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Optical phase modulation in a transparent polymer film composed of nano-sized liquid crystal (LC) dro-
plets embedded within a polymer matrix exhibits a micro-lenticular lensing effect under controlled in-
plane field switching (IPS) with interdigitated electrodes. Despite of the lensing effect, the lens profile
does not match ideal one and its effective phase modulation is relatively small owing to the weak field
strength over the electrodes, which causes an invariant refractive index in these regions. To achieve ideal
lens profile and high phase modulation, a vertical electric field is applied between top plane and bottom
interdigitated electrodes, while maintaining the in-plane fields between the bottom interdigitated elec-
trodes. The combined effect, referred to as the vertical and in-plane switching (VIS) mode, can achieve
larger phase modulation (Dd) than the IPS mode. Consequently, the proposed micro-lenticular lens has
a shorter focal length and a significantly better lens profile, similar to the ideal one. Furthermore, the
diffraction efficiency (Df) is effectively improved by � 6.7%, 4%, and 2% for the zeroth (0th), ±1st, and ± 2nd

orders, respectively, compared to those in the IPS mode. The improved phase profile with the proposed
micro-lenticular device can be used in a switchable lens from 2-dimensions (2D) to 3-dimension (3D) and
tunable diffractors.

� 2023 Elsevier B.V. All rights reserved.
1. Introduction

Thus far, the fabrication of flat panel displays and optical
devices using liquid crystals (LCs) has been widely utilized owing
to its benefits including small and dimensionally stable size,
voltage-driven devices with high reliability, and low power con-
sumption. Given these advantages, LC has been utilized in a variety
of electro-optic displays [1] and photonic applications such as opti-
cal diffusers [2], spatial light modulators [3], Fresnel lenses [4],
mirrorless lasers [5], and adaptive optical components [6–11]. In
addition, most emerging high-quality mobiles, as well as aug-
mented and virtual reality technologies, require a response time
of less than a few milliseconds, which cannot be realized in basic
LC modes [12,13]. Switchable lenticular lenses [14–16] and switch-
able barriers [17–19] have recently received significant attention
for achieving three-dimensional (3D) images without the use of
headsets. Currently, they play an essential role in developing
next-generation display technologies. The switchable LC lenticular
lens has been considered as a potential candidate for 2D/3D dis-
plays because of its higher transmittance and better resolution
than parallax barriers. However, basic switchable LC 2D/3D devices
rely on a thin-layer coating of an alignment layer and its rubbing to
act on the LC molecules to orient them along a specific direction.
This limits the device design freedom and increases fabrication
complexity in surface relief structures [20]. The application of
external strain/pressure by mechanical bending disturbs the orien-
tation of LC molecules in conventional LC devices, resulting in the
distortion of the quality of 3D images being visualized. A thick LC
layer is also essential for improving periodic phase modulation
and light-controlling power, but it slows down the switching time
[21,22]. Furthermore, it has been discovered that achieving a uni-
form cell gap and traditional LC performances in the emerging flex-
ible modes is an extremely difficult task, and the associated
technical challenges restrict their applications.

The use of conventional LC modes to overcome these funda-
mental difficulties has been confirmed to be challenging. Besides
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the traditional LC modes are incompatible with flexibility because
of the fluidic nature of LC molecules. Nontrivial systems, such as
binary or tertiary LC composite systems, must be explored from
the perspective of nano-photonics in the context of conventional
LC modes. Nano-PDLCs have a number of unusual properties asso-
ciated with encapsulated nano-scale LC droplets in a polymer
matrix, including an optically isotropic phase and a quick response
time [23–25]. Nano-scaled LC droplets (< 300 nm) and their ran-
dom distribution of bipolar structured LC droplets embedded in a
polymer matrix were used to achieve optically isotropic behavior.
The induced birefringence is a characteristic of their behavior that
results from the collective orientational ordering of LC molecules in
response to external cues. It also exhibits a high degree of trans-
parency (86%) and can bend up to 4 mm in radius without affecting
the photonic behavior [26]. Furthermore, a well-developed in situ
photo-polymerization technique provides further control of the
LC droplet architecture, which determines the induced birefrin-
gence. Subsequently, the phase modulation of incident light occurs
upon reorienting the optically isotropic LC droplets by an external
stimulus [13,27]. Several interesting studies on tunable micro-
lenses [28,29], 2D/3D switchable micro-lenticular lenses [30],
and tunable gratings [13,26] have recently been conducted using
polarization-independent optical phase modulation of optically
isotropic nano-PDLCs.

Although nano-PDLCs have been considered as potential candi-
dates for a variety of photonic applications, their low phase modu-
lation under the in-plane field switching (IPS) mode due to the
minimal field strength right above the interdigitated electrodes
restricts their wide-range commercial applications. Taking a com-
pletely different approach in this study, we drive a nano-PDLC by a
novel electrode structure that consists of both the vertical and in-
plane switching (VIS) modes, where a constant bias voltage is
applied between top and bottom electrodes, while an in-plane field
is retained in the bottom interdigitated electrodes. With the contri-
bution of VIS fields, we achieve larger phase modulation (Dd) and
effective gradient refractive index between electrodes. Therefore,
the optical path experience and follow the gradient refractive
index, resulting in effective micro-lenticular lensing effect with
focal lengths in the range of 38 lm as the polarized incident beam
passes perpendicular to the electrodes. Furthermore, the proposed
VIS mode exhibits a higher diffraction efficiency (Df) than the con-
ventional IPS mode. Our proposed VIS mode not only performances
as an excellent micro-lenticular lens device but also has the poten-
tial to be the best diffractive optical element.
2. Switching mechanism of the micro-lenticular lensing effect

Fig. 1 depicts a schematic switching mechanism based on opti-
cal phase modulation of optically isotropic nano-PDLC, where the
nano-sized LC droplets embedded in a polymer matrix that can
be driven by IPS and VIS fields. The nano-sized LC droplet has a
bipolar configuration, with the the LC director following the tan-
gentially anchored molecules at the polymer walls while following
a straight line that connects the two poles in the center of the dro-
plet. The proposed device consists of a bottom substrate with inter-
digitated electrodes and a top substrate with a plane electrode. The
interdigitated electrodes over the bottom substrate are denoted by
P1 and P2, whereas the top plane electrode is denoted by P3. The
switching mechanism causes the patterned electrodes to generate
a non-uniform field strength across the device. To fully understand
this concept, the entire device area was divided into three major
regions: I, II, and III, covering the area directly above the electrodes,
the edges of the electrodes, and non-electrodes (dotted lines in
Fig. 1). In the field-off state, the device exhibit an optically isotropic
phase, i.e. optically transparent in the visible wavelength regime
2

with the refractive index (ni) because the optical film consists of
nano-sized LC droplets with size less than the wavelength of visi-
ble light, i.e. 300 nm, and their corresponding LC director of bipolar
droplet is randomly oriented with respect to their neighboring dro-
plet [27,31]. For this reason, the optically birefringent film does not
experience synchronized phase modulation to optical beam while
propagating across all regions of the device, as shown in Fig. 1(a).
In this situation, the optically isotropic phase ni can be written in
all regions as [30,32]

ni ¼ mpnp þ mlcnavg ; ð1Þ
where mp and mlc are the filling factors of the polymer and LC in the
composite, respectively. The navg is the average refractive index of
LC, which can be expressed as navg = (2no + ne)/3, where no and ne
are the ordinary and extraordinary refractive indices of the host
LC, respectively, and np is the refractive index of the polymer
matrix. In this case, the value of navg is greater than np, and the mag-
nitude of ni can vary between np and navg [30].

As electric fields are applied to the device, the LC directors with
positive dielectric anisotropy (De > 0) are reoriented along the field
direction, resulting in the maximum induced birefringence. This
phenomenon can be explained by the Kerr effect, written as
Dnind = KkE2, where K is the Kerr constant, k is the wavelength of
the propagating beam, Dnind is the induced birefringence, and E
is the applied electric field [33]. When a sufficient electric field is
applied, the LC director of bipolar droplets are forced to follow
periodic field lines, causing the refractive indices to change with
the field strength. Therefore, the propagating beam interacts with
synchronized specially modulated refractive indices with periodic-
ity while transmitting through the device. In the present work, we
discuss two switching modes: IPS (Fig. 1b) and VIS (Fig. 1c) modes.
When IPS fields are applied between the P1 and P2 electrodes, the
bipolar structured nano-sized LC droplets do not respond to the
fields and remain invariant in region I because of the minimal field
strength right over the electrodes. Therefore, the propagating beam
experiences an effective refractive index, navg � ni, as it passes
through. In contrast, the VIS mode applies a constant offset voltage
( Voffest – 0) to the electrode (P3) while maintaining the IPS fields
between the electrodes (P1 and P2), resulting in vertical fields
between the top and bottom (P1 and P2 to P3) and horizontal fields
(P1 and P2) between the electrodes. Under this condition, the navg
in Equation (1) is replaced by no. Consequently, ni becomes noʹ as
the polarized beam rotates parallel or perpendicular to the elec-
trode direction because the LC directors are mostly reoriented in
the vertical direction, that is, perpendicular to the substrate, owing
to the stronger fields in region I. It can be noted in region I that the
value of the refractive index n0

o in the VIS mode is relatively smaller
than that of ni in the IPS mode since no < ni. In region II, the inten-
sity of the horizontal field lines gradually increases from the center
of region I to region III at the cost of the applied fields, contributing
to the re-orientation of the LC directors preferably in the oblique
directions in both cases. Therefore, the propagating beam experi-
ences a refractive index change n0, which can be defined as:

n0 � mpnp þ mlcneff ð2Þ

neff ¼ noneffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
n2
ocos2hþ n2

e sin
2h

q
0
B@

1
CA; ð3Þ

where h is the angle between the LC director and direction of the
polarized incident beam [34]. When the direction of the incident
beam is rotated perpendicular to electrodes, the polarized beam
experiences a refractive index neff; however, the neff is greater than
that of the value of no, that is, (neff > no). After substituting it to
Equation (2), the values of the refractive index n0 become nipsʹ and



Fig. 1. Driving mechanism of the optically isotropic nano-PDLC for effective micro-lenticular lensing effect: (a) Random orientation of nano-sized bipolar LC droplets within a
polymer matrix in the field-off state and reorientation of corresponding LC directors along the applied field direction in (b) IPS and (c) VIS modes with the change in effective
refractive indices in each position and polarized direction of an incident beam kept along the x-direction.
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nvisʹ in the IPS and VIS modes, respectively. In region III, the inten-
sity of the oblique field lines gradually decreases as they move
towards regions II to III, and the horizontal fields become stronger
in comparison to those in regions I and II owing to the inhomoge-
neous electric field distribution. As a result, the in-plane field tends
to drive the LC directors through twist deformation aligned parallel
to the electrode direction, that is, the x-axis, and the polarized beam
experiences an effective refractive index ne when the incident beam
is adjusted perpendicular to the electrode direction. When the
refractive index ne is substituted in place of neff in Equation (2),
the n0 becomes n00

e in both modes.
Considering the effective refractive index modulation between

the interdigitated electrodes in relation to the applied field
strength, the effective phase modulation (Dd) between regions I
and III can be determined as [13,30,35]
Ddips=vis ¼ 2p
k

Z d

0
Region IIIð Þ Eð Þdz� Region Ið Þd

�����
�����; ð4Þ

where d and k, are the film thickness and the wavelength of the
transmitting beam. Herein, the refractive index variation between
regions III and I is critical in determining the variation in Dd. Based
on this, the magnitude of Dd between regions III and I is given by
Ddips/vis = n00

e – noʹ or n00
e – ni for the VIS or IPS mode, respectively.

This clearly shows that the VIS mode offers larger Dd compared
to that in the IPS mode because n0

o < ni. The larger phase shift dif-
ference between region III and I could be responsible for obtaining
the effective micro-lenticular lensing profile in the VIS mode.
Because, the symmetric arrangement of the electrodes is responsi-
ble for the symmetric distribution of the field strength in the LC
director profile, causing effective refractive index modulation from
regions I to III. In this condition, when the transmitted beam is
adjusted perpendicular to the electrode, the polarized beam inter-
relates with the effective gradient refractive indices noʹ < n0

vis < n00
e >

n0
vis > noʹ and ni < n0

ips < n00
e > n0

ips > ni in regions I, II, III, II, and I for the
VIS and IPS modes, respectively. Due to the contribution of sym-
metric refractive index modulation, we can achieve an ideal
micro-lenticular lensing profile compared to that in the conven-
3

tional IPS mode. In addition, assuming the uniaxial bipolar profile
of the droplets under electric fields, the focal length (f) of the
micro-lenticular lens device can be expressed as [36]

f ips=vis ¼
pw2

4kðDdips=visÞ ð5Þ

where w is the width or pitch of the micro-lenticular aperture and
Ddips/vis is the phase change measured between the micro-lenticular
lens centers (region III) and above the electrode (region I). Accord-
ing to Equation (4), the fvis of the micro-lenticular lens is shorter
owing to the larger value of Ddvis. In practice, the Dd is equal to
du ¼ k � d � mlc � ðne � noÞ=3; where k is the wave vector (2p/k) [28].

3. Experimental section

3.1. Materials

An optically isotropic nano-PDLC was prepared using a high-
dielectric nematic LC, MLC2053 (De = 42.6, Dn = 0.235, and
TNI = 86 �C, Merck Advanced Technology, Korea), and a photo-
curable monomer, NOA-65 (Norland Optical Adhesive,
np = 1.5122 at 20 �C and 589 nm). A small amount of a photoinitia-
tor (Irgacure-907) was then added to this mixture to initiate radi-
cal polymerization upon ultraviolet (UV) light exposure. The
composite mixture contained 42.5 wt% of LC, 57.3 wt% of NOA-
65, and 0.2 wt% of Irgacure-907. No additional purification was
conducted prior to employing the materials.

3.2. Fabrication of Micro-lenticular device

A two substrates i.e. an interdigitated IPS and a plane electrode
was utilized and a uniform gap between the top and bottom sub-
strates of the device was maintained by a 4 lm ball spacer in order
to fabricate the proposed device. The interdigitated electrode con-
figuration had a width (w) of 4 lm and a distance (l) of 4 lm
between them. The composite mixture was heated above TNI
(90 �C) and stirred several times to obtain a homogeneous mixture
and the resulting mixture was infiltrated into the fabricated cell via
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capillary action. Subsequently, phase separation was achieved by
exposing the device to UV light at an intensity of 120 mW/cm2

for 6 min.

3.3. Characterization and measurements

Subsequently, we demonstrated a micro-lenticular lensing
effect followed by the diffraction properties of our proposed design
using a variety of characterization techniques. A polarizing optical
microscope (POM) (Nikon, ECLIPSE E600, Japan) attached to a CCD
camera (Nikon, DXM 1200) was used to observe the micro-
lenticular lensing effect, as well as the phase behavior under the
applied field with a function generator (Agilent 33521A). The
change in the transmittance of an incident polarized beam in
response to an applied voltage was used to determine the diffrac-
tion efficiency (Df). The black screen was placed 72 cm away from
the proposed device to achieve far-field diffraction, and subse-
quent diffraction images were captured using a high-resolution
camera (Samsung, NX1000). Finally, the embedded LC molecules
were extracted from the polymer film, and the morphology of
the polymer network was examined using a field-emission scan-
ning electron microscope (FESEM). The LC droplet size distribution
was calculated using Image J software.
Fig. 2. (a) FESEM image of the LC removed polymer matrix of the nano-PDLC and
(b) Size distribution of the LC droplets in the continuous polymer matrix.
4. Results and discussion

4.1. Surface morphological studies

Fig. 2 depicts an FESEM micrograph of the polymer morphology
used to investigate the droplet size distribution of the network.
Several holes in the micrograph that had previously been occupied
by the LC molecules were observed. The FESEM image was cap-
tured after successful elimination of the LC molecules from the
polymer network by soaking the sample device in an n-hexane
solution for two days [37,38]. Fig. 2a shows a continuous network
of the polymer matrix appeared throughout the active surface area
of the device with a uniform distribution of droplet holes. Fig. 2b
shows the relative droplet size distribution of the micrograph
which was statistically estimated using the Image J software. The
droplet size distribution implies that all droplet sizes appear to
be less than the wavelength of visible light, that is, <300 nm, and
the estimated mean droplet size is approximately 188 nm. A few
droplets with irregular shapes are also observed in the FESEM
micrograph, which can be attributed to the UV light exposure at
higher intensities. Obtained symmetrical or asymmetrical shape
of the LC droplets does not deteriorate the physical properties or
phase modulation of the device either in bending or twisting mode
because the size of the droplet is smaller than the wavelength of
visible light [26]. Furthermore, the estimated mlc value is 18.45%,
which is lower than the concentration of LC used in the experiment
because of inadequate removal of LC as the LC molecules dissolve
and surround the polymer network [32,39,40]. Herein, the mlc is
defined as the ratio of the area of the LC droplets in the polymer
matrix to the total area of the captured FESEM micrograph [28].

4.2. Polarizing optical microscopy

Fig. 3 illustrates the POM images of the micro-lenticular device
captured under various driving schemes such as the IPS and VIS
modes. In the field-off state, the micro-lenticular device appears
dark in color and remains invariant when the sample plane is
rotated between the crossed polarizers, as shown in Fig. 3a. In
addition, a high-resolution photographic image of the micro-
lenticular device is displayed in the inset of Fig. 3a. The photo-
graphic image was captured at the ambient light condition without
4

attaching the polarizers and external field to the device. As it is
highly transparent, the image ‘‘ID LAB” under the device did not
experience phase retardation while passing through the birefrin-
gent film [31,41]. Due to the reason, the photographic image
demonstrates that the image ‘‘ID LAB” under the device is clearly
visible to the human eye [26,30].

To realize the induced phase retardation, the ITO electrodes of
the device were adjusted to 45� to the transmission axis of the
polarizer and analyzer. When sufficient fields were applied to a
device, maximum birefringence was induced by reorienting the
LC directors in the applied field direction. As a result, the device
exhibited periodic bright and dark fringe patterns as the polarizers
were crossed, as shown in Fig. 3a,b. Dark fringe patterns in region I
appeared in both modes. In the IPS mode, the LC directors
unchanged and remain as navg owing to the low intensity of the
field strength, therefore we realize no phase retardation. In the
VIS mode, the phase modulation occurred by reorienting the LC
directors in a direction perpendicular to the substrate from a ran-
dom direction, i.e. the refractive index changed to noʹ from the navg
owing to strong longitudinal electric fields. In addition, we notice a
thick dark fringe pattern in the VIS mode over the electrodes as
compared to the dark fringe in the IPS mode, corresponding to ver-
tically aligned LC droplets up to the edge of the electrodes as
homeotropic alignment-based conventional LC devices. Moving
to the non-electrode region, the brightness intensity appeared to



Fig. 3. Polarized optical micrographs of optically isotropic nano-PDLC: (a) Field-off state (V = 0 V), (b) IPS (Vac = 50 V) and (c) VIS (Vac = 50 V, Voffset = 20 V) mode with the
applied square wave frequency of 1 kHz and its corresponding enlarged images on their right side. The photographic image of the micro-lenticular lens device depicted in the
inset is captured above the word ‘‘ID LAB”.
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be uniform between the electrodes, that is, regions II and III in the
IPS mode, but non-uniform transmittance was realized in the VIS
mode. Although the transmittance intensity was high in the IPS
mode, a line-type sharp transmittance between the interdigitated
electrodes was noticed in the VIS mode manifesting ideal like
micro-lenticular lensing profile owing to the increase in the field
strength from region II to III. The difference in width of the bright
and dark fringes is illustrated by the dotted lines in enlarged
Fig. 3b1,c1. The experimental results show a clear increase or
decrease of transmittance between electrodes, confirming that
the most effective graded refractive index is achieved because of
the implemented VIS mode.

Fig. 4a shows a schematic diagram of the optical microscope
used to estimate the focal length f of the micro-lenticular lens
arrays. The bright and dark fringe lines that appeared under the
crossed polarizers remained in the same position when the ana-
lyzer was withdrawn. The polarized beam was then adjusted per-
pendicular to the electrode direction by retaining the bright focus
lines at the same place. In this situation, the polarized beam was
focused by interacting with the interface of the graded refractive
indices of the nano-sized LC droplets from one edge of the elec-
trode to another, that is, regions I, II, III, II, and I in the order of ni <-
n0
ips < n00

e > n0
ips > ni and noʹ < n0

vis < n00
e > n0

vis > noʹ for the IPS and VIS
modes, respectively. This was because of electric field inhomo-
geneity. Furthermore, in both cases, the horizontal field strength
gradually increased from the middle of the electrode to the center
between the interdigitated electrodes (region III). Herein, the focal
lines of the micro-lenticular lens were determined as the maxi-
mum intensity of the focused beam in region III. The periodic focal
lines of the micro-lenticular lens are displayed between the white
dotted lines drawn in the enlarged image of Fig. 4b. The resulting
5

transmittance interference fringe focal line distribution of the IPS
and VIS micro-lenticular lens measured with respect to the elec-
trode distance were shown in Fig. 4c. This manifests that the
experimentally measured transmittance of VIS mode data pos-
sesses ideal lens-like phase profiles as compared to that of the con-
ventional IPS mode. Besides, the circular solid one in inset of Fig. 4c
depicts that the measured transmittance while the dashed rea line
represents the parabolic fitting, which confirms that the data fits
well with the fitting. Herein, the focal length f is defined as the dis-
tance between the electrode on the substrate and the position of
the focal lines that appear at the focal plane. At a fixed applied
field, the measured f of the micro-lenticular lens are 46 and
38 lm for the IPS and VIS modes, respectively. The experimentally
estimated f of the micro-lenticular lens is � 35 lm, which is
obtained by substituting the value of the phase shift du. The du
is estimated using the relationship du = 2p/k � d � mlc � (ne � no) /
3 [28], where the value of mlc is obtained from the FESEM micro-
graph shown in Fig. 2(a). The experimental results confirm that
the proposed VIS mode provides a higher Ddvis owing to a larger
magnitude of the refractive index change, that is, n00

e – noʹ(Ddvis) > n00
e

– navg (Ddips). Despite the fact that the Ddvis is larger in the VIS
mode, this mode provides a better micro-lenticular lensing profile
and a lower f than that in the conventional IPS mode because the
Dd and f are inversely proportional to one another. The proposed
device features a short fvis that has the potential to contribute to
an improvement in the image resolution.

Furthermore, we investigate the polarization-dependent micro-
lenticular lensing effect by establishing focal lines between the
interdigitated electrodes, that is, region III. Fig. 5 shows the change
in the position of the focal lines between the white dotted lines as
the direction of the polarized beam change. According to the earlier



Fig. 4. (a) Experimental setup for measuring focal length (b) Optical images of the
focal lines (c) Transmittance intensity profiles of the micro-lenticular lens with
respect to electrode distance with incident polarized beam positioned perpendic-
ular to the electrode direction. The inset shows the measured VIS mode transmit-
tance data with parabolic fitting.

Fig. 5. Focal lines of the proposed VIS mode micro-lenticular lens that change with
respect to electrode direction as the incident polarized beam is rotated at 0�, 45�,
and 90�.
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discussion, the proposed VIS mode displays focal lines in region III,
as the polarized beam is adjusted perpendicular to the electrode
direction. However, the position of the focal lines switches from
bright to dark as the polarized beam rotates from the perpendicu-
lar to the parallel electrode direction. The incident polarized beam
experiences refraction at the interface of the effective graded
6

refractive index in the order of noʹ < n0
vis < n00

e > n0
vis > noʹ to n0

o >
n0
vis > n00

e < n0
vis < n0

o in regions I, II, III, II, and I, respectively, which
causes a deviation in the incident beam path. The obtained exper-
imental results clearly show that the proposed device functions as
a polarization-dependent micro-lenticular lens. Similar observa-
tions were demonstrated with optically isotropic nano-PDLC in
an earlier study with no plane electrode on the top substrate
[30]; in this case, however, the phase difference between region I
and III was relatively low. In addition, a few other polarization-
dependent micro-lenticular lenses based on ferroelectric LC [42],
index matching between polymer arrays and LC [43,44], polymer
network LC [45], PVC, and PVC/DBP gel [46,47] have been reported
in the literature. However, these micro-lenticular lensing devices
require intricate fabrication and exhibit LC deformation in
response to external pressure.
4.3. Diffraction properties

Fig. 6a depicts an experimental ray diagram for measuring the
diffraction efficiency (Df) of the proposed micro-lenticular device.
A polarizer was used to direct the propagating beam perpendicular
to the electrode direction, and a block screen was placed behind
the micro-lenticular device to identify the beam intensity varia-
tion. In the field-off state, the higher diffraction (±1st and ± 2nd)
orders were realized due to the refractive index mismatch between
the ITO and non-ITO region, however, in our case, the intensity of
higher diffraction orders were controlled by placing a ND filter in
front of the polarizer. The beam intensity of the diffraction orders
could be detected using a photodetector connected to an oscillo-
scope. Fig. 6b shows the high-resolution photographic diffraction
patterns of the IPS and VIS modes. As the incident beam propa-
gated through the device, no diffraction effect was observed in
the field-off state because the proposed device exhibits an optically
isotropic phase ni. For this reason, the 0th order of beam intensity
was relatively high when compared to the higher diffraction orders



Fig. 6. (a) Experimental setup for diffraction efficiency (Df) measurement of the proposed micro-lenticular device (b) Photographic images of the diffraction patterns at the
voltage-off and �on states (c, d) Voltage-dependent diffraction efficiencies for the IPS and VIS modes, respectively. (e) Comparative diffraction efficiencies of the IPS and VIS
modes. Diffraction efficiencies are referred to as both + ve and �ve sides of the first and second orders. The wavelength of the incident beam is 633 nm.
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that appear on either side of the 0th order. When the IPS and VIS
modes are operated, the periodic phase modulation occurs
between electrodes owing to the redirection of the LC directors
along the field direction. Consequently, the intensity of the 0th

order gradually decreases and deviates symmetrically to the higher
orders because the polarized beam experiences different refractive
indices in the order of ni < n0

ips < n00
e > n0

ips > ni and noʹ < n0
vis < n00

e > n0
vis >

noʹ in regions I, II, III, II, and I, respectively, while propagating
between the active electrode and non-electrode regions [48,49].
Herein, the Df is measured as the ratio of the mth order to the 0th

order beam intensity. The Df can be expressed as

Df ¼ ImðV–0Þ
I0ðV ¼ 0Þ � 100; ð6Þ

where Im(V – 0) is the mth-order beam intensity at the applied volt-
age, and I0(V = 0) is the 0th order intensity at zero voltage (V = 0).
The diffraction angles are calculated using the well-known trigono-
metric equation: tan hm ¼ Dm=L; where Dm is the distance between
the 0th and mth diffraction orders and L is the distance between the
sample device and the block screen. Fig. 6c,d display the Df as a
function of the applied voltages for the IPS and VIS modes, respec-
tively. As the applied fields are increased, the 0th order intensity is
gradually transferred symmetrically to either side of the higher
diffraction orders. It is worth noting that the overall Df of the 0th
Table 1
Diffraction efficiency (Df) and diffraction angle (h) of the IPS and VIS modes.

Diffraction order Dm (cm) IPS

Df (%) h (�)

0th – 18.82 –
1st 6.9 60.73 5.47
2nd 14 19.58 11.0

* Theoretically measured diffraction angle.
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order intensity in the VIS mode is nearly � 6.7% higher than that
in the IPS mode. In addition, it also shows a higher Df by � 4%
and 2% for ± the 1st and ± 2nd orders, respectively, when compared
to the IPS mode. Table 1 summarizes the measured diffraction effi-
ciencies and diffraction angles of the IPS and VIS modes. The overall
increase in Df is attributed to the larger Dd in the VIS mode, that is
Ddvis > Ddips. Additionally, the obtained Df values are in good agree-
ment with those reported in previous studies [13,26]. Furthermore,
the diffraction angles remain consistent because the pitch length K
is same in both cases. It should also be noted that the obtained
diffraction angles agree well with the theoretical equation
sinhm ¼ mk=navgK, where hm is the diffraction angle.
5. Conclusions

Herein, we successfully developed an electrically tunable effec-
tive phase modulation of a transparent polymer/LC composite film
for micro-lenticular lens and diffractors by implementing the VIS
mode. The fabricated device is optically transparent in the visible
wavelength regime due to optically isotropic behavior and the
phase remain invariant in the field-off state. The proposed micro-
lenticular device exhibits phase modulation even above the elec-
trodes as a result of reorienting the nano-sized LC droplets by uti-
lizing a vertical electric field with three terminals. The polarized
VIS

h (�)* Df (%) h (�) h (�)*

– 12.14 – –
5.57 64.68 5.47 5.57

11.19 21.66 11.0 11.19
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optical and optical images clearly demonstrate that the proposed
mode generates phase modulation in both regions between and
over the electrodes. With the proposed VIS mode, we accomplish
a larger phase modulation between region I and III and enables a
better micro-lenticular lensing profile and well matches with an
ideal like lens as compared to that of conventional IPS mode. How-
ever, it has a focal length of 38 lm, which is relatively shorter than
that of the conventional micro-lenticular lens driven under IPS
fields despite this still capable of achieving images with high-
resolution. Furthermore, the proposed optically isotropic nano-
PDLC device functions as a switchable diffraction grating with
higher diffraction efficiencies for the 0th, 1st, and 2nd diffraction
orders than those in the IPS mode.
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