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A B S T R A C T

Nano-size distribution of birefringent liquid crystal droplets embedded in the polymer matrix gives rise to an
optically isotropic liquid crystal (OILC) phase and the device utilizing OILC composite opens the possibility of
alignment layer-free, flexible liquid crystal displays with fast response time. However, few critical issues such as
high operating voltages and feeble light scattering are remained to be overcome before their widespread ap-
plications. To rectify the drawbacks, a small amount of conductive and anisotropic functionalized carbon na-
notubes (f-CNTs) is doped into conventional OILCs. Consequently, switchable electro-optic properties of the
proposed approach reveal that driving voltage is decreased by18.7%, response time becomes fast by 27%, and
feeble light leakage is reduced to around 3.8 times, compared to conventional one, which helps the proposed
approach to be competitive for display and photonic applications of film type of OILCs.

1. Introduction

For the past few decades, the flat panel type - liquid crystal displays
(LCDs) were successfully commercialized for various applications. In
recent years plastic organic light emitting diodes (POLEDs) are quite
fascinated owing to their free designing structures with flexibility,
bendability, and foldability. For attracting the people's attention to-
wards LCDs and to compete with the POLEDs, binary composite systems
of the optically isotropic liquid crystals (OILCs) have been introduced,
in which the nanostructured LC droplets are obtained, upon UV poly-
merization. The superior performances of OILCs include the fast re-
sponse time, wide-temperature range in the optically isotropic state,
alignment layer-free, and wide-viewing angle [1–6]. In addition, the
displayed image qualities in the conventional LCDs change very easily
when the display is either under external pressure or bent, however, the
LCDs with OILCs can overcome such difficulties because a fluid nematic
LC is encapsulated in a nanostructured polymer matrix so that their
electro-optic properties are preserved even in either curved or bent
state. However, despite these merits, high driving voltages and feeble
light scattering in a voltage-off black state are still hindering towards
potential applications.

The OILCs can be obtained by the well-known method of

polymerization induced phase stabilization (PIPS), at ambient condi-
tions [4,7,8]. With optimization of LC to monomer ratio, UV exposure
conditions and materials, the size of phase-separated LC droplets can be
realized to be below the visible wavelength regime [6,9–11], and the LC
directors inside droplets are randomly oriented from droplet to droplet,
giving rise to an optically isotropic phase at field-off state. Conse-
quently, when the OILCs tested under crossed polarizers, it appears to
be a dark state and then birefringence is induced in the field-on state,
giving rise to a bright state. In OILCs, more than 50wt.% of the photo-
curable monomer is used to minimize the light scattering and due to
this reason, [12,13] thicker polymer matrix between the isotropic
droplets with a low filling factor of LC droplets has been realized. Be-
sides, the dielectric constant of the polymer matrix drops down the Kerr
constant (K) of the OILC system∼ 7.53×10−10 m/V2 rendering
driving voltage of the device high [4].

In recent years, several approaches were proposed to lower oper-
ating voltage of OILCs. Among them, one was to obtain higher K
(∼1 nm/V2) using a LC with high dielectric anisotropy and bi-
refringence [14] and the other was using the flexible/week anchoring
pre-polymers with relative diluents [15,16]. Most recently, we have
reported solutions to solve the feeble light scattering by dispersing a
small amount of chiral dopant to nano-PDLCs [17] and using acrylate
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monomer PN393 [18]. Despite of great efforts, the high driving voltage
is still an unsolved problem for the practical application. To address the
above challenges, it is viable either to utilize more LC concentration in
the composite or to enhance the conductivity of the composite. In-
creasing LC content is not advisable, because larger droplets lead a
feeble incident light scattering. Therefore, we challenge to lower the
driving voltage by increasing the conductivity of a polymer matrix.

In recent times, the anisotropic electrical conductivity and magnetic
properties of CNTs are gaining more and more curiosity among the
researchers worldwide [19,20]. In addition, high aspect ratio acts as a
better dopant for improving their properties of the composite matrix
[21,22]. Owing to such merits, highly conductive CNTs are considered
as a promising candidate for incorporating into the composite. How-
ever, the naïve CNTs are much prone to form agglomerations due to
stronger van der Waals interactions between them. Therefore, it is quite
a difficult task for developing a composite film with uniform dispersion.
In the present investigation, acid functionalized CNTs (f-CNTs) are used
as a dopant to form a uniform composite and the effects of f-CNTs on
the surface morphological and switchable electro-optical properties of
OILC-LCDs are studied in detail. The result implies that the effect of
doped f-CNTs enables to reduce efficiently the threshold (Vth) and
driving (Vop) voltages with faster switching times. In addition, an effi-
cient dark state in the device was realized.

2. Experimental

2.1. Materials and preparation method of f-CNT doped OILC composites

The OILC mixture is composed of high dielectric anisotropy nematic
LC and the conventional thiolene type of monomer. We have used MLC-
2053 (dielectric anisotropy Δε=42.6, TNI=86 °C, birefringence
Δn=0.235 at 589.3 nm, from Merck Advanced Technology, Korea) as
nematic LC, and conventional NOA-65 (Norland Optical Adhesive 65,
np=1.514 at 20 °C and 589 nm) as pre-polymer for OILC preparation.
The OILC and its composites consist of 45% of LC and 55% of NOA-65
and added various concentrations of the f-CNTs of 1× 10−3, 5× 10−3

and 1×10−2 wt. %. Hereafter, the OILC sample is named as S1 and
composite samples are named as S2, S3, and S4, respectively, following
the order of increased concentration of doped f-CNT. The composites
were heated to an isotropic temperature of the mixture i.e. 90 °C and
ultra-sonication was performed for 180min. As the elevated tempera-
ture helps to reduce the viscosity of pre-polymer, an enhanced degree of
dispersion is anticipated. The mixtures were filled into the IPS cells at
isotropic temperature. Subsequently, the cells were exposed to UV in-
tensity of 140mW/cm2 for 6mins, for photopolymerization. A sche-
matic diagram for the preparation of the f-CNTs doped OILC composite
is illustrated in Fig. 1. The polymerization kinetics plays a prominent
role because the phase separation mainly depends on the curing in-
tensity, curing time and thermal stability of the system [22]. To avoid
such intrinsic difficulties all samples were irradiated one after other

without changing the UV light intensity and the temperature condi-
tions. Electro-optic properties of the samples have been investigated by
filling the samples in interdigitated patterned electrodes of single do-
main IPS cells. The width (w) of the ITO electrode is 4 μm and distance
(l) is 4 μm between electrodes. The cell was assembled together with a
silicon ball spacer of 10 μm.

2.2. Acid functionalization of SWCNTs

Single-walled carbon nanotubes (CNTs) having diameter∼ 1.1 nm
and length∼ 1–3 μm (Avention. Co. Ltd. Korea) were utilized for our
experiments. However, the pristine CNTs form clusters when adopted
into a high viscous pre-polymer because they are prone to form ag-
glomerates due to stronger van der Waals forces. Therefore, the surface
chemical modification was done by acidification process which also
reduces their size. To make surface functionalization, 5mg of pristine
CNT was suspended into 2.5 ml concentrated acid mixture of H2SO4 and
HNO3 (volume ratio 3:1) and then ultra-sonication was performed for
3 h. Thereafter, the CNTs suspended mixture was washed several times
using distilled water to neutralize solute followed by centrifuging in
12,000 rpm for 25mins. The resultant mixture was placed in oven
drying for 1 h at 150 °C giving rise to the CNT powder. Finally, the
powder is dispersed into acetone by ultrasonication for 30mins, here-
after, they named as f-CNTs. The obtained f-CNTs are characterized
using the TEM, as shown in the photomicrograph of Fig. 2.

2.3. Characterization techniques

To investigate the optical and field-responsive properties of pure
and doped OILCs several characterization techniques were performed.
The polarizing optical microscope (POM) (Nikon, ECLIPSE E600,
Japan) attached with CCD camera (Nikon, DXM 1200), was used to
observe its isotropic phase and induced birefringence upon field-on
state between crossed polarizers. The POM images obtained at field-off
state were utilized for the quantitative analysis of light leakage in the
dark state by using i-solution software (i-solution Inc., iM Technology,
Korea). The electro-optic properties were measured as a function of the
applied voltage by using a lab-made set-up under crossed polarizers.
The field was applied to the IPS cell using a function generator (Agilent
33521A) and the change in transmitted light intensity was detected by
photo-detector and the data were collected using an oscilloscope
(Tektronix DPO 2024B). The wavelength-dependent transmission was
measured using the UV-Visible spectroscopy (SCINCO, S-3100) from
ultraviolet to near infrared region. Finally, the surface morphology of
the LC removed polymer network was characterized using the field
emission scanning electron microscope (FE-SEM).

Fig. 1. Schematic illustration for the formation of f-CNTs doped OILC composites.
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3. Fabrication of f-CNT doped OILC-LCD and its switching
mechanism

Realization of visible light scattering free OILC film is necessary to
minimize light loss and enhance the contrast ratio of liquid crystal
display and photonic device. However, the use of relatively high pre-
polymer concentration is inevitable to get OILC film with the size of LC
droplets less than 250 nm in PIPS approach. This leads to thick poly-
meric walls encapsulating and isolating LC droplets, resulting in a low
filling factor of LC molecules in the composite. Consequently, on field
application, the field inside the polymeric dielectric media experiences
screening effect by the high dielectric constant of the polymer matrix.
In addition, the field screening is proportional to the thickness and
inversely proportional to the dielectric constant of the polymer matrix,
so that utilization of high concentration of the polymer results in re-
ducing K of the composite. Therefore, higher Vth and Vop are required to
induce the maximum phase retardation in the OILCs [23,24].

In order to overcome such shortcomings in the OILC with PIPS ap-
proach, we have incorporated conductive f-CNTs into the conventional
OILCs to realize better electro-optic performed LCDs. We anticipate
most of the f-CNTs are wrapped in a polymer matrix and few of them
are immersed in LC droplets as depicted in the schematic diagram
Fig. 3. The incorporation of f-CNTs into droplets is naturally inhibited
by their sizes. However, one can anticipate considerable dispersion in
length of CNTs after functionalizing chemical treatments. Hence a few
of f-CNTs whose length is smaller than droplet size might be fully
submerged inside the LC droplet. In that case, f-CNTs mostly follow the

long-range ordering of the LC director and reorient along the field di-
rection when the field is applied, while the dispersed ones in a polymer
matrix do not respond to the applied field. Short-range elastic interac-
tions between LCs and f-CNTs inside the droplet may result in shorter
decay response time owing to an increased elastic constant. Ad-
ditionally, polymer wrapped f-CNTs provide high degrees of inter-
connections between the isolated LC droplets. Consequently, the field
strength inside the dielectric media is significantly enhanced resulting
in the reduced Vth and Vop.

The Vth of the f-CNTs doped OILCs varies with the concentration of
the dopant in the composite. Therefore, the modified Vth can be ex-
pressed as [25],
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where l is the distance between the adjacent electrodes in the IPS cell,
keff is the elastic constant (mainly associated with both k11 and k33), εo is
the dielectric permittivity of free space, Δε is the dielectric anisotropy of
the host LC, R is the droplet size of LC and ‘c’ is the prefactor defined as,

=

+

c ε
ε ε

3
2

,M

LC M

where εM is the effective dielectric constant of the polymer matrix and
εLC is the dielectric constant of the host LC. Considering mono-dispersed
droplet size for the fixed LC concentration, the magnitude of c enhances
with the doping concentration of f-CNTs and reduces Vth by equation
(1). Thus the increased conductivity of the matrix by f-CNT doping
could play a predominant role in reducing the driving voltages, at given
physical properties of LCs and device. Furthermore, the decay time
(τoff) of the device is given by Ref. [26],
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where γ1 is the rotational viscosity of the host LC, and keff is the ef-
fective elastic deformation. If keff of LC is increased by doped CNT, τoff
can be shorter [27],

In addition to the effects of f-CNT doping on electro-optics, a con-
siderable fraction of absorption by CNTs can be realized when the in-
cident light propagates through the composite medium. In such situa-
tions, the transmittance light intensity (IT) through the OILC film can be
described by Beer-Lambert law, which can be expressed as [28],

=
− +

I
I

e ,T

I

α β d( )
(3)

where II is the incident light intensity, α and β are the scattering and

Fig. 2. A TEM image of the acid functionalized SWCNTs (f-CNTs).

Fig. 3. Schematic diagram of the doped f-CNTs into OILC: (a) Random distribution LC directors with f-CNTs in the polymer matrix in voltage-off state and (b) LC
directors and f-CNTs inside the droplets align to the field direction whereas f-CNTs in the polymer matrix do not reorient in voltage-on state.
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absorbance coefficients of the composite film, respectively and d is the
film thickness. The scattering coefficient (α) mainly relies on the ρs
density of LC droplets and scattering cross-sectional area (σs). Ac-
cording to the Rayleigh-Gans scattering theory, the average σs is in-
versely proportional to the fourth power of wavelength of incident light
(λ4) [29]. The absorption coefficient (β) of the film can be expressed as,
β = εxl′, where ε is coefficient of absorptivity of the doping material, x
is the concentration of dopant and l′ is the ratio of the distance traveled
by light through the film thickness (d). The f-CNTs can absorb the in-
cident [30] and any scattered light inside the OILC phase, playing role
of absorbing dopant such that the feeble light leakage is significantly
suppressed under the crossed polarizers.

4. Results and discussions

4.1. Ultraviolet-visible (UV-Visible) and surface morphological properties

UV-Visible transmittance profiles of all the samples in the wave-
length range from 300 to 800 nm were investigated, as shown in
Fig. 4(a). The spectrum depicts that the transmittance increases with
increasing wavelength of the incident light because of σs ∝1/λ4 i.e., the
shorter wavelength the light scatters more. In addition, the transmit-
tance slightly decreases with increasing doping concentration of f-CNTs
such that the measured transmission for the samples S1 to S4 is 78.58,
76.9, 75.29 and 74.6% at 630 nm. The high-resolution photographic
images were captured under the ambient illumination without using the
polarizers as depicted in Fig. 4(b). Evidently, the transmitted light de-
creases due to absorption by doped f-CNTs [30]. In the photographic
images, the scattering level is not clearly expressed though it is clearly
seen in UV-Visible transmittance profile. All OILC samples experience
the incident light scattering [17], but the absorption is realized only for

f-CNT doped samples causing reduced transmittance with a con-
centration of f-CNTs because β increases with increasing f-CNT doped
although d is fixed.

The effect of doped f-CNTs on the polymer nanostructure was in-
vestigated using FE-SEM. In order to get avoid cracks and breakage on
the polymer network, firstly, the test cells were soaked in n-hexane for
one day and then the substrates were separated with a sharp-edged
blade. Once again, the OILC film with substrate was soaked for one
more day, and polarizing optical microscopy was used to confirm the
absence of LC in the film. Thereafter, to avoid charge accumulation on
the polymer film while taking the images, a conductive platinum film
was overcoated onto the polymer surface by RF sputtering. Obtained
micro-images with relative droplet size distributions are depicted in
Fig. 5. The droplet size distribution is estimated using an image ana-
lyzer software, Image-J (a Java-based Image processing developed at
the National Institute of Health), and obtained data with Gaussian fits
are illustrated inset of Fig. 5. The Gaussian fits exhibit peaks around
211, 215, 210 and 208 nm depicting the average droplet sizes of the
samples S1, S2, S3 to S4, respectively. Very few droplet sizes above
visible wavelength regime i.e. 350 nm are also found, causing some
level of light scatterings in the visible regime, especially in short wa-
velengths. Few droplets whose size is below 100 nm has also been ob-
served in samples, which renders the device to have a high driving
voltage to induce maximum birefringence since Vth ∝1/R. Additionally,
doping of f-CNT does not show any appreciable variation on the surface
morphology of the polymer network though the average droplet size
decreases slightly with increasing doping weight percent of f-CNTs.

4.2. Electro-optic properties

Initially, we have observed OILC cells under an optical microscope.

Fig. 4. (a) Wavelength-dependent transmission spectra and (b) High-resolution macro-images of the f-CNTs doped OILCs indicating the transmittance decreases with
increasing doping of f-CNT.
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The cells filled with S2 and S3 do not exhibit dark spots associated with
agglomeration of f-CNTs, indicating the size of CNT-aggregates is at
least less than 1 μm. However, a few dark spots were observed in S4 cell
in which a maximum amount of f-CNT, 0.01 wt. % is loaded into.

After the preliminary investigation, we have observed the light
leakages and field-induced birefringence of the OILC samples by placing
the cells between crossed polarizer in POM. Then the isotropic phase
was confirmed by rotating the sample's plane between the crossed po-
larizers. All samples appeared black, exhibiting optically isotropic
phase at field-off state. However, a feeble light scattering is realized in
the sample S1 due to mismatching of the refractive indices between
interfaces of the LC/polymer networks and few larger droplets inside
the composite film. Though, the feeble light scattering was found to be
minimized considerably with the effect of the doped f-CNTs.

In order to perform quantitative analysis of the reduced light lea-
kages associated with the effect of doped f-CNTs for all samples, mul-
tiple optical images of each sample at different positions were captured
with the invariable intensity of incident light. Then, the obtained results
are compared using the mentioned image analyzer, in which the perfect
dark level is predefined as “0” by the software. As all the measured light
leakages are in arbitrary units, we have examined several positions in
each sample and taken an average of many different unit areas for each
sample. The statistical mean value along with standard deviations from
the mean of the illumination for the samples from S1 to S4 are
30.9 ± 1.04, 18.1 ± 0.86, 11.6 ± 0.98 and 8.1 ± 1.3, respectively.
This implies, when compared with the conventional OILC S1, the feeble
light leakages for the sample S2 to S4 are decreased gradually by 1.7,
2.6 and 3.8 times respectively, indicating the dark level of the device is
improved with the increasing concentration of the dopant. As the ma-
terial concentrations and UV polymerization kinetics include tempera-
ture, irradiation intensity and irradiation time kept invariant for all
samples, we anticipate that the variation of light leakages is attributed
to the f-CNT dopant in the composite medium. We also compared the
dark level with vertical alignment (VA) LC mode which gives a better
dark state in comparison with other basic LC modes such as twisted

nematic and homogeneous alignment modes. The VA cell with use of
the same LC and with a cell gap of 4.5 μm exhibited a light leakage of
13.1 ± 0.11, indicating the sample S3 and S4 exhibit excellent dark
state too compared to that of conventional VA mode.

According to Beer's law, the absorption and scattering occur si-
multaneously when the incident light passes through the composite;
therefore, the intensity of transmitted light is decreased. The contrast
ratio is defined as the ratio of the transmission intensity of bright state
to the transmission intensity of the dark state. As the contrast ratio and
light leakages are inversely proportional to each other, hence, the de-
creased light leakages in the field-off state lead to enhanced contrast
ratio. A similar kind of increased contrast ratio with reduced light
leakages is reported in the literature [13,17,23]. On the other hand,
upon switching on the electric field, the randomly oriented LC directors
inside LC droplets tend to align along the field direction, giving rise to
induced birefringence. As a result, a uniform transmittance is observed
between the electrode gaps, as shown in Fig. 6. This shows the max-
imum transmittance between electrodes is slightly increased from S2 to
S4 when compared with the conventional OILCs of S1 while the same
voltage is applied to all cells. The origin of increased transmittance at
the same applied voltage is associated with a decrease in the Vth in the
f-CNTs doped cells, originating from the effective field strength ex-
perienced by LC within droplets significantly increases with the con-
centration of doped f-CNTs.

In order to investigate the switchable electro-optic properties asso-
ciated with the f-CNTs doped OILCs, we have measured transmittance
as a function of applied voltage as shown in Fig. 7. In sample S1, the
transmittance observed under crossed polarizers in a voltage-off state is
quite deviated from baseline due to feeble light scattering [17]. How-
ever, in samples from S2 to S4, a better dark level was achieved due to
absorption of the incident polarized light propagating through em-
bedded f-CNTs in doped samples. Besides, the dark level decrease with
the concentration of doped f-CNTs such that the total amount of pro-
pagated incident light through the composite is decreased to 1.6, 2.1
and 3.7 times from samples S2 to S4, respectively, in comparison with

Fig. 5. FE-SEM of the polymer networks with various concentrations of f-CNTs (b) S2, (c) S3 and (d) S4 are compared with (a) conventional OILC, S1, and the
resultant droplet size distributions with the Gaussian fit.
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the conventional one as indicated in Table 1. On the other hand, when
the voltage is applied, the transmittance increases for all samples and
saturates at a higher voltage, indicating the induced birefringence
reaches the half-wave plate. We have quantified the threshold voltage
(Vth), operating voltage (Vop), hysteresis (H) and relative feeble light
leakages at voltage-off state, as shown in Table 1, where the Vth and Vop

are defined as the voltage required for reaching 10% and 90% trans-
mittance of the total transmittance, respectively. A significant reduction
in Vth viz. 6.8, 11.74 and 22.5% and Vop viz. 5.36, 10.36 and 18.71% is
achieved for samples S2, S3, and S4, respectively, when compared to
conventional OILC, S1.

In addition, we have also measured the electro-optic hysteresis (H)
from the voltage-dependent transmission curves as depicted in Fig. 8.
Herein, the H is defined as applied voltage difference between in-
creasing and decreasing field swipes at 50% transmittance (ΔVT50%)
normalized by voltage at saturated transmission (VT100%) and thus it
could be expressed as =H Χ(%) 100,ΔV

V
T

T
50%

100%
and the calculated H values

are depicted in Table 1. All samples do not show any considerable in-
dication of the H, unlike the polymer-stabilized blue phase (PSBP), and
the f-CNTs-doped samples exhibit significantly negligible loops as
compared to the conventional OILCs. This indicates that the nanos-
tructured LC droplets reorient along the field direction, on field appli-
cation, and then relaxes to the regular position in the field-off state. The
possible reason for relaxation is the strong anchoring from the interface
between the LC/polymer networks. Therefore, we expect that doping f-
CNTs into the system does not interrupt the anchoring energy and
morphology of the droplet size much because the hysteresis mainly
relies on those factors.

Fig. 6. POM images of the dark and bright states were taken between the crossed polarizers. The numbers inside images of dark state represent relative brightness.
The applied field is 50Vrms.

Fig. 7. Voltage-dependent transmittance curves of the OILC and its f-CNT
doped composite samples. The solid straight and dotted lines indicate in-
creasing and decreasing of the fields, respectively, and the transmittance are
measured under the crossed polarizer with an incident light wavelength of
633 nm.

Table 1
The threshold voltage (Vth), operating voltage (Vop), hysteresis (H) and relative
light leakages in the dark state as a function of the concentration of doped f-
CNTs.

Sample name Vth (10%)
(Vrms)

Vop (90%)
(Vrms)

H (%) Relative light leakagea

S1 16.6 45.63 0.202 0.592
S2 15.47 43.18 0.211 0.383
S3 14.65 40.90 0.206 0.294
S4 12.86 37.09 0.209 0.161

a Herein, the relative light leakage was measured with the wavelength of
incident light 633 nm.

Fig. 8. The response times of the f-CNTs doped OILC is compared with con-
ventional OILC, (S1) for measuring response time we have applied 60Vrms with
a square wave of 1 KHz for all samples.
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Furthermore, we have investigated the effects of f-CNT doping on
response times. The rise and decay times are defined as the time elapsed
for the transmittance to increase from 10% to 90% of maximum and the
time elapsed for the transmittance to decrease from 90% to 10% of
minimum, respectively. The average response times of f-CNT doped
samples are exhibited as column diagram in Fig. 8 with estimated
standard error bars. The obtained response times are measured with the
same applied voltage for all samples. Faster response time is achieved
with increasing doped weight percent of f-CNT from sample S1 to S4
such that for the samples S2, S3, and S4 the measured rise times are
faster by 7, 21 and 35% and the decay times (τoff) are faster by 3, 12 and
19% compared with the conventional OILC, S1.

In general, the conventional OILC shows fast response times due to
their finite coherence length because the LC is confined into nano-sized
pores and strong anchoring between interfaces of the LC/polymer
network. Interestingly, the f-CNT doped samples exhibit faster rise
times as concentration of f-CNTs goes high when we applied the same
fields for all samples because the embedded f-CNTs offer field en-
hancement effect, in the field-on state. The two-step (V<Vth and
V>Vop) reorientation phenomenon of the LC molecules in the nano-
sized droplets with the effect of applied fields was reported in the lit-
erature which shows reorientation of LC molecules mainly relies on the
applied fields [31]. Therefore, the field enhancement with the effect of
f-CNTs would strongly emphasize that the f-CNTs allow more field
strength to act on the polymer encapsulated LC droplets as compared to
conventional one when the applied fields are the same for all samples.
Conversely, in τoff, the director relaxation could be controlled by both
the viscoelastic properties of the host LC γ k/ eff1 and the LC confinement
size R. In OILC, the keff is the resultant of both bend k33 and splay k11
deformations. The measured τoff from the samples S1 to S4 are 3.95,
3.88, 3.56 and 3.31ms, respectively, as shown in Fig. 8. As mentioned
in the switching mechanism, the reduction of τoff can occur when R
becomes smaller or γ1/keff is reduced by increased keff. Considering the
droplet size change only on τoff, 3.95 ms for S1 should be 3.91ms and
3.84ms for S3 and S4, respectively. However, the measured values 3.56
and 3.31ms for S3 and S4 is much shorter than the estimated values
which considers the droplet size reduction effect only. The difference
between the measured and calculated τoff could be anticipated that the
short-range elastic interaction is realized between interfaces of LC and
f-CNT inside the polymer encapsulated LC droplet. Therefore, we con-
clude that the enhanced elastic constants by doped f-CNTs contributes
partly to faster τoff in f-CNT doped samples [27].

In the proposed approach, the LC to monomer ratio and poly-
merization kinetics is unaltered, therefore we believe that the enhanced
fast switchable electro-optic responses such that Vth, Vop and rise time
are purely from the enhanced field strength, whereas the τoff might be
from combined effect of reduced droplet size and increased elastic
constant by the embedded f-CNTs. Similar kinds of performances in
polymer dispersed liquid crystals are reported in the literature [32].
The proposed current scheme might have improved even further if the
addition of the f-CNT is not limited by agglomeration tendency in the
highly viscous pre-polymer.

5. Conclusions

We have proposed incorporation of a small amount of conductive f-
CNTs into the conventional OILCs, in which the composite films were
prepared by varying the concentration of f-CNTs using a well-known
polymerization induced phase separation method. The conducting f-
CNTs interconnects between LC encapsulated polymeric droplets giving
rise to the field enhancement effect in the composite, thereby, the Vth

and Vop were significantly reduced. In addition, the switching on and
off times were also found to be faster. In the field-off state, f-CNT doped
samples exhibit minimized feeble light scattering between the crossed
polarizers in comparison with pure OILCs owing to absorption of the
scattered light by f-CNTs. The improved performances of the fast

switchable electro-optics would contribute to the upcoming technolo-
gies for the flexible liquid crystal display and photonic devices.
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