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Abstract: We have demonstrated an electrically tunable less polarization sensitive and fast
response nanostructured polymer dispersed liquid crystal (nano-PDLC) diffraction grating.
Fabricated nano-PDLC is optically transparent in visible wavelength regime. The optical
isotropic nature was increased by minimizing the liquid crystal droplet size below visible
wavelength thereby eliminated scattering. Diffraction properties of in-plane switching (IPS)
and fringe-field switching (FFS) cells were measured and compared with one another up to
four orders. We have obtained a pore-type polymer network constructed by highly interlinked
polymer beads at which the response time is improved by strong interaction of liquid crystal
molecules with polymer beads at interface. The diffraction pattern obtained by transparent
nano-PDLC film has several interesting properties such as less polarization dependence and
fast response. This device can be used as transparent tunable diffractor along with other
photonic application.

© 2017 Optical Society of America
OCIS codes: (160.3710) Liquid crystals; (230.3720) Liquid-crystal devices; (230.1950) Diffraction gratings.
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1. Introduction

Diffraction gratings are used in beam steering devices, optical inter-connecting devices,
optical switches, diffraction filters, large screen projection display, holography, and three
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dimensional displays due to the convenience of dynamic modulation of refractive index by
external stimuli [1-3]. Variety of liquid crystal (LC) based phase gratings were proposed
based on several different techniques viz. holographic [4], surface relief [5], rewritable [6],
reflective [7], nanoparticle doped [8], blazed grating [9], nano-imprinting [10], cholesteric
[11,12], large angle [13], etc.. The LC based phase grating formation requires a periodic
modulation of refractive index in LC layers. Micron sized patterned electrodes are convenient
for achieving periodic refractive index modulation and formation of grating structure.
However, the diffracted light from traditional LC based phase gratings are found to be
polarization dependent due to inherent anisotropic nature of LC molecules and the response
time is limited due to large coherence length of LCs. Taking these disadvantages of traditional
LC diffractors into account, tunable and fast response phase gratings capable of transmitting
un-polarized beams in preferred directions are highly desirable.

To achieve aforementioned properties, the optically isotropic liquid crystal (OILC)
diffractors such as polymer stabilized blue phase liquid crystals (PS-BPLC) are proposed [14—
16]. However, it is also having disadvantages like requirement of precise temperature control
during polymer stabilization process and hysteresis so that the PS-BPLC systems are limited
to real device applications at present. An OILC can also be obtained by many techniques [17—
23], among those the nanostructured polymer dispersed liquid crystal (nano-PDLC) are one of
the best choices for achieving OILC [24-29]. Unlike PS-BPLC, where double twist cylinder
in LC orientation forms cubic structure and thus the polymer network is required to exist in
the disclination lines to stabilize the phase, the nano-PDLC possesses temperature insensitive
electro-optic properties, wider curing temperature range, and wider phase than that of PS-
BPLC. In addition, the nano-PDLC is optically transparent while the PS-BPLC reflects
specific color due to Bragg reflection.

Here we have demonstrated experimental studies of polarization insensitive and sub-
millisecond response OILC diffraction grating. The obtained grating is optically transparent
in the visible wavelength regime. We have measured relative transmission change from zeroth
order to higher order diffracted beams by applying an in-plane and fringing electric field. This
device allows the dynamic control of the diffraction of light.

2. Theory

The nano-PDLC is optically isotropic, i.e. optically transparent, on macroscopic scale but
holds short range ordering of LC [30,31]. The schematic switching mechanism of nano-PDLC
is shown in the Fig. 1. The sample consists of encapsulated LC molecules in small droplet
embedded in a polymer matrix. Orientation of LC in individual droplets is independent of
their neighboring droplet. Hence the film does not offer synchronized phase shift to
transmitted light. In presence of applied field, the LC molecules in droplets are enforced to
follow periodic field lines. Thus light transmitted through the sample while subjected to such
field encounters synchronized phase shift. This phenomenon is explained by the adoptive
Kerr effect [32], expressed as, An,, = KAE?, where Aning is induced birefringence, K is Kerr

constant, 4 is wavelength of probing light, and ‘E’ is applied field. This phenomenon can be
explained more precisely by extended Kerr equation and described as [33],

An,, (E)=An, {1— exp{—(é]z H @)

where An; is saturated birefringence and E; is saturation field. Electric field induced refractive
index Aning reaches Ans when applied field (E) attains the saturation value. OILC is optically
isotropic in field off state assumed to possess uniform effective refractive index (n;), as shown
in Figs. 1(a) and 1(c). When an electric field is applied through patterned electrodes, as shown
in Figs. 1(b) and 1(d), the LC molecules having positive dielectric anisotropy reorient along
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the field direction, and transmitted light experiences synchronized spatially modulated
varying refractive indices with periodicity. The ordinary and extraordinary refractive indices
represented as [34],

2An . (E
=n + n|nd( )

3 )

where ne(E) is refractive index along the field direction while the no(E) is the refractive index
change orthogonal to field. The phase of incident light shifts (Ag) along the cell gap (d), is
represented by,

27| pd
A(/):T‘L n, (E)dz-nd|, (3)

The extended Kerr constant in nano-PDLC is dominated by anchoring energy of LC
molecules at polymer interface instead of elastic energy [29]. Unlike other optically isotropic
systems, the Kerr constant in polymer stabilized isotropic phase is highly dependent on the
surface anchoring energy of each droplet.
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Fig. 1. Switching mechanism of OILC phase in IPS cell at (a) V = 0 & (b) V=0, and FFS cell at
(c) V =0 & (d) V=0. Pitch (A) of each cell is schematically represented.

The diffraction angle (6n) is governed by the pitch of the cell and the exact location of the
diffracted spots can be calculated by the well-known grating equation expressed as,

mA
Nayg A

sing, =

(4)

where A is pitch of the grating, nayg is average refractive index of the grating, and ‘m’ is the
diffraction order (0, £ 1, £ 2, + 3,...). 6n is inversely proportional to the pitch (A). In IPS and
FFS cells, the pitch of the grating is determined by inter-electrode space (I) and width (w) of
the electrodes such that the patterned electrodes with pitch length results in modulation of
refractive index profile, as shown in Fig. 1. In IPS cell, the pitch of the grating equals to ‘w +
I” which diffract the light accordingly when a field is applied. In contrary, the pitch of the FFS
cell equals to (w + 1)/2, which renders the diffraction angle double.

In diffractors, the phase shift is a linear function of the electrode periodicity.
Experimentally, the 0y is calculated from the following trigonometric relation,

D
tang =—", 5
— (5)



Research Article Vol. 25, No. 20 | 2 Oct 2017 | OPTICS EXPRESS 24037

Optics EXPRESS

where Dy, is the separation between m™ and zeroth order, and L is the distance between the
phase grating and the screen. The diffraction efficiency is defined as the ratio between the
light intensity of mt" diffracted order at on-state and total intensity at off-state,

. 06) =" 100 ®

o)

where 1n(V) is intensity of m" order subjected to driving voltage ‘V’, and I, is total intensity
of incident light at field-off state. The diffraction efficiency, i.e., the amount of light
diffracted, is a function of the phase shift produced by LC molecules. The diffraction
efficiency of LC device can be improved by optimizing the dAn value.

3. Experiment

In the present report, we have prepared a nano-PDLC phase by mixing high dielectric
anisotropy nematic LC and two functionalized acrylate monomers. We have used MLC-2053
(Ae =46.2,n.=1.7472, no = 1.5122, An = 0.235 at 589.3nm, K; = 13.2 pN, K> = 6.5 pN, K3 =
18.3 pN, rotational viscosity (y) = 123 mPa-s, from Merck Advanced Technology, Korea) as
nematic LC, Trimethylolpropane Triacrylate (TMPTA, Sigma-Aldrich) and Pentaerythritol
Tetraacrylate (PETTA, Sigma-Aldrich) as monomers. Small amount of photo-initiator,
Irgacure-907, was added to the mixture to initiate the radical polymerization. The prepared
sample consists of 46 wt% of MLC2053, 26 wt% of TMPTA, 27 wt% of PETTA, and 1 wt%
of Irgacure-907. The crystallization and clearing temperature of MLC-2053 is —10 °C and +
86 °C, respectively.

He-Ne Laser Polarizer
D
ND Photo detector
-—>

Power Supply

Fig. 2. Pictorial representation of experimental set up for electro-optic measurements of
diffraction grating. ND is neutral density filter. The polarizer sets polarization direction
perpendicular to the long ITO electrode strip to select the TM polarization.

The polarizing optical microscope (Nikon, ECLIPSE E600, Japan) attached with CCD
camera (Nikon, DXM 1200), was used to characterize isotropic phase, and switching of
nematic mixture. The diffraction efficiency was determined by monitoring transmittance
change of He-Ne laser (2 = 632.8 nm) in response to 1 kHz square wave voltage applied to
nano-PDLC film. The transverse magnetic (TM) mode was chosen to measure diffraction
efficiency. In this experiment, the distance between the cell and screen was fixed to 72 cm to
realize the far field diffraction. The experimental set-up used to study the diffraction behavior
of the grating is shown in the Fig. 2, described elsewhere [35].The change in transmittance
due to diffraction as a function of applied field is recorded by photo-detector and stored in
digital storage oscilloscope (Tektronix, DPO2024B). Snapshots of diffraction spots on screen
placed behind the cell are also recorded simultaneously using digital camera (Samsung,
NX1000). We have experimentally determined the polarization states of various orders of
diffracted beam by placing analyzer behind the cell and measuring resultant intensity change
by photodiode. The wavelength-dependent transmittance was measured by using an UV-
Visible spectroscopy (SCINCO, S-3100) from ultraviolet to near infrared region. Finally, the
obtained monomer network was characterized by the field emission scanning electron
microscope (FESEM).
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The IPS cell consists of comb-like ITO stripes of 4 um width (w) and 4 um inter electrode
space (l) patterned on bottom substrate with no electrodes on top substrate. The FFS cell
consists of pixel and common electrodes separated by a thin passivation layer where the
electrode width (w) and space (I) between the pixel electrodes are 3.5 um and 4.5 um,
respectively. The cell gap for IPS and FFS were fixed to 5 um. Test cells were filled with
homogeneous mixture of LC and monomers, and exposed to 300 mW/cm? intense UV light
with 365 nm wavelength for 10 minutes at 90 °C. As curing temperature considerably affects
phase separation; optimum curing conditions are necessary to obtain intended randomly
oriented small sized LC droplets embedded in polymer matrix. We have polymerized the film
at isotropic temperature, 90 °C, to obtain optimum phase separation and nullify anisotropic
effects of LC.

4. Results and discussion

We intend to induce periodic phase modulation of transmitted light through nano-PDLC film
with sharp boundaries where spatial distribution is fixed by patterned electrodes. The
photographic images of the recorded diffraction pattern as a function of applied voltage have
been illustrated in the Fig. 3. The obtained transmission intensity is mostly concentrated at
center of the grating pattern in field off state and spare amount of diffracted light appears
symmetrically on both sides of Oth order due to refractive index mismatch between the
electrode region and non-electrode regions in IPS cell and refractive index mismatch between
single ITO layer and double ITO layers in FFS cell. However, when the electric field is
applied, the LC molecules reorient along the field direction due to in-plane field in IPS and
fringe field in FFS cell thereby causing periodic modulation in respective LC director profile.
Hence, transmitted coherent laser beam encounters spatially periodic phase modulation,
resulting in constructive interference patterns at specified angles by following Eq. (4) where
the periodicity is described by nano-PDLC deformation guided by respective in-plane and
fringe field and nayg is average refractive index of nano-PDLC sample as discussed earlier.
Consequently, transmission intensity obtained in Oth order decreases and beam is deviated
symmetrically to various higher orders increase with increasing field strength. Total 4
diffraction orders could be distinguished by naked eyes at on-state symmetrically distributed
on either side of Oth order. As a voltage increases from 0 V to 40 V, the light intensity is
transferred from Oth order to all higher orders in IPS cell, Fig. 3(a). In contrary, the light
intensity is transferred from Oth order to 2nd and 4th orders in FFS cells, Fig. 3(b), indicating
that diffraction angle is doubled in FFS cell compared to IPS cell.

(a)

V=0

Fig. 3. The diffraction pattern recorded for OILC phase switching with, (a) IPS, and (b) FFS
cells. The incident polarization direction is perpendicular to the long electrode to select the TM
polarized light. Corresponding dynamic responses of the IPS (see Visualization 1) and FFS
(see Visualization 2) are also recorded.

We have determined relative change in intensity of FFS and IPS diffraction grating and its
corresponding results are illustrated in the Fig. 4(a). The screen behind the cell was replaced


https://doi.org/10.6084/m9.figshare.5271499
https://doi.org/10.6084/m9.figshare.5271511

Research Article Vol. 25, No. 20 | 2 Oct 2017 | OPTICS EXPRESS 24039

Optics EXPRESS

by photo-detector connected to digital oscilloscope. Electric field appears to affect alternating
orders of diffracted beam in FFS in contrast with IPS diffractor such that the transmission
intensity appears to shift from Oth order to 2nd and 4th orders in FFS cell with increasing
applied electric field. The mechanism behind this selective intensity transfer in FFS cell is
local minimum director profile of nano-PDLC matrix where characteristic length scale
determined by | and w. Experimental results exhibit different field-driven diffracting behavior
for IPS and FFS mode. Diffraction angle (6n) and diffraction efficiency (ym) are measured by
using Egs. (5) and (6), respectively and the obtained results are summarized in the Table 1.
The intensity of higher order at field-off state was neglected. The maximum diffraction
efficiency of IPS and FFS cells are found to be 33% and 31%, respectively. The small
decrease, 2%, in diffraction efficiency in FFS cell is due to wider w + | compared to cell gap
(d). The measured diffraction angles are well consistent with theoretical values in both IPS
and FFS cells.

1.0
. (a) o T (b)
5 081 5 0.8
2T g P
& 06 B & 06 -
5 o4 8 04
5 F ST
g 021 Lg 02— 4m
= L S e W T
a 8 00 =
0.0
1 I 1 I 1 I 1 I 1 I 1 I
0 20 40 60 0 20 40 60
Voltage (VRMS) Voltage (VFMS)

Fig. 4. The relative transmittance change and diffraction efficiency as a function of applied
voltage, (a) IPS, and (b) FFS cells. The diffraction efficiency is defined by Eq. (6).

Table 1. Measured diffraction angle (6m) and diffraction efficiencies (ym) of IPS and FFS
based OILC phase grating. He-Ne laser (4 = 632.8 nm) was used as light source.

Diffraction IPS at 40 V FFS at 40 V
Order Dn m O On )2 Dn Mm  On O (°)
(cm) (%) (© (theoretical) (cm) (%) (O (theoretical)
1st 6.9 33 5.4 5.5 6 31 4.7 4.9
2nd 14 13 11.0 111 12.3 1 9.6 9.9
3rd 216 7 16.6 16.9 18.2 14 149 149
4th 275 1 208 228 24.4 2 20.1 20.2

#angle calculated from theoretically obtained grating equation Eq. (4).

The results of response time measurement for both IPS and FFS cells are shown in Fig. 5.
The change in transmittance in response to 40 V and 1 kHz square wave is depicted. The rise
and decay times are defined as 10% to 90% transmittance change while applying and
removing the field, respectively. The measured rise and decay times are ~0.8 ms and ~2.9 ms
for IPS, respectively. Measured rise and decay times for FFS are 0.8 ms and 1 ms,
respectively. The decay time of FFS cell is approximately three times faster than IPS cell. The
FFS cell provides fast response and large angle diffraction but the relative diffraction
efficiency is reduced by ~2%. The IPS cell provides high diffraction efficiency but small
diffraction angle and slow response compared to FFS cell.

Since the rise response time is strongly influenced by the applied field in both cases, the
sub-millisecond rise response time is attributed from the strong applied field 10 V/pm. The
decay response time is mainly associated with director relaxation mechanism which is
strongly controlled by visco-elastic constants (the ratio of rotational viscosity to effective
elastic constant) y/Kes if we assume the size of LC droplets and surface anchoring strength
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between LC and polymer network are similar in both kind of cells. In IPS cell, the LC
director inside droplets reorients along in-plane electric field direction such that elastic
deformation of LC director is mainly twist deformation (K). Moreover, electric field induced
twist deformation diminishes in LC droplet along cell thickness from bottom to top surface.
Unlike IPS cell, the fringe field like parabolic shape is generated between electrode and the
field intensity near electrode surface is much stronger in the FFS than IPS. Consequently, the
LC directors experiences mainly tilt and bend, and then twist deformation, that is, the
deformation of LC directors inside droplets is associated with splay Ki, twist K;, and bend Ks
elastic constants. Therefore, the effective elastic constant is approximately replaced by (K; +
Kz + K3)/3 if three deformations contribute equally in the FFS cell whereas only K
contributes in IPS. The magnitude of elastic constants of LC mixture tested here appears
according to following relation Ks>Ki>K,. Therefore, the faster decay time in the FFS cell
might be from larger effective elastic constant compared to that in the IPS cell. In addition,
the mentioned nano-sized droplets whose size up to few hundreds of nanometer is also
another reason which makes LC relaxation faster because the cell gap is replaced by droplets
size. Regarding the optical bounce in decay time of FFS cell, in conventional FFS cell [36]
with homogenous alignment at an initial state, the LC with positive dielectric anisotropy
twists along horizontal component of a fringe-field direction and simultaneously LC director
tilts at high angle along the fringe field in a voltage-on state. When applied voltage is turned
off, the LC director first tilts and then un-twisted back to an initial state sequentially. During
such a two-step transition, a transmittance increases instantaneously giving rise to an optical
bounce because the decrease of a tilt angle of LC director increases its twist level. The
physical explanation is applicable even for OILC cell. In a voltage-on state, the LC directors
inside droplets experience tilt deformation mainly along fringe-field and when the voltage is
turned off, the tilt relaxes initially because K; and Ks is larger than K», then the effective
retardation at a normal direction becomes larger instantaneously, resulting in an increase in
transmittance called optical bounce.

>
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Fig. 5. Response times of the zeroth orders of (a) IPS, and (b) FFS cells.

The procedure followed in revealing the dependence of transmission intensity on
polarization direction of incident beam over OILC diffractor is described below. The beam
incident on test cell made linearly polarized using polarizer placed between neutral density
filtered incident He-Ne laser beam and cell. Test cells placed in above mentioned
configuration were rotated from 0° to 90° and transmission intensity was recorded using
photodiode. Hence, experimentally obtained variation of intensity of diffracted beam for 1st
order in IPS cell and 2nd order in FFS cell are depicted in the Figs. 6(a) and 6(b),
respectively. The intensity of the diffracted light is not remained invariant on sample rotation
in the cell plane at field-on state. One could observe a noticeable change in intensity both for
IPS and FFS cells, thus they are not completely polarization independent rather appears less
sensitive to polarization state of incident light. As one could anticipate from refractive index
profile along x-direction perpendicular to electrodes in Figs. 1(b) and 1(d), the incident
linearly polarized light encounters n; above electrode and n. between electrode, where ne is
larger than n;. However, when polarization state of incident beam rotates by 90°, it
experiences n; above electrode and n, between electrode, having n; > n,. Consequently, the
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incident beam polarized either in xz or yz plane experiences periodic change in optical path.
However, the relative sign of optical path reverses depending on a direction of polarization of
incident beam, resulting in some level of polarization dependence in transmitted beam. In
fact, such a refractive index profile renders the diffractor behave like lens but significant
changes in optical path depends on direction of polarization of incident beam in either xz or yz
plane. Present explanation is clearly demonstrated using polarizing optical microscopic image
shown in inset of figures Fig. 7(a) such that the bright lines change to dark lines depending on
polarization state of incident beam.
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Fig. 6. Polarization dependency of the diffracted beam in (a) IPS cell’s 1st order, and (b) FFS
cell’s 2nd order. Polarizations states of the various diffraction orders of (c) IPS cell and (d)
FFS cell.
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Fig. 7. POM images of (a) IPS and (b) FFS cells filled with nano-PDLC. Top row represents
images with single polarizer used in which polarization direction of an incident light is
perpendicular to the long ITO electrode. Bottom images represent texture under crossed
polarisers in which polarization direction of an incident light is 45° with respect to long ITO

electrode. Here, the pitch (A) is clearly shorter in FFS than IPS cell. Represented scale bar is
40 um.

We have determined polarization states of few higher order diffracted beams in both IPS
and FFS cell as shown in Figs. 6(c) and 6(d), respectively. The beam incident on test cell was
linearly polarized using polarizer placed between neutral density filtered incident He-Ne laser
beam and cell. To determine the polarization state of each diffracted beam, the analyzer was
placed behind the cell. The polarization state is confirmed by rotating the analyzer in
clockwise direction and measuring resultant change in intensity using photodiode. All the
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reported polarization states are determined while OILC sample is subjected to 40 V. The
polarization states of spatially distributed diffracted orders found to be slightly different from
each other. The polarization state of Oth order remains unaffected in both IPS and FFS cells
while remaining orders are elliptically polarized and also the major axis of the elliptically
polarized light in higher order deviates more from initial polarization direction. In addition,
the polarization states in left and right side of Oth order possesses mirror symmetric to each
other.

Figure 7 shows POM images, which allows us to analyze the director distribution under
in-plane and fringe field switching. The bright region at field-on state where single polarizer
was employed is due to modulation of refractive index between electrode and non-electrode
regions, as already explained above. The refractive index profile between the electrode strips
would be analogue to parabolic shape of an electric field in both devices such that the
refractive index at mid-point between electrodes, near the electrodes, and above electrode will
be largest, intermediate, and smallest for xz-polarized light in the IPS cell, rendering the
diffractor behaves as lens. On the other hand, for yz-polarized light, the relationship of
amplitude of refractive index along x-direction is reversed. This is clearly observed in inset
figures of Figs. 7(a) and 7(b) such that the bright lines become dark lines depending on
direction of polarization state of incident light. To check the transparency of the OILC cells
without causing scattering, the cells were rotated while confined between crossed polarizers.
As expected, an excellent dark state without a transmitted light is achieved in all directions, as
indicated in dark POM images in Fig. 7. In a voltage-on state, we could achieve uniform
brightness between electrodes for the IPS cell and the edge of patterned electrode for the FFS
cell. This is the direct experimental verification of the periodic refractive index change of LC
under influence of an electric field. Close observation of the images suggests that there is no
minimal brightness or dark line at center of the two adjacent electrodes in IPS, while
minimum brightness or dark line appears at center of patterned electrodes and also at the mid-
point between electrodes in FFS, confirming the difference in pitch of the grating A in both
devices.
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Fig. 8. (a) Wavelength dependent transmittance curves for IPS and FFS cells. The photograph
images of the cells as shown in inset. Obtained polymer structure of nano-PDLC film prepared
in (b) IPS and (c) FFS cell. The represented scale bar is equal to 500 nm.

We have measured the wavelength dependent transmittance from ultra-violet to near
infrared regions for either kind of test cells, and obtained transmission spectrum is shown in
Fig. 8(a). The wavelength dependent transmittance evidences transparency of the OILC phase
in IPS and FFS cells. The measured maximum transmittance is as high as ~85%. We have
also observed the transmittance of cells by capturing photographic images, inserted in Fig.
8(a). The background images are clearly visible in both cells, indicating the obtained film is
transparent.

Finally, the polymer network structure characterized by FE-SEM. The two substrates of
cells were separated by sharp edged scalpel blade after extraction of LC molecules by keeping
in hexane for 48 hours. Films were carbon coated and images taken perpendicular to the
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substrate. The obtained FE-SEM images of IPS cell and FFS cell are shown in Figs. 8 (b) and
8(c), respectively. We obtained a pore-like polymer network constructed by highly interlinked
polymer beads. It is obvious that the shape of the pore structure is deviating from spherical
shape. The size and distribution of the pore was estimated by Image-J software. One could
notice that the average size of the pore is below 300nm, which resulted in scattering free film,
so that the film acts as an optically isotropic medium. The fast response time might be also
due to a strong coupling interaction of LC molecules with polymer beads. The diffraction
pattern obtained by transparent OILC film has several interesting properties such as
transparent, less sensitive to polarization state of incident beam and fast response. This device
can be used as photonic applications such as transparent Fresnel lens, transparent holography
and also a potential candidate for see-through transparent display.

5. Conclusion

We have demonstrated a transparent and tunable LC diffractor constructed with IPS and FFS
cells. The measured response times are 3.7 ms and 1.8 ms for IPS and FFS cells, respectively,
which are competitive records among recent related reports [13,35,37]. The interlinked
polymer beads formed as pore-type structure which could exert the strong interaction with LC
molecules could be the reason for fast response. The optically isotropic phase was obtained by
the phase separation of monomers under controlled UV irradiation dynamics. Film is
optically transparent in the visible wavelength range. The IPS and FFS diffraction efficiencies
were studied quantitatively up to four orders. The sample is found to be less sensitive to
polarization state of incident beam. The experimental studies show that the spatially varying
phase shift makes the nano-PDLC diffractor is a promising candidate for fast response
photonic and transparent display applications.
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