 632.8 nm) and photo-detector
(PD02, Instec USA) attached with a function generator (Tektronix, AFG3021B). The complete set up for the electro-optic
study is shown in figure 1. The energy band gap (E g ) was measured by a UV–visible spectrometer (Carry 100, Agilent) in
the wavelength range of 200–450 nm at room temperature.

3. Results and discussion
3.1 POM study
Optical textures were investigated in a wide nematic phase
under cross polarizers. Figure 2 shows the POM textures of
E7 and E7-ZnO samples during the cooling cycle. As shown in
figure 2a, the transition from the isotropic to the nematic phase
begins to appear at 60.5◦ C. As the temperature decreases,
the liquid crystalline phase appeares at 59.6◦ C. However,
on further decrease in temperature a clear nematic phase at
room temperature can be observed in figure 2c. In the case
of the NP-dispersed sample, the transition from the isotropic
to nematic phase was found at 61.5◦ C as shown in figure 2d.
As the temperature decreases, liquid crystalline phases can be
clearly seen at 60.9◦ C and room temperature in figure 2e and
f respectively. The studies confirm a minute increase (∼1◦ C)
in nematic–isotropic phase transition temperature of E7 LCs
after dispersion of ZnO NPs. This minute increase in nematic–
isotropic phase transition temperature after dispersion of NPs
can be attributed to a change in the molecular orientation and
intermolecular interactions between LCs and NPs, which alter
the order parameter that results in enhanced thermal stability,
hence increase in isotropic–nematic phase transition temperature [34].
Further, the effect of the applied voltage on textural
behaviour of E7 and E7-ZnO sample cells was analysed at a
frequency of 1 kHz at 35◦ C. Figure 3 shows the POM textures
of both sample cells under cross polarizers at a magnification
of 10×. As shown in figure 3, an initial bright state in the
nematic phase at 0 V for both E7 and E7-ZnO samples was
observed. With an increase in the voltage, 0–2 V, this bright
state begins to change to a dark state and approaches a much
darker state. This behaviour can be related to fact that at 0 V,
initially LC molecules have a parallel orientation with a substrate and as the voltage increases molecules start to change
their orientation from parallel to perpendicular (vertical) with
the substrate. Due to the vertical orientation of LC molecules
with the substrate, light transmission is blocked by an analyser and the dark state appears [35]. Further, the appearance
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Figure 1. Experimental set-up for electro-optic measurements.

Figure 3. POM textures of E7 and E7-ZnO sample cells at 35◦ C
under cross polarizers at a magnification of 10×. Cross arrows indicate the position of the polarizer and analyser.
Figure 2. POM textures (a), (b) and (c) at 60.5, 59.6 and 30◦ C,
respectively, for the E7 sample. Textures (d), (e) and (f) at 61.5, 60.9
and 30◦ C, respectively for the E7-ZnO sample. All textures were
taken at a magnification of 10×. Cross arrows indicate the position
of the polarizer and analyser.

of dark and bright states also supported by the behaviour of
voltage–transmission curves and it is discussed in the next
section of electro-optic studies.

The extended view of the V –T curve in a low-voltage range
is also shown in the inset. From V –T characteristics one can
see the operating voltage of the LC cell that reflects the effect
of ionic behaviour on the electro-optic properties of the LC
device [26]. During the measurement of optical transmission,
the LC cells were placed between crossed polarizers at an
angle of 45◦ with the optic axis of incident light. The detailed
assembly of the LC cell under a polarizer, incident light and
detector is shown in figure 1. The intensity of transmitted light
passing through the cell is given by [9,35–37]:

3.2 Electro-optic studies
Voltage–transmission (V –T ) characteristics of E7 and E7ZnO in the nematic phase at 35◦ C are shown in figures 4 and 5.

It =

sin2 (2θ )
(1 − cos ∅).
2

(1)
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I − Imin
Imax − Imin
for n = 0, 2, 4, . . .

I − Imin
−1
∅ = (n + 1)π + 2 sin
Imax − Imin

∅ = nπ + 2 sin

−1

for n = 1, 3, 5, . . . .

Figure 4. Voltage–transmission (V –T ) characteristic of the E7
sample cell under a crossed polarizer at applied voltages from 0
to 12 V (temperature 35◦ C, frequency 1 kHz). The inset shows an
extended view of the V –T curve at a lower voltage.

Figure 5. Voltage–transmission (V –T ) characteristic of the E7ZnO sample cell under a crossed polarizer at applied voltages from
0 to 12 V (temperature 35◦ C, frequency 1 kHz). The inset shows an
extended view of the V –T curve at a lower voltage.

Here, It is the transmitted light intensity, θ is the angle
between the polarizer and optical axis and ∅ is the phase
difference. The birefringence (n) can be calculated using
∅ from equation (1) as:
∅ =

2π
n·d.
λ

(2)

Here, d is the thickness of the cell and λ is the wavelength
of incident light. The angle θ is set at 45◦ to optimize the
intensity:


∅
,
(3)
I = Io sin2
2

(3a)

(3b)

In the above equations (3b and 3b), n is the number of
maximum peaks observed in the V –T curve, I is the transmitted light intensity and Imax and Imin are the maximum and
minimum intensity of the LC sample cell, respectively.
The V –T curve as shown in figures 4 and 5 follows oscillatory nature and the number of maxima in the V –T curve
is approximately equal to n·d/λ, which can be verified by
substituting the value of n, d and λ. Additionally, in a lowvoltage range (0–1.6 V) the output intensity through LC cells
is found almost constant and a marked decrease in intensity
was noticed beyond 1.6 V. The threshold voltage (Vth ) as
observed from V –T plots was 1.6 and 1.5 V, respectively,
for E7 and E7-ZnO sample cells. This minute decrease in Vth
after dispersion of NPs indicates changes in the retardation
and birefringence of E7 at a higher voltage [9]. Further, field
screening effects of impurity ions and a larger size of NPs as
compared to LC molecules result in a larger dipole moment
of NPs than LCs. A larger dipole moment of NPs gives rise to
a high electric torque which affects the anchoring condition,
which might cause a decrease in Vth [9].
As we increase the voltage, the light transmission starts to
vary and shows the maximum and minimum peaks which
correspond to an odd or an even integer of equation (1).
Above 5 V, it is observed that the transmittance begins to
decrease and tends to a minimum value in both E7 and
E7-ZnO. Initially, in a low-voltage range (<2 V) the LC
molecules have their orientation parallel to the glass substrates and show a higher transmittance. However, beyond
2 V, the orientation of molecules starts to change from planar
to homeotropic and finally shows a dark state or very lowtransmittance.
Figure 6 shows the temperature dependence on n for E7
and E7-ZnO samples at 5 V (frequency 1 kHz). Above 30◦ C,
there is a decrease in the value of n for both E7 and E7ZnO samples and approaches a minimum value near isotropic
phase transition temperature. Here, the transmission method
is used to measure n for E7 and E7-ZnO samples [38,39].
Using equations (1 and 2), the calculated values of n at 30◦ C
are found to be 0.22 and 0.23 for E7 and E7-ZnO, respectively, which is in good agreement with earlier work [39,40].
An increase in n after dispersion of NPs can be attributed
to the formation of large dipole moments, which produces
a large electric field between NPs. Further, a decrease in
birefringence with temperature as shown in figure 6 can be due
to a change in molecular re-orientation and optical anisotropy
of LCs. This shows that the system is moving to a less ordered
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Figure 6. Variation of birefringence (n) with temperature for E7
and E7-ZnO samples.

state with an increase in the kinetic energy of the system and
a decrease in optical anisotropy [31,40].
Additionally, the contrast ratio (CR), an important measure of the performance for any display device and defined
as Imax /Imin , is calculated from the maximum and minimum
transmission data [41,42]. Our results show that the CR also
improves after dispersion of ZnO NPs (figure 7). The change
in the CR for the NP-dispersed sample can be attributed to
molecular alignment ability of NPs, which alters the alignment of LC molecules and improve the optical properties of
LCs [43]. Variation of the CR with temperature for E7 and E7ZnO samples is shown in figure 7 and a decrease in the CR was
observed with an increase in temperature from the nematic to
isotropic phase, which is due to fact that an increase in temperature increases disorder of LC molecules and affects the
CR [44].

Dielectric permittivity (ε ) and dielectric loss (ε ) can be calculated by:
CLC − CA
+1
ε =
Ceffective

Here, CB is the capacitance of the cell filled with benzene, εB
is the dielectric permittivity of benzene solution (εB = 2.245)
and D is the dissipation factor. Here, it is worth mentioning
that the complete removal of benzene was assured by heating
the sample cell above the boiling point of benzene (80◦ C).
The cell was further examined through the POM to make it
completely trace free of benzene.
The dielectric relaxation spectrum can be described with
the help of the generalized Cole–Cole equation and is given
by [14,35,43–47]:
ε∗ = ε (∞) +





ε = ε (∞) +

ε = D×ε.

ε =


δε 1 + (ωτ )(1−α) sin(απ/2)



1 + (ωτ )2(1−α) + 2(ωτ )1−α sin(απ/2)

A
,
ωn


(8)

δε(ωτ )(1−α) cos(απ/2)
1 + (ωτ )2(1−α) + (ωτ )1−α sin(απ /2)

σion
+ Bωm ,
εo ωk

(9)

(5)

Here, CLC is the capacitance of the cell filled with LCs and CA
is the capacitance of the empty cell (air) and
CB − CA
.
Ceffective =  
εB − 1

(7)

+

+


δε
A
σion
+ n −j
ω
εo ωk
1 + ( jωτ )(1−α)

− j Bωm .

(4)

and




On separating the real and imaginary part, equation (7) can
be written as:

3.3 Dielectric measurements



Figure 7. Variation of the CR with temperature for E7 and E7-ZnO
samples.

(6)

where δε represents the dielectric strength of relaxation, ε(∞)
represents the high-frequency limit of dielectric permittivity, α (0 < α < 1) is the distribution parameter, εo is the
permittivity of free space, ω is the angular frequency and τ is
the relaxation time.
The low- and high-frequency deviation in dielectric data
require correction for low- and high-frequency values. Third
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Figure 8. Frequency dependence of dielectric permittivity (ε  ) and dielectric loss (ε ) for (a, b) E7 and (c, d) E7-ZnO respectively, at
30◦ C. Plots reflect the effect of fitting and correction on experimental data.

and fourth terms in equation (7) represent the contribution due
to electrode polarization capacitance and ionic conductivity at
low-frequencies. The observed value of dielectric absorption
contains a contribution above 100 kHz which is due to the
finite resistance of electrodes and lead inductance. Therefore,
an additional imaginary term Bωm is included in equation
(7) in order to partially account for the high-frequency effect.
Here, A, B, m, n and k are the fitting parameters [48,49].
The frequency dependence of ε and ε for E7 and E7-ZnO
samples in the nematic phase (30◦ C) is shown in figure 8a–
d. The obtained dielectric data were separately fitted with
equations (8 and 9) using origin 6.1 software. In order to
find best fit values, the fitting process with variation in fitting
parameters was repeated until, chi-square (χ 2 ) → 0 and correlation coefficients (R 2 ) → 1 are reached. In order to obtain
correct values (free from low- and high-frequency effects),

low- and high-frequency correction terms were acquired from
the fitting process and then subtracted from the measured
dielectric data. The purpose of fitting was to eliminate low(ionic conductance) and high-frequency correction (electrode
and lead conductance) factors from the experimental values
of permittivity and dielectric loss.
From figure 8a and c, we can infer that the dispersion of
ZnO NPs leads to an insignificant decrease in the permittivity
values from 7.4 to 7.0. Generally, it is observed that dispersion of NPs in LCs increases the dielectric permittivity due
to an increase in the number of ions after dispersion, however
in the present study, a minimal decrease or very less effect
on permittivity of E7 was observed. This abnormal behaviour
of permittivity in the E7-ZnO sample can be explained on
the basis of the dopant size. In this experiment an average
size of ZnO NPs is much larger (∼50 nm) as compared with
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3.4 Conductivity and energy band gap
Frequency dependence on conductivity has been investigated
for E7 and E7-ZnO samples. The alternating current (ac) conductivity was examined using the equation [35]:
σ (ω) = ωεo ε , where ω = 2π f.

LC molecules. This size difference results in a decrease in
relative permittivity of E7. The decrease in the relative permittivity can be attributed to electronic charge transfer taking
place through ZnO NPs. Due to a large size of ZnO NPs, the
minimal distance between neighbouring NPs decreases to a
sufficiently low-value. This provides an easier way of charge
transfer through ZnO NPs [14]. Further, an analysis of absorption spectra shows that no relaxation mode was observed in
the frequency range up to 1 MHz in E7 and E7-ZnO samples.
As shown in figure 8b and d, the dielectric value is very low
and does not vary with the ZnO dopant.

Thus,
σ (ω) = 2π f εo ε ,

(10)

where f is the frequency. Figure 9 shows the frequency dependence of conductivity for E7 and E7-ZnO samples in the
nematic phase at 30◦ C. The constant portion of the frequency
as shown in the graph represents direct current (dc) or ionic
part, whereas the increasing term above ∼0.2 is dipolar or
ac conductivity [35,50] and the contribution of dc to dielectric loss in this region is negligible. The dispersion of ZnO
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Electro-optic and dielectric parameters observed after dispersion of ZnO NPs in the nematic LC.

Sample

TN−I (◦ C)

n

Vth (V)

ε

Absorbance peak wavelength (nm)

E g (eV)

σac ( m)−1 × 10−9

E7
E7-ZnO

60.5
61.5

0.22
0.23

1.6
1.5

7.4
7.0

316
331

3.55
3.58

0.011
0.185

NPs in E7 increases the ac conductivity of E7. An increase
in conductivity after dispersion of ZnO NPs in E7 can be
ascribed to a change in ion-concentration. Additionally, dispersion of ZnO NPs increases the charge carrier mobility and
the concentration of free ions by ion transfer along the surface
of interconnected particles [27,35]. Further, the absorbance
characteristics of E7 and E7-ZnO samples are shown in figure 10. It is clearly seen that with dispersion of ZnO NPs,
the absorption peak shifts to a higher wavelength side which
was observed at 316 and 331 nm for E7 and E7-ZnO samples,
respectively. Additionally, the energy band gap (E g ) has been
calculated using the following Tauc relationship:

n
ahν = A hν − E g ,
ln T
,
α=−
d

LCs changes the anchoring condition and results in a decrease
in the threshold voltage. The results also confirm a negligible decrease in the permittivity from 7.4 to 7.0 with NP
dispersion, however relaxation frequency was not observed
up to 1 MHz. Further, an energy band gap and ac conductivity were found to be increased for the LC-NP composite and
is expected due to increased charge carrier mobility of ZnO
NP free ions. The improved electro-optical characteristics
i.e., increase in birefringence and CR with reduced threshold
voltage after dispersion of NPs lead to less power consumption and better optical performance suitable for LC-based
devices.

(11)
(12)

where T is the transmission, α is the absorption coefficient,
d is the film thickness, hν is the incident photon energy, A
is the constant, E g is the energy band gap corresponds to
the particular transition in the material and n is an index
having values 1/2, 3/2, 2 and 3 depending on the nature of
transition. Here, n is 1/2 for direct-allowed transition, 3/2
for indirect-forbidden transition, 2 for indirect-allowed transition and 3 for direct-forbidden transition. Here, n = 1/2
is selected for direct allowed transition [35,51,52]. The value
of E g was calculated from the graph between (ahν)1/n and
hν as shown in figure 11. By extrapolation of the linear
region at α = 0, the intercept of the linear fit on the x-axis
gives E g . From figure 11a and b, E g is found to be 3.55 and
3.58 eV for E7 and E7-ZnO samples, respectively. The
increased value of E g is expected due to an increase in charge
carrier mobility with the concentration of ZnO NP free ions.
Table 1 summarizes the results of electro-optic and dielectric
variations observed after dispersion of ZnO NPs in nematic
LCs.

4. Conclusions
Present work demonstrates the effect of ZnO NP dispersion
on textural, electro-optic and dielectric properties of nematic
LCs. Dark and bright states appeared as expected from LC orientational behaviour with an applied voltage. A slight increase
(∼1◦ C) in isotropic-nematic phase transition temperature of
LCs was observed due to dispersion of NPs. NP dispersion in
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