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A liquid crystal film consisted of nano-sized liquid crystal (LC) droplets b350 nmwhich is formed via polymeri-
zation induced phase-separation from LC/monomer composite exhibits an optically isotropic phase with me-
chanically self-supporting behavior. However, the film shows a slight light scattering, which deteriorates either
a dark state or transparency when applied to either flexible LC displays or tunable photonic devices. Herein,
we demonstrate an optically isotropic phase containing LC droplets smaller than 100 nm which exhibits a high
transparency and supports bending up to 4 mm of the radius of curvature. Such nano-sized LC droplets induce
strong anchoring of LC molecules at polymer interfac so that the decay response time of the device reduces to
amicrosecond. The paper reports the electro-optics of LC displays and diffractive properties of tunable diffractors
associated with the LC droplets in detail. The bendable device demonstrated here can overcome the drawback of
the conventional LC deviceswith non-flexibility andwill have potential applications in free-form and flexible dis-
play format.

© 2019 Elsevier B.V. All rights reserved.
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1. Introduction

Flexible display and photonic devices with fast electro-optic
switching are an emerging and fast-growing technology in recent
days. Liquid crystal display (LCD) exhibits strong reliability intrinsically
because it is voltage driven device, however, fabricating flexible LCD re-
quires many breakthrough technologies because bending LCD or LC
photonic device deteriorates its electro-optic performance deteriorates
since orientational ordering of fluid LC is disturbed by any mechanical
stresses. Though, realizing the LC flexible device offers many unique
properties such as lightweight, thin packing, design freedom, flexibility,
and low-cost, which is a great advantage even for a futuristic technology
in thewearable display and head-updisplays. There have beenmany at-
tempts to develop flexible LC display devices including the formation of
polymer walls and networks in the inter-pixel regions [1–3], pixel iso-
lated mode [4], fiber reinforced plastic substrate [5,6], plastic substrate
[7], photo-masking [8], molding or stamping [9], active- matrix [10],
and flexible photonic device [11,12]. However, the conventional LC
based flexible device usually suffers from limited bending of curvature
due to disturbance of the orientational ordering of LC [13]. The polymer
honbuk.ac.kr (S.H. Lee).
dispersed, dichroic, and bistable cholesteric LC modes, where flexible
display and photonic devices are widely explored, restrict the degree
of freedom of LC molecules to flow while making stronger adhesion to
the substrate overcoming some of the issues. However, the application
of those LCmodes was limited due to the low contrast ratio which orig-
inates from light scattering although the scattering can be utilized in
smart windows. Recently, flexible displays are being more popular
even in high image-quality mobile phones and the recently growing
and emerging technologies like augmented reality and virtual reality
which demands a fast response time b2 ms, however, the conventional
LCmodes are inefficient for these purposes [14,15]. Beyond the display,
the LC also retains many photonic applications intended to use in many
photonic devices [16]. Among those, the tunable phase gratings are
well-known due to low driving operation, compact size, and non-
mechanical beam steering [17]. However, the conventional LC phase
grating is polarization dependent, slow response, and a limited degree
of freedom to device design [18]. Although many tunable diffraction
gratings are reported, they have been utilized rigid substrates. A tunable
grating which is capable of steering the light beam without shape con-
straint is yet to be explored that could be suitable for modern flexible
photonic devices.

The nano-structured LC, also known as optically isotropic LC (OILC),
is a particular class of material having an outstanding behavior of sub-
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millisecond response time and optically isotropic nature. This nano-
structured LC can be a potential candidate for next-generation LC dis-
plays and tunable photonic devices because it shows wide viewing
angle, cell gap insensitivity with free of surface treatment which
makes the device easy processing and cost ineffective, fast response
and flexibility with lightweight [19,21]. The nano-structured polymer
dispersed LC (nano-PDLC) is an efficient OILC material and shows
unique properties such as wider operating phase, temperature insensi-
tive properties, and hysteresis-free [22]. Most importantly, it is a self-
supported film to resist deformation against the external force which
is a major requirement for flexible devices. In recent days, a variety of
preparation methods and approaches of nano-PDLC has been explored
and extensively studied in this regard due to less complexity in tuning
the structure of the device [23–27].

The key requirement for the nano-PDLC is that the droplets of LC
must be smaller than the visible wavelength, b350 nm. To meet this
requirement, the nematic LC, usually, is mixed with photo-curable
monomers, notably acrylate monomers, and phase-separating them
through polymerization results in small LC droplets separated by
thick polymer walls [28]. Here, the optically isotropic behavior was
attained from the small droplets as well as the random distribution
of LC directors. These LC droplets are 3-dimensionally confined in
the polymer matrix that provides stronger support to the LC mole-
cules. However, the driving mechanism of the nano-PDLC is still
poorly understood. It is not possible to predict the final device prop-
erties for a given combination of LC and polymer since the device
properties are relying on the LC anchoring strength at polymer
walls, droplet size, and miscibility of two materials [29]. In addition,
the existence of few bigger droplets in a thicker LC cell causes light
leakage and this, in turn, shows a strong influence on electro-optic
performances of the device with flexible substrates [3,9,30]. It has
also retained a great advantage of photonic behavior because the
field induced phase modulation is possible in the OILC film [31,32].
However, the conventional diffraction gratings are demonstrated
on solid substrates. The flexible diffraction grating, which is suitable
for use in the wearable and head-up photonic devices by providing a
higher degree of freedom to overcome design contains, needs to be
developed. Therefore, a more profound understanding of fundamen-
tal electro-optics of an OILC device is vital in order to yield a high-
performance flexible device.

In this report, we have demonstrated a self-supported OILC film
consisted of LC droplets smaller than 100 nm that exhibits a fast
decay response time (134 ± 10 μs) and high transparency (~86%).
This OILC film supports higher bending up to 4 mm radius of curva-
ture without affecting the device properties. In addition, it is also ca-
pable of tuning the laser beam by the external field and act as a 1D
(1-dimensional) and 2D (2-dimensional) diffraction grating. Fur-
thermore, the electro-optics and diffractive properties are systemat-
ically studied in detail to understand the fundamental aspects of the
flexible OILC device.
Fig. 1. Schematic of nano-PDLC at field-off state (a) and field-on
2. Theory

Fig. 1 shows a switchingmechanism of OILC phase which consists of
the LC droplets smaller than b100 nm in a continuous polymer matrix.
According to Rayleigh-Gan's scattering theory, the light scattering oc-
curs due to change in the refractive index of the medium. The fraction
of scattered light (B) described as, B = Nσavgd, [33]. Here, N denotes
the number density of the scattering centers, σavg is the average cross-
sectional area of scattering, and d is the thickness of the film at which
the light is propagating. In the case of nano-PDLC, the average scattered
light from the film with thickness d, is further expressed as, σavg = |m-
1|2Γ4R6, [33]. Here, R is the radius of the LC droplet, and m is the refrac-
tive index ratio of LC (nLC) and polymer (np), Γ is a wave vector (2πnp=
λ), and λ is the wavelength of incident radiation. In nano-PDLC, the in-
cident light experiences a single medium rather than two-phase me-
dium due to the droplet size less than an incident wavelength, acting
as an optically isotropic phase. When the external field is applied to
this phase, the induced birefringence (Δnind) starts to generate in re-
sponse to LC molecules reorientation along the field direction, known
as the Kerr effect. This can be expressed as, Δnind = KλE2, where K is
the Kerr constant and E is an applied electric field [34,35]. The OILC
phase can be identified by the unaltered transmission on rotation of
the sample under crossed polarizers, i.e., the retardation (dΔn) is zero
in every direction of the incident light, Fig. 1(a). The field induced Kerr
effect can be characterized bymeasuring the transmittance (T) resulted
from reorientation of the LC in response to the field under crossed
polarizers, as shown in Fig. 1(b), which can be expressed as [20],

T ¼ To sin2 2φð Þ sin2 2πdΔnind Vð Þ
λ

� �
ð1Þ

where φ is the relative angle between the polarization direction of the
incident light and the field-induced LC orientation.

3. Materials and methods

We have utilized a high dielectric anisotropy nematic LC, MLC2053
(Δε=42.6,Δn=0.235 at 589.3 nm, TNI=86 °C, fromMerck Advanced
Technology in Korea), and two photo-curable monomers. Both mono-
mers TMPTA (Trimethylolpropane Triacrylate, Sigma-Aldrich) and
PETTA (Pentaerythritol Tetraacrylate, Sigma-Aldrich) are liquids at
room temperature and show good miscibility with LC.

Characterization of the optically isotropic phase was performed by
using the polarizing optical microscopy (POM) (Nikon eclipse, E600
POL) connectedwith a CCD camera (Nikon, DXM 1200). A thermally in-
sulated hot-stage connected to a temperature controller (Instec,
HSC402-STC20U) was used for the temperature controlled experi-
ments. In order to estimate the transparency of the films, the wave-
length dependent transmittance was measured with UV–Visible
spectroscopy (Scinco, S-3100). The degree of phase-separation was
state (b). The n represents the LC director in each droplet.



Fig. 2. (a) POM textures of the samples after severalminutes of cooling below TNI. The scale
bar in POM images is equal to 100 μm. Red-color crossed arrows on POM images represent
the polarizer and analyzer. (b) Schematic of the phase diagram measured from POM
images. The horizontal dotted line represents TNI of the nematic LC. N: Nematic, N + I:
Nematic-isotropic, I: Isotropic phase. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)

Table 1
The LC and monomer concentration utilized in this report to make the nano-PDLC.

Sample MLC2053 (wt%) TMPTA
(wt%)

PETTA
(wt%)

Irgacure907
(wt%)

S0 15 54 30 1
S1 20 49 30 1
S2 25 44 30 1
S3 30 39 30 1
S4 35 34 30 1
S5 40 29 30 1
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confirmed by the FTIR spectra (Shimadzu, IRTracer-100). The droplet
size and polymer network scaffold are observed by using the field emis-
sion scanning electron microscope (FESEM). The in-plane switching
(IPS) cell consists of comb-like interdigitated ITO (indium-tin-oxide)
electrodes on the bottom substrate while no electrodes on the top sub-
strate. Each electrodewidth is 4 μm, and they are separated by4 μmpro-
viding the total active electrode area of 1.5 cm2. No surface treatment
was performed to the substrates. The separation between two sub-
strates was maintained by the ball spacer with a diameter of 8 μm
which is large enough to create half-wave retardation.

The electro-optical properties of OILC, such as voltage-dependent
transmission and response time, are measured with the lab-made ex-
perimental set-up. The IPS cell is placed between crossed polarizers in
such a way that the long-side IPS electrode direction makes 45° to the
polarizer, and 1 kHz square-wave voltage was supplied to the cell
with a function generator (Tektronix, AFG3101C) and an amplifier
(FLC Electronics, A400). A He\\Ne laser (λ= 633 nm) incident normal
to the cell was probed and the phase response was evaluated by detect-
ing the transmitted lightwith a photo-detector placed 10 cmaway from
the analyzer and connected to an oscilloscope (Tektronix, DPO2024B).
The retardation and phase shift was measured by using REMS-150
(SESIM Photonics Technology, South Korea). The flexible and diffraction
properties of this device have been demonstrated by utilizing a plastic
PET (Polyethylene Terephthalate) and PI (Polyimide) substrate,
respectively.

4. Results and discussions

The overall aim of this report is to prepare an efficient optically iso-
tropic phase that enables high flexibility for LC displays and photonic
devices. To do that, the thermodynamic stability of the initial mixture
of themonomer and LC is essential to study in order to estimate the de-
gree of phase-separation. Therefore, we observed the phase diagram of
LC and monomer. We assume that the abrupt change in phase results
from the LC and monomers only. The homogeneous mixture of LC and
monomer exhibits the nematic phase (N), isotropic phase (I), and coex-
istence of both N and I depending on the LC ratio and temperature, as
shown in Fig. 2. The number on each POM image represents the LC con-
centration. The POM textures of the remaining samples (below 73 wt%
of LC) are similar to 73 wt% LC sample. The homogeneous mixture of
LC and monomer was found to be isotropic (I) up to 73 wt% of LC con-
centration in the mixture. For higher LC concentration samples, above
73 wt%, the phase is initially isotropic and for time being the LC mole-
cules are expelled from the monomer and then coalesces into bigger
droplets forming nematic phase, finally resulting in a coexistence of N
and I phase. The pre-cure phase-separation of LC was taken place in a
continuous monomer media when the LC concentration was between
73 wt% to 95 wt%. Besides, the TNI of the mixture is lowered when the
monomer wt% increases over about 10%. Overall, by decreasing the LC
concentration below 73 wt%, the TNI of the sample was shifted toward
lower temperature so that the mixture can show an optically isotropic
behavior even after phase-separation between LC and monomer by
UV induced polymerization.

A small amount of the radical rich photo-initiator Irgacure-907
(fromMerck Advanced Technology, Korea), which shows a 365 nm ex-
citation, was added to the above mixture to initiate the free-radical
cross-linking polymerization. And then the mixture was injected into
IPS cell by capillary action at isotropic temperature (above TNI of NLC).
The phase-separation was achieved by irradiation of UV light with
250mW/cm2 intensity (LC8, Lightning Cure, Hamamatsu, 365 nmemis-
sion band) for 5 min. Then the sample is cooled down to room temper-
ature and phase-separation is performed. Here, the time duration and
optimal dose of UV light are particularly important because the entire
device properties depend on how efficient the phase-separation oc-
curred. We utilized a high intensity and long curing time to optimize
the polymerization which is believed to retain a stronger network
structure [15,22,26]. Accurate material concentrations have been
shown in Table 1. In order to investigate the droplet size effect on
electro-optical properties, we increase one monomer (TMPTA) concen-
tration while keeping another monomer (PETTA) concentration is
unchanged.

The FESEM measurements are performed to estimate how the
smaller LC droplet was constructed in confined geometry. The charac-
terization was done after extraction of LC from the sample by keeping
the cell in Hexane for 2 days and then the two substrates are separated
by a sharp-edged blade. The substrate, which has a polymer network,
was coated with gold and observations made normal to the substrate,
shown in Fig. 3. The filling factor of LC was calculated by measuring
the droplet size by using an Image-J software, a Java-based image-
processing program developed at the National Institutes of Health. The
measured filling factors are 12%, 14%, 18%, 22%, and 28%, for S1, S2, S3,
S4, and S5, respectively. From the droplet size distribution, it is clear
that the droplets are smaller than 100 nm. On the other hand, it was
also found that the majority of droplets are randomly shaped and,
more importantly, the droplet size is decreasing with the increase of



Fig. 3. The FESEM image of the polymer matrix of prepared samples (top row). The represented scale bar is 500 nm. The calculated droplet size distribution (bottom row).
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monomer concentration. Another remarkable nature to notice is that
many droplets are smaller than 10 nm which is, in comparison, not
the similar case in conventional nano-PDLC.

The electro-optical properties such as threshold voltage (Vth) and
operating voltage (Vop), which is a key operational parameter for LC de-
vice, are calculated from the voltage-dependent transmittance under
crossed polarizers. The Vth and Vop are defined as the voltage required
for 10% and 90% transmittance of peak transmittance, respectively.
The voltage-dependent transmittance of the prepared samples is
shown in Fig. 4(a). The achieved Vth is 25.9, 25.2, 24.5, 21.5, and 17.2 V
whereas the Vop is 77.9, 69.2, 60.4, 51.1, and 43.8 V for S1, S2, S3, S3,
S4, and S5, respectively. We found that the obtained Vth and Vop are rel-
atively higher than that of the conventional one because the LC confined
in a smaller droplet experiences stronger anchoring force at polymer
surface so that the LC needs stronger dielectric coupling to reorient
along the field direction [29,36]. We also measured the decaying time
(τd) and rising time (τr) for all the samples, as shown in Fig. 4(b). The
τr and τd are defined as the time taken for 10% to 90% transmittance
change when the sample is driven to its peak transmittance and
Fig. 4. (a) The voltage-dependent transmittance at 1 kHz square wave voltage. (b) The
decaying and rising time of the prepared samples.
transmittance change from 90% to 10% when the applied field is with-
drawn, respectively. The decay response time of the nano-PLDC can be
expressed as [31],

τd ¼ γ1R
2

keffπ2 �
1
Ws

ð2Þ

where γ1 is the rotational viscosity, R is the LC droplet size, keff is an ef-
fective elastic constant of the nematic LC, and Ws is the anchoring en-
ergy. As one can expect from the Eq. (2), the τd is increasing from S1
to S5. The obtained LC droplets are extremely smaller in size; therefore,
the LC molecule possesses a stronger interaction with polymer walls
(increases Ws) which resulted in faster relaxation time. The τd are 134,
142, 172, 234, and 275 μs for sample S1, S2, S3, S4, and S5, respectively.
The τr are 858, 438, 383, 332, and 328 μs for samples S1, S2, S3, S4, and
S5, respectively. The reproducibility of the measurements is 10 μs. It is
interesting to notice that obtained τd for S1 (134 μs) is faster than re-
ported elsewhere [37].

Further, the obtained OILC phase is characterized by the POMwhich
is an essential technique to identify and characterize the optically iso-
tropic phase. The phase appears black under crossed polarizers and no
change in transmittance is observed when the sample is rotated,
which is a characteristic of the OILC phase. When a field is applied, the
POM image appeared bright as illustrated in Fig. 5. It is worth mention-
ing that the sample S0 was showing very low transmittance, indicating
insufficient response to induce the birefringence. Therefore, we con-
clude that the minimum LC concentration required to have a proper
electro-optic property is N15 wt%. However, it is highly dependent on
the LC solubility in monomers and the degree of phase-separation as
well. From S1 to S5, one can clearly notice that the transmittance of
the dead zone, the black region between two bright strips, is reduced
with increasing of LC concentration.

For a better understanding of the switching mechanism, we mea-
sured the retardation dΔnind (V) and phase-shift (2πdΔnind(V)/λ) of
the sample, from Eq. (1), and the obtained results are presented in
Fig. 6(a). Both the retardation and phase shift are increasing from S1
to S5. The maximum achieved retardation and the phase shift is
253 nm and 0.87 π, respectively, for the sample S5 at applied voltage
78 V. The relatively smaller phase-shift and retardation values are
achieved from a smaller filling factor of LC. In addition, we have also
measured temperature dependent Kerr constant for the sample S5
which is a key parameter to tuning performance properties of OILC.
The Kerr constant was estimated from the voltage-dependent transmit-
tance curve fit with the Kerr equation, Δnind = KλE2. As illustrated in
Fig. 6(b), themeasured K is mostly unaffected by the operating temper-
ature of the sample. Unlike in the case of BPLC, whereas the K is highly
dependent on the temperature of the sample, this nano-PDLC sample



Fig. 5. The POM image of the prepared nano-PDLC samples observed at on-state. P and A indicate polarizer and analyzer, respectively. The dead-zone, the area between two bright regions,
is indicated as red colored vertical lines. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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has a less sensitive on operating temperature. But the measured K is
relatively smaller than BPLC [33,38]. Nevertheless, the K value is
still ~200 times higher than well-known Kerr material Nitrobenzene
(2.2 × 10−12 mV−2) and adequate to utilize for practical applications.

For a better understanding of light scattering, we measured the
transmission spectra by using a UV–Vis spectroscopy in the visible
wavelength regime, shown in Fig. 7(a). Owing to the smaller LC droplets
that revealed from Fig. 3, all the samples are exhibiting relatively higher
transmittance, ~86%, in the visible regime that is closely matching with
an empty cell. However, there is a slight transmittance deviation be-
tween OILC samples and polymerizedmonomers in the near-UV region.
When the monomers are polymerized, drastic changes to the structure
can occur such as increased molecular weight, losing specific interac-
tions, and increasing stiffness, thereby the light absorption was oc-
curred up to 325 nm. In the case of the pure monomer, only slight
transmittance variation was noticed after polymerization. No photo-
initiator was used for pre-polymerization monomers samples. In the
case of S5, it is obvious that formation of few bigger droplets in 8 μm
thick cell is inevitable when the LC concentration is relatively higher,
thus a slight decrease in transmittance was noticed at shorter wave-
length regions. The high-resolution photographic images are also show-
ing a similar trend, as shown in Fig. 7(b). The photographic images are
taken at the ambient light condition. The experiments are performed
at room temperature without any external field, and no polarizers are
employed. It is clearly shows that the image under the cell is clearly
appearing for all the obtained samples and the level of transparency is
comparable to direct appearance of the image. The transparency of the
obtained samples is higher than the conventional nano-PDLC with
48 wt% of LC.
Fig. 6. (a) The measured retardation and phase shift of prepared nano-PDLC a
Next, the phase-separation was confirmed by using the vibrational
spectroscopy, FTIR, which is a powerful tool to study the phase-
separation. The degree of phase-separation was estimated by observing
phase-induced changes in the absorbance spectra of the samples re-
corded at 2 cm−1 spectral resolution. We use a single silicon substrate
at which the OILC mixture is spin-coated on it and performed observa-
tions before polymerization and after 5min of UV curing. From Fig. 7(c),
there are mainly three major observations at 1451, 1612, 1633,
2934 cm−1. The peaks around 1612 cm−1 and 1633 cm−1, in which
the intensity decreases after polymerization, is believed to originate
from the depletion of polymerizable acrylate functional group leading
to the decreasing of C_C stretching vibration bands. Meanwhile, an in-
crease of absorption bands around 2935 cm−1 and 1451 cm−1 are ob-
served due to the increase of -CH2- stretching and bending vibration
after polymerization.

To evaluate the flexibility of the film, the experiments were carried
out on the plastic PET substrate with a thickness of 120 μm. The thick-
ness of the uniformly coated ITO layer is ~110 nm. The schematic of
OILC cell fabrication with the PET substrate is illustrated in Fig. 8(a).
The flexible OILC film was achieved by placing the OILC mixture on a
plastic substrate and carefully attaching the top substrate followed by
UV curing at room temperature with 250 mW/cm2 intensity light for
5 min. The OILC mixture, S5, was used in this demonstration and the
cell gapwasmaintained by spraying 20 μmball spacer on top of the bot-
tom substrate. The phase-separation of theOILC layer gives rise to stron-
ger adhesion to the plastic substrate and the cell gapwas unaltered once
the phase separation isfinished. Thefinal film exhibits enough transpar-
ency (slightly decrease due to PET substrate), as shown in Fig. 8(b). All
the photographs have been taken at ambient light and temperature
t 580 nm. (b) The temperature dependent Kerr constant of S5 (40% LC).



Fig. 7. (a) The transmission spectra of prepared nano-PDLC samples and (b) corresponding photographic image of the bulk cells. (c) The FTIR spectra of the nano-PDLC before phase-
separation and after 5 min of UV curing of all the samples.
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conditions. The film was strong enough to sustain against higher me-
chanical shearing forces such as cutting into pieces, Fig. 8(c). The phys-
ical damage to the film is negligible after cutting. To check the bending
property, the obtained film was mechanically bent up to 8.5 mm of the
radius of curvature, Fig. 8(d). Both OILC film and plastic substrates were
stable and no damages were noticed on bending up to 4 mm of the ra-
dius of curvature Fig. 8(e). There was no measurable substrate detach-
ment/delamination issue for several mechanical bending cycles
(100 cycles) to the critical bending radius of 4 mm. These results reveal
that the substrates are strongly attached and thefilm can sustain against
Fig. 8. (a) The schematic of preparation of flexible OILC filmwith PET substrate, (b) The photogr
of achieved film. The r represents the radius of curvature of the bending film. (e) Film bending
test. The represented scale bar is 100 μm. The number represented on the bottomof each POM im
the obtained OILC film with a flexible substrate when it is fully folded with r = 0 mm.
both tensile stress and compression stress. There was no sliding of sub-
strates effect while bending or after bending test performed to 4 mm of
the radius of curvature. The dark state of thefilm,measured by the POM,
wasmostly unaltered before and after bending, Fig. 8(f). A low value in-
dicates an excellent dark state. The dark state is measured by using i-
solution image analyzing software (iM Technology), where the perfect
dark state is defined as zero.

The bending efficiency of the obtained OILC film was confirmed by
mechanically folding the cell by keeping 2 kgweightmetal bar on folded
film and the obtained results have been shown in Fig. 8(g). The red
aphic image of the final flexible film, (c) Cutting into pieces. (d) Demonstration of bending
up to 4 mm of the radius of curvature. (f) POM images of the film before and after bending
age indicates an efficiency of the dark state. (g) Characterization of the folding behavior of
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colored dotted line indicates the folding axis at which the folding was
performed. The obtained results reveal that the wrinkles were gener-
ated along the folding axis on the surface of the substrate. The density
of wrinkles is decreasing moving away from the folding axis covering
the area ~0.4 cm wider. However, the formation of wrinkles occurs
only on the substrate due to plastic deformation. We noticed that the
OILC film is not much damaged even for folding, except breaking into
small pieces due to plastic substrate break down. It is also showing
that the two substrates are initiated to detach or delamination with
OILC film after restoring back to the normal position. The delamination
occurred along the folding axis. However, the OILC film is still not much
damaged except breaking into smaller pieces. Moreover, there was no
substrate sliding effect noticed. Considering the stronger geometrical
confinement of the LC droplets by the polymer walls, there must be a
less possibility of external stress influence on the LC droplets. The
dense polymer network can sustain against mechanical stress imposed
by the plastic substrate and tensile force induced from bending.We em-
phasize that the LC molecules orientation within a droplet is unaltered
by the mechanical stress due to stronger geometrical confinement by
the dense polymer walls. The device processing method is extremely
simple and suitable for large screen fabrications. We, therefore, con-
clude that our approach offers an efficient way to overcome the cell
gap non-uniformity and LC molecules flow issues those are the major
challenges in the conventional flexible devices.

In the last step, we have characterized the diffraction properties of
this flexible device at bending and non-bending positions. We have
tried two different designs for the flexible diffraction grating with a sin-
gle IPS substrate (1D diffractor) and double IPS substrates (2D
diffractor). The PI (Polyimide) substrate consists of ITO coated IPS elec-
trodes (ECONY, South Korea) with each electrode width and spacing is
50 μm and 20 μm, respectively. The average thickness of the PI film is
300 μm and the average thickness of patterned ITO layer is 200 nm.
Fig. 9. (a) Schematic of diffraction efficiencymeasurements setup for flexible OILC film. The refr
colored line represents electric field lines and the arrow mark (purple color) represents the po
(60°) and non-bending positions under crossed polarizer's is shown in inset of (c). (d) Obtaine
(iii) at applied voltage. (e) The measured diffraction efficiency of 1D diffraction. (f) Obtained 2
bending position. (g) Measured 0th order intensity of 2D diffraction grating. (For interpretatio
of this article.)
The bending was performed perpendicular to the grating axis, i.e., the
grating vector is unaffected by bending. The schematic of diffraction
measurements has been shown in Fig. 9(a). The photo-detector can be
replaced by the screen appropriately to record the spatially distributed
diffracted light. The He\\Ne laser (λ = 633 nm) was made incident
on the IPS cell at which the polarization state of the incident light di-
rected by the polarizer's transmission axis. Here, the laser light propa-
gates along the x-direction and the polarizer rotates in yz-plane,
therefore, the polarization axis of the incident light is varying in yz-
plane. The TMmodewas chosen formeasurements. The neutral density
filter (ND) was used for minimizing the laser intensity in order to avoid
unnecessary diffractions occur from patterned IPS electrodes. At field-
off state, the incident light experiences isotropic refractive index (ni)
all over the sample, thus the light intensity is only focused at 0th
order for a normal incident of light.When thefield is applied to the grat-
ing, the incident light experiences periodic refractive index change be-
cause the LC directors inside the droplets align along the field
direction generated by spatially periodic interdigitated IPS electrodes.
In this case, the incident light experiences either effective ordinary
(no) or extraordinary (ne) refractive indices of LC director between elec-
trode regions for TM polarization [39]. Therefore, the light passing
through this phase is diffracted and the spatial collection of the
diffracted light exhibits destructive and constructive interference at
which the light was collected on the screen placed behind the sample.
The diffraction efficiency of mth order defined as,

ηm %ð Þ ¼ Im Vð Þ
Io

� 100 ð3Þ

where Im(V) is the light intensity of mth order at the voltage V, and Io is
the intensity of the 0th order at zero voltage. The distance between
active index variation of 1D grating at, (b) non-bending and, (c) bending position. The red
larization direction of the incident light. The voltage dependent transmittance of bending
d 1D diffraction pattern at zero voltage (i), non-bending position (ii) and bending position
D diffraction pattern at (i) 0 V, (ii) 150 V at non-bending position, and (iii) 150 V at 10°
n of the references to color in this figure legend, the reader is referred to the web version
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screen and cell was fixed to 60 cm in order to realize a far-field approx-
imation to form Fraunhofer diffraction.

The schematic of the refractive index change of non-bending and
bending positions of 1D phase grating film is shown in Fig. 9(b) and
(c), respectively. At the non-bending position, the incident light experi-
ences theni at right above the electrodewhile incident light experiences
ne between the electrode's regions. In contrary, the refractive index of
non-electrode region is expected to vary in the bending position. The
stress induced by bending causes a small change in the effective refrac-
tive index of 1D grating. The Vth and Vop of the device is not much af-
fected by bending the film up to 60°, shown in inset of Fig. 9(c),
measured under crossed polarizers. From Fig. 9(d), most of the light in-
tensity was concentrated at zero-order before applying field. After ap-
plying field, the light energy was equally distributed on either sides of
the 0th order. But the energy distribution is varying from higher orders
to lower orders. The spatial frequency of diffracted light is unchanged
up to 60° of bending. The measured diffraction efficiency of 1D grating,
defined as Eq. (3), was shown in Fig. 9(e). Interestingly, we have noticed
that the diffraction efficiency is significantly improved for the film up to
60°. Even though the film supports further bending above 60°, the high
sensitivity to the spatial variation of the cell leads to disturbance of dif-
fraction pattern.

The tunable 2D diffraction grating consists of two orthogonally at-
tached IPS substrates. From Fig. 9(f), it is clear that we achieved the 2-
dimensional diffraction of an incident laser beam for both non-
bending and bending positions of nano-PDLC. However, it is not
supporting higher bending. In this case, we perform bending up to 10°
along the bottom substrates direction. It is interesting to emphasize
that the diffraction efficiency tends to increase in the bending position.
The intensity profile of the 0th order is shown in Fig. 9(g). The enhanced
diffraction efficiency of 0th order at 10° bending is originated from the
possible increase of the effective ne. Overall, an enormous feature of
the OILC is capable to satisfy necessary properties of the next-
generation photonic device. Still, the lower efficiency is themajor disad-
vantage of this device due to lower Kerr constant. To improve the effi-
ciency of the device, the novel techniques of polymer surface
treatment such as photoalignment, are need to be adopted [40]. More
researches are needed in this point of view.
5. Conclusions

We demonstrated a fast response and highly bendable optically iso-
tropic LC film which consists of smaller than 100 nm LC droplets. This
film supports the bending up to 4mmof the radius of curvaturewithout
altering the LC orientation within the droplets. The issues associated
with the conventional flexible device with the plastic substrates, like
spacer detaching, fluidity of LC molecules, and the cell gap non-
uniformity, have been solved by utilizing the nano-PDLCmaterial. In ad-
dition, the obtained film is highly transparent, 86%, and exhibits an op-
tically isotropic property in the visible wavelength regime.
Furthermore, this flexible film is also promising for the fast response
time, 600 μs, and act as a 1D and 2D diffractive optical element which
can be integrated into the next-generation photonic devices.
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