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LIQUID CRYSTAL DEVICE AND METHOD OF FORMING THE SAME

CROSS-REFERENCE TO RELATED APPLICATION
[0001]  This application claims the benefit of priority of Singaporc application No.
10202300705Q filed March 14, 2023, the contents of it being hereby incorporated by reference

in its entirety for all purposes.

TECHNICAL FIELD
[0002]  Various cmbodiments of this disclosurc may rclate to aliquid crystal device. Various

embodiments of this disclosure may relate to a method of forming a liquid crystal device.

BACKGROUND
[0003]  The liquid crystal on silicon (LCoS) based spatial light modulator (SLM) is a type of
versatile device including one- or two- dimensional array of pixcls which is capable of
arbitrarily reconfiguring the wavefront of light. FIG. 1A shows a conventional liquid crystal on
silicon (LCoS) based spatial light modulator (SLM). These devices use the birefringent
properties of liquid crystals (LC) to locally modulate the amplitude, phase, or polarization of
light. These devices have applications in engineering, medicine, military, entertainment,
communications, cducation, transport, tclccommunications ctc. For instance, LCoS SLMs may
be used in near-eye devices, augmented reality (AR) systems, virtual reality (VR) systems, three
dimensional (3D holographic displays, Light Detection And Ranging (LiDAR) systems,
wavelength selective swilches (WSS), lithography systems, three dimensional (3D) printing
systems etc. Pixel miniaturization of these devices is challenging due to emerging inter-pixel

crosstalk, which is thc unwantcd light modulation in the adjacent pixels to any given onc that
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is purposedly addressed. For phase modulating SLM, the phase delay is accomplished by
electrically tuning the orientation of liquid crystal molecules at individual pixel level, which
thus changes the refractive index experienced by the light along the propagation path and, in
turn controls the phase shift (or retardation). The phase coverage is proportional to the thickness
of the LC mcdium. For the transmissive and reflective SLMs, the LC thickness should be at
least MAn and A/24n, respectively, to achieve 2m phase modulation, where 4dn is the
birefringence of the LC (defined as the difference between the real part of its extraordinary
refractive index and ordinary refractive index) and A is the operational wavelength. The
response speed of the device is proportional to the square of the LC thickness under a strong
anchoring condition, and varics lincarly with LC thickness for weak anchoring. The inter pixcl
cross talk sets a limit to the minimum pixel size of the device, and is in turn also determined by
the LC thickness. Therefore, the LC thickness is a critical parameter in these devices, as it
constrains pixel size and response speed, and subsequently the field of view (FOV) and the
refresh rate of the device. FIG. 1B shows (above) the relationship between resolution and field
of view (FOV), pixcl pitch (PP) liquid crystal (LC) laycr thickness as well as frame rate; and
(below) a comparison of pixel pitch (PP) of devices manufactured by Holoeye and Jasper in
years 2000 and 2020.

[0004] Inlegration of a melasurface, i.e., a two dimensional (2D) arrangement ol optically
resonant elements, also known as nanoantennas, with LC cells forms what is known as a
mctasurface or nanoantcnna spatial light modulator (NSLM). FIG. 1C shows a schematic of a
nanoantenna spatial light modulator (NSLM). The NSLM has emerged as a promising platform
to miniaturize the pixel size, and have various nano-photonics applications. Unlike in
convenlional SLMs, abrupt optical phase shifts in NSLMs are introduced by the resonant
character of the nanoantenna. The reorientation of LC molecules locally modifies the near-field

cnvironment of the nanoantcnna, cnabling highly cfficicnt spectral tuning of their resonances
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and the associated phase modulation. Since only the near-field of the nanoantennas needs to be
modified (which typically extends only a few hundreds of nanometers at optical frequencies),
their presence allows the reduction of the thickness of the tunable medium (i.e.. the LC layer)
significantly. The cross-talk between neighboring electrodes is also reduced, thereby allowing
pixcl miniaturization. This allows for wavefront modulating devices with a widc ficld of view
and an improved refreshing rate. Typically, the NSLM devices have miniaturized LC cells (each
with thickness of less than 1 um).

[0005] However, for such thin cells, a problem arises if one uses the common strategy to
induce the pre-alignment of the LC by using an alignment layer, such as a polyimide layer for
rubbed alignment or a suitable photosensitive material layer for photo-induced alignment. For
ultra-thin cells, the dielectric shielding effect would be apparent even with a thin alignment
layer and the effective phase shift would be reduced. Further, the strong anchoring from the
alignment layer for an ultra-thin LC cell slows down the electric field response of the LC and
increases the range of volage level required for switching which may increase again the cross-

talk, ultimatcly hindcring the benefit of using thinner cells.

SUMMARY
[0006]  Various embodiments may relate (o a liquid crystal (LC) device. The liquid crystal
(LC) device may include a first electrode. The liquid crystal (LC) device may also include a
sccond clectrode. The liquid crystal (LC) device may further include a liquid crystal layer
between the first electrode and the second electrode, the liquid crystal layer including liquid
crystal molecules and an array of nanostructures adapted to cause a desired alignment of the
liquid crystal molecules and to modulate light passing through the liquid crystal device. A
periadicity of the array of nanostructures or an aspect ratio of each nanostructure of the array

of nanostructurcs may be adapted to causc the desired alignment of the liquid crystal molcculcs.
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[0007]  Various embodiments may relate to a method of forming a liquid crystal (LC) device.
The method may include forming a first electrode. The method may also include forming a
second electrode. The method may further include forming a liquid crystal layer between the
first electrode and the second electrode, the liquid crystal layer including liquid crystal
molccules and an array of nanostructurcs adapted to causc a desired alignment of the liquid
crystal molecules and to modulate light passing through the liquid crystal device. A periodicity
of the array of nanostructures or an aspect ratio of each nanostructure of the array of

nanostructures may be adapted to cause the desired alignment of the liquid crystal molecules.

BRIEF DESCRIPTION OF THE DRAWINGS
[0008]  Inthe drawings, like reference characters generally refer to the same parts throughout
the different views. The drawings are not necessarily drawn to scale, emphasis instead generally
being placed upon illustrating the principles of various embodiments. In the following
description, various embodiments of the invention are described with reference to the following
drawings.
FIG. 1A shows a conventional liquid crystal on silicon (LCoS) based spatial light modulator
(SLM).
FIG. 1B shows (above) the relationship between resolution and field of view (FOV), pixel pitch
(PP) liquid crystal (LC) layer thickness as well as frame rate; and (below) a comparison of pixel
pitch (PP) of devices manufactured by Holocye and Jasper in years 2000 and 2020.
FIG. 1C shows a schematic of a nanoantenna spatial light modulator (NSLM). The NSLM has
emerged as a promising platform to miniaturize the pixel size, and have various nano-photonics
applications.
FIG. 2 shows a general illustration of a liquid crystal (LC) device according to various

cmbodiments.
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FIG. 3 shows a general illustration of a method of forming a liquid crystal (LC) device
according to various embodiments.

FIG. 4A shows a schematic of a cross-sectional side view of a unit cell of a conventional
transmissive nanoantenna spatial light modulator (NSLM) with disc shaped nanoantennas.
FIG. 4B shows a schematic illustrating the orientation of a liquid crystal (LC) molccule used in
the LC device according to various embodiments.

FIG. 5 shows a schematic of a cross-sectional side view of a unit cell of an ultra-thin liquid
crystal (LC) device with disc shaped nanoantennas and without a top electrode alignment layer.
FIG. 6 shows a schematic of a cross-sectional side view of a unit cell of another ultra-thin liquid
crystal (LC) device with square shaped nanoantennas 608 and without a top clectrode alignment
layer.

FIG. 7 shows the scanning electron microscopy (SEM) images of (a) an array of disc shaped
nanoantennas and (b) an array of square shaped nanoantennas.

FIG. 8A shows a simulated plot of transmittance as a function of wavelength (in nanometers or
nm) illustrating the transmission spectrum of the liquid device (LC) with the disc shaped
nanoantennas as shown in FIG. 5 under illumination of normally incident light with
polarizations along X-axis (P-0, solid line), along Y-axis (P-90, dotted line) and at an angle of
45° 1o the X-axis (P-45, dashed line).

FIG. 8B shows a measured plot of transmittance as a function of wavelength (in nanometers or
nm) illustrating the transmission spectrum of the liquid crystal (LC) devices with 1500 nm thick
liquid crystal (LC) layers as well as disc shaped nanoantennas arrays, and having an alignment
layer (W, dashed line) or without an alignment layer (WO, solid line), under incident light with
polarization along the X-axis, with the insets showing microscopic images of the cell without
an alignment layer (WO) and with an alignment layer (W) under crossed polarizer (Px) and

analyzcr (Ay).
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FIG. 8C shows a measured plot of transmittance as a function of wavelength (in nanometers or
nm) illustrating the transmission spectrum of the liquid crystal (LC) devices with 1500 nm thick
liquid crystal (LC) layers as well as disc shaped nanoantennas arrays, and having a top electrode
alignment layer (W, dashed line) or without a top electrode alignment layer (WO, solid line),
under incident light with polarization 135° to the X-axis, with the inscts showing microscopic
images of the cells without an alignment layer (WO) and with an alignment layer (W) under
crossed polarizer (Px) and analyzer (Ay).

FIG. 8D shows a measured plot of transmittance as a function of wavelength (in nanometers or
nm) illustrating the transmission spectrum of the liquid crystal (LC) devices with 750 nm thick
liquid crystal (LC) laycrs as well as disc shaped nanoantennas arrays, and having an alignment
layer (W, dashed line) or without an alignment layer (WO, solid line), under incident light with
polarization along the X-axis, with the insets showing microscopic images of the cell without
an alignment layer (WO) and with an alignment layer (W) under crossed polarizer (Px) and
analyzer (Ay).

FIG. 8E shows a mcasurcd plot of transmittance as a function of wavelength (in nanometers or
nm) illustrating the transmission spectrum of the liquid crystal (LC) devices with 750 nm thick
liquid crystal (LC) layers as well as disc shaped nanoantennas arrays, and having a top electrode
alignment layer (W, dashed line) or without a top electrode alignment layer (WO, solid line),
under incident light with polarization 45° to the X-axis, with the insets showing microscopic
imagcs of the cclls without an alignment laycr (WO) and with an alignment layer (W) under
crossed polarizer (Px) and analyzer (Ay).

FIG. 9A shows a simulated plot of transmittance as a function of wavelength (in nanometers or
nm) illustrating the transmission spectrum of the liquid device (LC) with the square shaped
nanoantennas as shown in FIG. 6 under illumination of normally incident light with

polarizations along X-axis, along Y-axis and at an angle of 45° to the X-axis.
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FIG. 9B shows a plot of transmittance as a function of wavelength (in nanometers or nm) shows
a measured plot of transmittance as a function of wavelength (in nanometers or nm) illustrating
the transmission spectrum of the liquid crystal (LC) devices with 750 nm thick liquid crystal
(LC) layers as well as square nanoantennas arrays, and having an alignment layer (rubbing
dircction along the X-axis) for applicd voltages of 0Vims and 4Vims under incident light with
polarization P-135 and for applied voltage of OVmms,under incident light with polarization P-0
and incident light with polarization P-45, with the insets showing microscopic images of the
cells with parallel orientation and 45° orientation under crossed polarizer (Px) and analyzer
(Ay).

FIG. 9C shows a plot of transmittancc as a function of wavelength (in nanometers or nm) shows
a measured plot of transmittance as a function of wavelength (in nanometers or nm) illustrating
the transmission spectrum of the liquid crystal (LC) devices with 750 nm thick liquid crystal
(LC) layers as well as square nanoantennas, without an alignment layer for applied voltages of
OVins and 4V under incident light with polarization P-45 and for applied voltage of
O0Vms,under incident light with polarization P-0 and incident light with polarization P-135, with
the insets showing microscopic images of the cells with parallel orientation and 45° orientation
under crossed polarizer (Px) and analyzer (A4y).

FIG. 10 shows a schemalic of a liquid crystal (LC) alignment induced by the nanostructures or
nanoantennas having (a, b) shape of discs and (c, d) shape of squares.

FIG. 11 shows a schematic of a cross-scctional side view of a unit ccll of an ultra-thin liquid
crystal (LC) device according to various embodiments.

FIG. 12 shows (a) a scanning electron microscopy (SEM) image of fabricated rectangular
nanoanienna metasurface according Lo various embodiments; and (b) a schematic illustrating
the alignment of the liquid crystal molecules induced by the rectangular nanostructures or

nanoantcnnas according to various cmbodiments.
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FIG. 13A shows a simulated plot of transmittance as a function of wavelength (in nanometers
or nm) illustrating the transmission spectrum of the liquid device (LC) with the rectangular
nanoantennas according to various embodiments as shown in FIG. 11 under illumination of
normally incident light with polarizations along X-axis (P-0, dashed line) and along Y-axis (P-
90, solid linc).

FIG. 13B shows a measured plot of transmittance as a function of wavelength (in nanometers
or nm) illustrating the transmission spectrum of the liquid device (LC) with the rectangular
nanoantennas according to various embodiments as shown in FIG. 11 under illumination of
normally incident light with polarizations along X-axis (P-0, dashed line) and along Y-axis (P-
90, solid linc).

FIG. 14 shows (a) scanning electron microscopy (SEM) images of fabricated nano-square
nanoantcnnas (L =W =270 nm, H = 200 nm, P, = P, = 360 nm); (b) — (d) microscopy
images of the fabricated square nanoantennas shown in (a) under crossed polarizer (Px) and
analyzer (Ay) for different array orientations; (¢) scanning electron microscopy (SEM) images
of fabricatcd rectangular nanoantennas according to various cmbodiments (L = 260 nm, W =
180 nm, H = 200 nm, P, = 360 nm, P, = 290 nm ); (f) — (h) microscopy images of the
fabricated rectangular nanoantennas shown in (e) according to various embodiments under
crossed polarizer (Px) and analyzer (Ay) for diflerent array orientations; (i) scanning electron
microscopy (SEM) images of fabricated rectangular nanoantennas according to various
embodiments (L = 350 nm, W = 180 nm, H = 200 nm, P, = 430 nm, P, =270 nm); (j) -
(1) microscopy images of the fabricated rectangular nanoantennas shown in (i) according to
various embodiments under crossed polarizer (Px) and analyzer (Ay) for different array
orientations.

FIG. 15A shows a simulated plot of transmittance as a function of wavelength (in nanometers

or nm) illustrating the transmission spcctrum of the liquid device (LC) with the rectangular
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nanoantennas for homogeneous (8 = 90°, solid line) liquid crystal (LC) alignment and for
homeotropic (8 = 0°, dashed line) liquid crystal (LC) alignment under incident light with
polarization along the X-axis (P-0) according to various embodiments.

FIG. 15B shows a measured plot of transmittance as a function of wavelength (in nanometers
or nm) illustrating the transmission spectrum of the liquid device (LC) with the rectangular
nanoantennas and without an alignment layer for applied voltages OVims, 3.5Vimy and 5Vims
under incident light with polarization along the X-axis (P-0) according to various embodiments.
FIG. 15C shows a measured plot of transmittance as a function of wavelength (in nanometers
or nm) illustrating the transmission spectrum of the liquid device (LC) with the rectangular
nanoantcnnas and with an alignment layer for applicd voltages OVims, 3.5Vims and 5V ms under
incident light with polarization along the X-axis (P-0).

FIG. 16 shows microscopy images of liquid crystal (LC) infiltrated rectangular nanoantennas
under crossed polarizer (Px) and Analyzer (4y) for () - (¢) 500 nm thick liquid crystal (LC)
cell with top electrode alignment layer under different applied voltages; (d) - (f) 500 nm
thick liquid crystal (LC) cell with pure metasurface induced alignment without top
electrode alignment layer according to various embodiments under different applied
voltages; and (h) - (j) 1000 nm thick liquid crystal (LC) cell with pure metasurface
induced alignment without top electrode alignment layer according to various
embodiments under different applied voltages. One set of arrows indicate the LC director
which is orientated along the length or long axis of the rectangular nanoantennas, while
another set of arrows indicate the alignment direction induced by the top electrode
alignment layer.

FIG. 17A shows a plot of waveform (in volts or V)/ intensity as a [unction ol time (in

milliseconds or ms) illustrating the switch performance (voltage dependent transmitted
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intensity-black dotted line) of a 1000 nm thick cell without alignment layer according to various
embodiments under applied signals (grey lines).

FIG. 17B shows a plot of waveform (in volts or V)/ intensity as a function of time (in
milliseconds or ms) illustrating the switch performance (voltage dependent transmitted
intensity-black dotted line) of a 750 nm thick ccll without alignment layer according to various
embodiments under applied signals (grey lines).

FIG. 17C shows a plot of waveform (in volts or V)/ intensity as a function of time (in
milliseconds or ms) illustrating the switch performance (voltage dependent transmitted
intensity-black dotted line) of a 750 nm thick cell with a top electrode alignment layer under
applicd signals (grey lines).

FIG. 18 shows a schematic of a cross-sectional side view of a unit cell of a liquid crystal (LC)
device with rectangular nanoantennas according to various embodiments.

FIG. 19 shows a schematic of a perspective view of a unit cell of a liquid crystal (LC) device
with rectangular nanoantennas and a pixelated second electrode according to various
cmbodiments.

FIG. 20 shows a schematic of a cross-sectional side view of a unit cell of a transmissive liquid
crystal (LC) device with rectangular nanoantennas on or in contact with the first electrode and
the second electrode respectively according o various embodiments.

FIG. 21 shows a schematic of a cross-sectional side view of a unit cell of a reflective liquid
crystal (LC) device with rectangular nanoantcnnas on opposing sides on a liquid crystal layer
according to various embodiments.

FIG. 22 shows a schematic of a cross-sectional side view of a unit cell of a liquid crystal (LC)
device with (wo arrays of rectangular nanoantennas aligned perpendicular (o each other

according to various embodiments.

10
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FIG. 23 shows a schematic of a cross-sectional side view of a unit cell of a transmissive liquid
crystal (LC) device with an array of nanopillars according to various embodiments.

FIG. 24 shows a schematic of a cross-sectional side view of a unit cell of a reflective liquid
crystal (LC) device with an array of nanopillars according to various embodiments.

FIG. 25A shows a schematic of a cross-scctional side view of a unit ccll of a reflective liquid
crystal (LC) device with an array of nanopillars according to various embodiments when the
voltage applied is below the threshold voltage (V).

FIG. 25B shows a schematic of a cross-sectional side view of the unit cell of the reflective
liquid crystal (LC) device with the array of nanopillars according to various embodiments when
the voltage applicd is above the threshold voltage (V).

FIG. 26 shows a table comparing the liquid crystal (LC) device according to various

embodiments with previous devices that have been reported.

DESCRIPTION

[0009]  The following dctailed description refers to the accompanying drawings that show,
by way of illustration, specific details and embodiments in which the invention may be
practiced. These embodiments are described in sufficient detail to enable those skilled in the art
to practice the invention. Other embodiments may be ulilized and structural, logical, and
electrical changes may be made without departing from the scope of the invention. The various
cmbodiments arc not necessarily mutually cxclusive, as some embodiments can be combined
with one or more other embodiments to form new embodiments.

[0010]  Features that are described in the context of an embodiment may correspondingly be
applicable to the same or similar [eatures in the other embodiments. Features that are described
in the context of an embodiment may correspondingly be applicable to the other embodiments,

cven if not explicitly described in these other embodiments. Furthermore, additions and/or
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combinations and/or alternatives as described for a feature in the context of an embodiment
may correspondingly be applicable to the same or similar feature in the other embodiments.
[0011] Inthe context of various embodiments, the articles “a”, “an” and “the” as used with
regard to a feature or element include a reference to one or more of the features or elements.
[0012]  In the context of various embodiments, the term “about” or “approximately” as
applied to a numeric value encompasses the exact value and a reasonable variance, e.g. within
10% of the specified value.

[0013]  Asused herein, the term “and/or” includes any and all combinations of one or more
of the associated listed items.

[0014] By “comprising” it is meant including, but not limited to, whatever follows the word
“comprising”. Thus, use of the term “comprising” indicates that the listed elements are required
or mandatory, but that other elements are optional and may or may not be present.

[0015] By “consisting of” is meant including, and limited to, whatever follows the phrase
“consisting of”. Thus, the phrase “consisting of” indicates that the listed elements are required
or mandatory, and that no othcr clements may be present.

[0016] Embodiments described in the context of one of the liquid crystal devices are
analogously valid for the other liquid crystal devices, embodiments described in the context of
a method are analogously valid for a liquid crystal devices, and vice versa.

[0017]  Various embodiments may address one or more issues faced by conventional
devices. Various embodiments may provide a liquid crystal (LC) alignment stratcgy diffcrent
from that of conventional devices. Various embodiments may not include a separate alignment
layer. Instead, the metasurface or array of nanoantennas (referred to also as nanostructures) may
provide alignment (i.e., pre-alignment) for the liquid crystal (LC) molecules. According (o
various embodiments, the nanostructures may have a dual purpose of sustaining optical

rcsonanccs uscd for light modulation and inducing the required alignment of liquid crystal (LC)
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molecules. The LC molecular alignment may be purely controlled by the periodicity and
geometry of the nanoantennas without any additional alignment layer. Various embodiments
may have greatly reduced response time and operational voltage requirements.

[0018]  FIG. 2 shows a general illustration of a liquid crystal (LC) device according to
various cmbodiments. The device may be referred to as a metasurface-LC device, a metasurface
or nanoantenna spatial light modulator (NSLM), or more simply as a spatial light modulator
(SLM). The liquid crystal (LC) device may include a first electrode 202. The liquid crystal (LC)
device may also include a second electrode 204. The liquid crystal (LC) device may further
include a liquid crystal layer 206 between or sandwiched between the first electrode 202 and
the sccond clectrode 204, the liquid crystal layer 206 including liquid crystal molccules and an
array of nanostructures 208 adapted to cause a desired alignment of the liquid crystal molecules
and to modulate light passing through the liquid crystal device. A periodicity of the array of
nanostructures and/or an aspect ratio of each nanostructure of the array of nanostructures may
be adapted to cause the desired alignment of the liquid crystal molecules.

[0019]  In other words, various cmbodiments may includc two clectrodes 202, 204 and a
liquid crystal layer 206 between the two electrodes 202, 204. The liquid crystal layer 206 may
have nanostructures or nanoantennas which have a dual function of modulating light as well as
to provide alignment (i.e., pre-alignment) for the liquid crystal molecules of the liquid crystal
layer 206.

[0020]  For avoidancc of doubt, FIG. 2 is intendced to illustrate some featurcs of the deviee
according to various embodiments, and is not intended to limit the size, shape, orientation,
arrangement etc. of the various embodiments. For instance, while FIG. 2 shows the
nanostructures 208 having rectangular cross-sectional shapes, it is envisioned that the

nanostructures 208 may have other suitable cross-sectional shapes, e.g. elliptical or ellipsoidal
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shapes. In addition, while FIG. 2 shows two nanostructures, various embodiments may include
any suitable number of nanostructures.

[0021]  The periodicity of the array of nanostructures and/or the aspect ratio of each of the
array of nanostructures may be adapted to cause/control the alignment of the liquid crystal
molccules so that the liquid crystal molecules are aligned in a desired direction/alignment. This
can be achieved without the use of an alignment layer support in the liquid crystal device. The
presence of an alignment layer in the device may increase the voltage requirement for resonance
tuning and may reduce the efficiency of light modulation. The presence of an alignment layer
may also constrain a device’s thickness, its switching speed and device sensitivity. This may be
cven more pronounced for an ultra-thin liquid crystal device (c.g. wherc the thickness of the
liquid crystal layer is of sub-micron scale). These effects of the alignment layer in a liquid
crystal device may be undesirable. Various embodiments may therefore use an array of
nanostructures or nano-antennas to achieve a desired alignment of the liquid crystal molecules
and to modulate light passing through the liquid crystal device without the use of an alignment
laycr.

[0022] In various embodiments, the array of nanostructures 208 may be arranged in a
periodic lattice.

[0023]  In various embodiments, the second electrode 204 may or may nol be pixelated.
[0024]  In various embodiments, wherein the first electrode 202 may be continuous and the
sccond clectrode 204 may be pixelated. The array of nanostructurcs 208 may be formed on the
first electrode 202 or the second electrode 204. In other words, the array of nanostructures 208
may be in contact with the first electrode 202 or the second electrode 204. In various
embodiments, each pixel of the pixelated second electrode 204 may be configured o be
addressed individually by an integrated circuit. The nanoantennas or nanostructures 208 on the

pixclated sccond clectrode 204 may provide higher device cfficiency as compared to a non-
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pixelated electrode. In various other embodiments, the nanostructures 208 may be located on
or in contact with the first continuous electrode 202.

[0025]  In various embodiments where the first electrode 202 is additionally or alternatively
pixelated, the first electrode 202 may be configured to be addressed individually by an
intcgrated circuit.

[0026] In various embodiments, the liquid crystal layer 206 may further include a further
array of nanostructures. The array of nanostructures 208 and the further array of nanostructures
may be at opposing sides of the liquid crystal layer 206. In various embodiments, the array of
nanostructures 208 may be in contact with the second electrode 204 and the further array of
nanostructurcs may bc in contact with first clectrode 202, or vice versa. In various
embodiments, a longitudinal axis of the array of nanostructures 208 may be rotated with respect
to a longitudinal axis of the further array of nanostructures. The longitudinal axis of the array
of nanostructures 208 may be rotated at an angle greater than 0° with respect to the longitudinal
axis of the further array of nanostructures.

[0027]  Invarious cmbodiments, the longitudinal axis of the array of nanostructurcs 208 may
be substantially perpendicular to the longitudinal axis of the array of nanostructures 208. For
instance, the longitudinal axis of the array of nanostructures 208 may be any one value selected
[rom a range [rom 80° o 110°, e.g. 85° to 105° (o the longitudinal axis of the array ol
nanostructures 208. In various embodiments, the longitudinal axis of the array of nanostructures
208 may be perpendicular to the longitudinal axis of the array of nanostructurcs 208.

[0028]  In various embodiments, the first electrode 202 and the second electrode 204 may be
transparent. In various embodiments, the first electrode 202 and the second electrode 204 may
each allow a substantial amount of light (e.g. more than 80%, more than 90%. more than 95%
or more than 99%) having any one wavelength or range of wavelengths selected from a range

from 400 nm to 1500 nm to pass through. The first clectrode 202 and the sccond clectrode 204
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may include any suitable transparent material such as indium tin oxide (ITO), gallium doped
1TO, fluorine doped tin oxide (FTO), doped zinc oxide, aluminum doped zin oxide (AZO),
carbon nanotubes or graphene.

[0029]  In various embodiments, the first electrode 202 may be transparent and the second
clectrode 204 may be reflective. In various cmbodiments, the first clectrode 202 may allow a
substantial amount of light (e.g. more than 80%, more than 90%, more than 95% or more than
99%) having any one wavelength or range of wavelengths selected from a range from 400 nm
to 700 nm to pass through. The second electrode 204 may reflect a substantial amount of light
(e.g. e.g. more than 80%, more than 90%, more than 95% or more than 99%) having any one
wavclength or range of wavclengths sclected from a range from 400 nm to 1500 nm. In various
embodiments, the second electrode 204 may include an aluminum layer, a gold layer, a silver
layer, or a copper layer. In various other embodiments, the second electrode 204 may include a
dielectric mirror in combination with a transparent electrical conductor. On the other hand, the
first electrode 202 may include any suitable transparent material such as indium tin oxide (ITO),
gallium doped ITO, fluorine doped tin oxide (FTO), doped zinc oxide, aluminum doped zin
oxide (AZO). carbon nanotubes or graphene.

L0030]  In various embodiments, a thickness of the liquid crystal layer 206 may be of any
one value selected from a range (rom 200 nm Lo 800 nm. In various embodiments, a distance
between the first electrode 202 and the second electrode 204 may be of any one value selected
from a range from 200 nm to 800 nm. The minimal thickness of the liquid crystal layer 206
may be equivalent to a height of the nanostructures / nano-antennas, which may be any one
value selected from a range from 200 nm to 800 nm.

[0031] In various embodiments, the array of nanostructures 208 and/or the [urther array ol
nanostructures may have at least two dimensions smaller than an operating light wavelength of

the liquid crystal device. In various cmbodiments, onc, two or all three dimensions of cach
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nanostructure of the array of nanostructures 208 or the further array of nanostructures may be
of any value less than 700 nm, or less than 500 nm, or less than 400 nm or less than 100 nm.
[0032]  In various embodiments, the array of nanostructures 208 and/or the further array of
nanostructures may include a dielectric material or a semiconductor material. In various
cmbodiments, the array of nanostructurcs 208 and/or the further array of nanostructurcs may be
made of a dielectric material or a semiconductor material which has a real part of a refractive
index being more than or equal to 2, and an imaginary part of the refractive index being less
than or equal to 0.1. In various embodiments, the dielectric material may be or may include
titanium oxide (TiO2). In various embodiments, the array of nanostructures 208 and/or the
furthcr array of nanostructurcs may include titanium oxide, silicon, germanium, gallium nitride,
gallium phosphide, indium phosphide, gallium arsenide, silicon nitride, or copper oxide.
[0033]  In various embodiments, the liquid crystal (LC) molecules may be any suitable
molecules. For instance, the liquid crystal molecules may be or may include nematic liquid
crystal molecules, dual frequency liquid crystal (DFLC) molecules, smectic liquid crystal
molccules, or chiral liquid crystal molcculces.

[0034]  In various embodiments, a dimension along a direction at which the liquid crystal
(LC) molecules are to be aligned of each nanostructure of the array of nanostructures may be
larger compared (o remaining dimensions of the nanostructure. In other words, a
dimension of each of the first array of nanostructures may be adapted to be the largest along a
dircction at which the liquid crystal molccules arc to be aligned. The dimension of the
nanostructure along this alignment direction of the LC molecules may be more than 0%, more
than 10%, more than 20%, more than 30%, more than 50%, more than 100%, more than 200%,
more than 300%, or more than 500% than each of the remaining dimensions of the
nanostructure. In various embodiments, an aspect ratio (AR) of a nanostructure (e.g. indicating

the ratio of a dimcnsion of the nanostructurc along the dircction at which the liquid crystal (LC)
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molecules are to be aligned to a dimension perpendicular to the direction (at which the liquid
crystal (LC) molecules are to be aligned)) may for instance be more than 1:1, more than 1.1 :
1, more than 1.2 : 1, more than 1.3 : 1, more than 1.5 : 1, more than 2 : 1, more than 3 : 1 more
than 4: 1, or more than 6: 1.

[0035] Invarious cmbodiments, a periodic lattice of the array of nanostructurcs may include
a longest lattice vector along a direction at which the liquid crystal molecules are to be aligned.
In other words, a lattice vector of the periodic lattice of the array of nanostructures may be
longer than other lattice vectors of the periodic lattice. The lattice vector along this alignment
direction of the LC molecules may be more than 0%, more than 10%, more than 20%, more
than 30%, morc than 50% morc than 100%, morc than 200%, morc than 300%, or morc than
500% than each of the remaining lattice vectors.

|0036]  In various embodiments, a threshold voltage or potential difference applied between
the first electrode 202 and the second electrode 204 for switching the liquid crystal device may
be of any one value selected from a range from 0.5V s to 0.8 Vims. Vims represents the root-
mcan squarc voltage. The applied voltage may be an alternating voltage or altcrnating current
(AC) voltage.

[0037]  In various embodiments, the liquid crystal device may further include a passivation
layer formed on the second electrode 204 adapted (o avoid direct contact of the liquid crystal
molecules with the second electrode 204. The first electrode 202 may be in contact with the
liquid crystal layer 206. The passivation layer may include an oxide having a refractive index
of less than 2 and may be transparent. The oxide may, for instance, be silicon oxide, germanium
oxide or aluminum oxide.

[0038] In various other embodiments, both the [irst electrode 202 and the second electrode

204 may be in contact with the liquid crystal layer 206. In yet various other embodiments, both
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the first electrode 202 and the second electrode 204 may not be in contact with the liquid crystal
layer 206.

[0039]  In various embodiments, the array of nanostructures may include nanopillars, each
of the nanopillars having a height which is larger than its width or its length. Each of the
nanopillars may include onc or morc materials. The nanopillars may bc adapted to align the
liquid crystal molecules in a direction along a longitudinal axis of the nanopillars. The liquid
crystal molecules may include positive dielectric anisotropy. Switching of the liquid crystal
device may be provided by an application of an in-plane electric field across the nanopillars.
The in-plane electric field may be an external electric field provided by a complementary metal
oxide semiconductor (CMOS) device or circuit.

[0040]  FIG. 3 shows a general illustration of a method of forming a liquid crystal (LC)
device according to various embodiments. The method may include, in 302, forming a first
electrode. The method may also include, in 304, forming a second electrode. The method may
further include, in 306, forming a liquid crystal layer between the first electrode and the second
clectrode, the liquid crystal layer including liquid crystal molccules and an array of
nanostructures adapted to cause a desired alignment of the liquid crystal molecules and to
modulate light passing through the liquid crystal device. A periodicity of the array of
nanostructures or/and an aspect ratio of each nanostructure of the array ol nanostructures may
be adapted to cause the desired alignment of the liquid crystal molecules.

[0041]  In other words, the method of forming a LC device may include forming the two
electrodes and the liquid crystal layer between the two electrodes. The liquid crystal layer may
include liquid crystal molecules as well as an array of nanostructures designed to align the liquid
crystal molecules and also to modulate light.

[0042]  For avoidance of doubt, FIG. 3 is not intended to limit the sequence of the various

steps. For instance, step 302 may occur before or after step 304. In various cmbodiments, the
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second electrode may be formed first, followed by forming the liquid crystal layer (with the
array of nanostructures) over the second electrode, and then forming the first electrode over the
liquid crystal layer. In various other embodiments, the first electrode may be formed first,
followed by forming the liquid crystal layer (with the array of nanostructures) over the first
clectrode, and then forming the sccond clectrode over the liquid crystal layer.

[0043] In various embodiments, the second electrode may be pixelated, while in various
other embodiments, the second electrode may be continuous. In various embodiments, the first
electrode may be pixelated, while in various other embodiments, the first electrode may be
continuous.

[0044]  In various cmbodiments, the liquid crystal layer may include a furthcr array of
nanostructures. The array of nanostructures and the further array of nanostructures may be at
opposing sides of the liquid crystal layer. In various embodiments, the array of nanostructures
may be in contact with the second electrode and the further array of nanostructures may be in
contact with first electrode. In various other embodiments, the array of nanostructures may be
in contact with the first clectrode and the further array of nanostructurcs may bc in contact with
second electrode.

[0045]  In various embodiments, a longitudinal axis of the array of nanostructures may be
rotated with respect (o a longitudinal axis of the (urther array ol nanostructures. In various
embodiments, the longitudinal axis of the array of nanostructures is substantially perpendicular
to the longitudinal axis of the further array of nanostructurcs.

[0046]  In various embodiments, the second electrode may be transparent. In various other
embodiments, the second electrode may be reflective.

[0047] In various embodiments, the first electrode may be (ransparent. In various other

embodiments, the first electrode may be reflective.
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[0048]  In various embodiments, a thickness of the liquid crystal layer may be of any one
value selected from a range from 200 nm to 800 nm.

[0049] In various embodiments, the array of nanostructures may have at least two
dimensions smaller than an operating light wavelength of the liquid crystal device.

[0050] In various cmbodiments, a dimension along a dircction at which the liquid crystal
molecules are to be aligned of each nanostructure of the array of nanostructures may be larger
compared to remaining dimensions of the nanostructure. In various embodiments, a periodic
lattice of the array of nanostructures comprises a longest lattice vector along a direction at which
the liquid crystal molecules are to be aligned.

[0051]  In various cmbodiments, the method may further include forming a passivation layer
formed on the second electrode adapted to avoid direct contact of the liquid crystal molecules
with the second electrode. The passivation layer may include an oxide having a refractive index
of less than 2 and may be transparent.

[0052]  In various embodiments, the array of nanostructures may include nanopillars, each
of the nanopillars having a height which is larger than its width or its length.

[0053]  Various embodiments may provide an ultra-thin metasurface-LC cell, where the
metasurface (i.e., formed by the nanostructures or nanoantennas) defines the LC alignment
without need of an additional alignment layer. The nanostructures or nanoantennas, moreover,
may modulate the light, thus controlling both the LC orientation and the light modulation. The
sct of nanostructurcs or nanoantcnnas may sustain optical resonanccs at the operating frequency
(or frequencies) of the LC device. These nanostructures or nanoantennas may be arranged in a
lattice, forming a so called metasurface, and may be embedded in a thin layer of nematic liquid
crystals. In some embodiments, the LC may be a dual [requency LC (DFLC). The electric field
induced reorientation of LC molecules locally modifies the near-field environment of the

nanoantcnna, cnabling highly cfficient spectral tuning of their resonances and the associated
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amplitude and/or phase modulation. Compared to the conventional LC light modulators, the
presence of nanoantennas or nanostructures may allow the thickness of the LC layer to be
reduced significantly. The cross-talk between neighboring electrodes may also be reduced,
thereby allowing pixel miniaturization. In contrast to conventional devices, various
cmbodiments may utilize the design of gcomctry and periodic arrangement of the
nanostructures or nanoantennas to help to remove the requirement of using an alignment layer
to define the LC pre-alignment in the absence of applied bias, which helps to bring down the
operational voltage range of the device and to increase its response speed.

[0054]  FIG. 4A shows a schematic of a cross-sectional side view of a unit cell of a
conventional transmissive nanoantenna spatial light modulator (NSLM) with disc shaped
nanoantennas 408. The nanoantennas 408 is included in a liquid crystal (LC) layer 406. The
device is composed by the periodic repetition of these unit cells in both the X and Y directions.
The device includes two substrates 410, 412 with transparent electrodes 402, 404, assembled to
form the unit cell. Indium tin oxide (ITO) is used as the material for the transparent electrodes
402, 404. Instcad of ITO, other transparcnt, clectrically conductive materials such as aluminum
doped zin oxide (AZO) could also be used. The bottom electrode 404 is pixelated, and the top
electrode 402 is continuous. The top electrode is coated with an alignment layer 450, which is
either a polymer or a monomer. The alignment layer 450 is (reated Lo induce a preferential pre-
alignment of the LC along the X-axis. There are two usual ways of controlling the direction of
the alignment layer, which in turn controls the LC dircctor (average oricntation of LC
molecules) alignment. The first method of treatment is carried out by irradiating a
photosensitive material (e.g. azo-dye) with a polarized light source (light typically in ultraviolet
(UV) range), and is known as photo-induced alignment. The second method is mechanical
rubbing of polyimide or polystyrene. Alignment direction is defined by the polarization of UV

in the first mcthod and the direction of rubbing in the sccond mcthod. Also, micro or
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nanostructured induced LC alignment has been reported, but at least a single side alignment
layer or nanopatterning of the alignment layer 450 itself is used in most of the cases for
achieving uniform LC alignment.

[0055] In contrast, various embodiments may not involve an alignment layer, and the
mctasurface itself may provide LC alignment in addition to wavefront modulation. Unless
stated otherwise, comparisons between various embodiments and conventional methods of
using alignment layers as described herein refer to comparisons between various embodiments
and using alignment layers formed by the rubbing method, as the rubbing method is known to
provide more reliability as compared to the photo-induced alignment method.

[0056]  In various embodiments, the nanostructurcs or nanoantcnnas may be made of a high
index dielectric material, e.g. titanium oxide (TiO2), which may be formed on the bottom
pixelated electrodes. The geometrical parameters of nanostructures or nanoantennas may be
selected such that both electric dipoles (ED) and magnetic dipoles (MD) are excited and the
nanostructures or nanoantennas are resonant at the visible wavelength range. The
nanostructures or nanoantennas may cause a phase shift of 27 radians in transmi ssion when the
electric and magnetic resonances overlap each other or provide similar shifts using a single
resonance in reflection. The metasurface periodicity (Px and Py ) may be about 400nm or any
other suitable dimensions so that the unit cell would be sub-dilfractive. The precise gap between
the top and bottom electrodes may define the LC cell thickness, and may be a critical parameter.
To achicve enough level of precision, a UV-curable adhesive (c.g. Norland optical adhesive
NOAS81) may be used to define the gap between the electrodes. Dual frequency liquid crystal
(DFLC) molecules may be encapsulated in the cell through capillary filling, and thus the
nanoantennas or nanostructures may be embedded in the liquid crystal layer.

[0057] FIG. 4B shows a schematic illustrating the orientation of a liquid crystal (LC)

molccule used in the LC device according to various cmbodiments. The polar and azimuthal
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angles are depicted as 6 and ¢, respectively. In the nematic phase, the long axis of the molecules
tends to align parallel to each other in a direction, the so-called director (i), which is apolar.
The LC refractive indices parallel and perpendicular to the director are called the extraordinary
refractive index (ne) and the ordinary refractive index (no), respectively. The difference (i.e.,
n, —n, ) gives the birefringence (An). The birefringence of DFLC used in the current
demonstration (DP002-016 from PhiChem-HCCH) is An = 0.268 (n, = 1.779. n, = 1.511 at
A =589 nm, 20°C). The DFLC may be a LC mixture which exhibits positive dielectric
anisotropy (Ae > 0) at lower frequencies, and negative dielectric anisotropy (Ae < 0) at
frequencies over the crossover frequency (=60kHz for DP002-016). This allows, for an applied
voltage above the threshold, the rcoricntation of optic axis along the clectric ficld at lower
frequencies, and re-orientation of the optic axis perpendicular to the field direction at higher
frequencies. The LC orientation may be specified by two parameters: the polar angle 0 and the
azimuthal angle ¢ as shown in FIG. 4B. For the conventional device shown in FIG. 4A, the
polar angle 0 can vary from 90° to 0° through electrical tuning, and the azimuthal angle ¢ is
usually controlled by the alignment laycr. According to various cmbodiments, the azimuthal
angle ¢ may instead be defined by the geometry of the nanostructures or nanoantennas and the
periodicity of the array. An incident electromagnetic with polarization along the X-axis may be
labelled herein as P-0, and an incident electromagnetic with polarization along the Y-axis may
be labelled herein as P-90.

[0058]  FIG. 5 shows a schematic of a cross-scctional side view of a unit ccll of an ultra-thin
liquid crystal (LC) device with disc shaped nanoantennas 508 and without a top electrode
alignment layer. The nanoantennas 508 may be dielectric nanocantennas, and may be included
in a liquid crystal layer 506 between a [irst electrode 502 (lop transparent electrode) and a
second electrode 504 (pixelated bottom transparent electrode). The first electrode 502 may be

in contact with a first substratc 510, whilc the sccond clectrode 504 may be in contact with a
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second substrate 512. The disc shaped nanoantennas 508 may each be in a shape of a disc across
a horizontal cross-section. The diameter (D) and height (H) of each nanoantenna is 270 nm and
200 nm, respectively, i.e.,D = 270 nm, H = 200 nm. The periodicity (P) of the array is 360
nm, i.e., P = 360 nm. The full device is composed by the periodic repetition of the unit cell
along the X and Y dircctions. FIG. 6 shows a schematic of a cross-scctional side view of a unit
cell of another ultra-thin liquid crystal (LC) device with square shaped nanoantennas 608 and
without a top electrode alignment layer. The nanoantennas 608 may be dielectric nanoantennas,
and may be included in a liquid crystal layer 606 between a first electrode 602 (top transparent
electrode) and a second electrode 604 (pixelated bottom transparent electrode). The first
clectrode 602 may be in contact with a first substratc 610, while the sccond clectrode 604 may
be in contact with a second substrate 612. The square shaped nanoantennas 608 may each be in
a shape of a square across a horizontal cross-section. The length (L), width (W) and height (H)
of each nanoantenna is 270 nm, 270 nm and 200 nm, respectively, i.e.,L =270 nm, W =
270 nm, H = 200 nm. The periodicity (P) of the array is 360 nm, i.e., P = 360 nm. In both
designs, the LC alignment is completely defined by the nanoantenna, i.c.,, no alignment layer
is present. FIG. 7 shows the scanning electron microscopy (SEM) images of (a) an array of disc
shaped nanoantennas and (b) an array of square shaped nanoantennas.

FIG. 8A shows a simulated plot of transmittance as a function of wavelength (in nanomelers or
nm) illustrating the transmission spectrum of the liquid device (LC) with the disc shaped
nanoantcnnas as shown in FIG. 5 under illumination of normally incident light with
polarizations along X-axis (P-0, solid line), along Y-axis (P-90, dotted line) and at an angle of
45° to the X-axis (P-45, dashed line). The simulation is done using COMSOL, and the refractive
index n. is set along the X-axis (6 =90°, ¢ = 0°). For P-0, electric and the magnetic
resonances partially overlapped and the resonance dip at A = 646 nm corresponds to the

clectric dipole and the resonance dip at A = 657 nm to the magnctic dipolc supported by the
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nano discs. The dip at = 605 nm may be due to cavity modes formed in the slab. For P-90, the
resonance splits A ~ 610 nm corresponding to the electric dipole and A =~ 640 nm
corresponding to the magnetic dipole. For P-45, the multiple resonances appear since both
parallel and perpendicular components of the electric dipole and the magnetic dipole are
cxcited. FIG. 8B shows a mecasurcd plot of transmittance as a function of wavclength (in
nanometers or nm) illustrating the transmission spectrum of the liquid crystal (LC) devices with
1500 nm thick liquid crystal (LC) layers as well as disc shaped nanoantennas arrays, and having
an alignment layer (W, dashed line) or without an alignment layer (WO, solid line), under
incident light with polarization along the X-axis, with the insets showing microscopic images
of the ccll without an alignment layer (WO) and with an alignment layer (W) under crossed
polarizer (Px) and analyzer (4y). FIG. 8C shows a measured plot of transmittance as a function
of wavelength (in nanometers or nm) illustrating the transmission spectrum of the liquid crystal
(LC) devices with 1500 nm thick liquid crystal (LC) layers as well as disc shaped nanoantennas
arrays, and having a top electrode alignment layer (W, dashed line) or without a top electrode
alignment layer (WO, solid linc), undcr incident light with polarization 135° to the X-axis, with
the insets showing microscopic images of the cells without an alignment layer (WO) and with
an alignment layer (W) under crossed polarizer (Px) and analyzer (4y). The rubbing direction
and hence the LC orientation induced by the top electrode alignment layer is along the X-axis.
Comparing the measured spectra with the simulation in FIG. 8A, the deviation in the resonance
spectrum for the cell without alignment shows the disruption of homogencous LC alignment
for thicker cell in the absence of an alignment layer. Thick cells (> 1 pm) need an alignment
layer support for inducing homogeneous LC alignment throughout the cell thickness. The
deviation [rom the uniform alignment and deflect formation perturbs the resonance spectrum.
The insets provide the images of the LC infiltrated metasurface under crossed polarizer (Px)

and analyzcr (Ay) for the parallcl and 45° orientation of mctasurfacc arrays with respect to the
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X-axis. The black arrows indicate the directions of the polarizer and the analyzer during image
recording. The images show the misalignment of LC molecules with the metasurface in the
absence of an alignment layer. The resonance spectrum measured with incident light
polarization 135° to X-axis (P-135) matches with the simulation for P-0, and the resonance
spectrum measured with incident light polarization P-0 matches with the simulation for P-45.
This shows that the metasurface may induce an angular alignment with respect to the X-axis,
even in the presence of the alignment layer, which indicates the strong anchoring influence of
the nanostructures. FIGS. 8D-E show the resonance spectra measured with similar
metasurface-LC cells, but with thickness reduced to 750 nm.

[0059]  FIG. 8D shows a mcasurcd plot of transmittancc as a function of wavclength (in
nanometers or nm) illustrating the transmission spectrum of the liquid crystal (LC) devices with
750 nm thick liquid crystal (LC) layers as well as disc shaped nanoantennas arrays, and having
an alignment layer (W, dashed line) or without an alignment layer (WO, solid line), under
incident light with polarization along the X-axis, with the insets showing microscopic images
of the cell without an alignment layer (WO) and with an alignment layer (W) under crossed
polarizer (Px) and analyzer (Ay). FIG. 8E shows a measured plot of transmittance as a function
of wavelength (in nanometers or nm) illustrating the transmission spectrum of the liquid crystal
(LC) devices with 750 nm thick liquid crystal (LC) layers as well as disc shaped nanoantennas
arrays, and having a top electrode alignment layer (W, dashed line) or without a top electrode
alignment layer (WO, solid linc), undcr incident light with polarization 45° to the X-axis, with
the insets showing microscopic images of the cells without an alignment layer (WO) and with
an alignment layer (W) under crossed polarizer (Px) and analyzer (4y). The resonance spectra
measured from the cells with and without alignment for P-45 show good correspondence with
each other and with the simulation in FIG. 8A for P-0. The periodic arrangement of nanoantenna

can inducc unform alignment of LC in the mctasurfacc for the thin ccll, but the induccd
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alignment is angular. The induced alignment can be either 45° or 135° to the X-axis due to the
symmetric structure of the nanoantenna. The images of LC infiltrated metasurface under
crossed polarizer and analyzer given in the insets show the uniform alignment of LC in the
metasurface array.

[0060]  The mctasurfacc induced LC alignment is verificd using square shaped nanoantcnna
array. FIG. 9A shows a simulated plot of transmittance as a function of wavelength (in
nanometers or nm) illustrating the transmission spectrum of the liquid device (LC) with the
square shaped nanoantennas as shown in FIG. 6 under illumination of normally incident light
with polarizations along X-axis, along Y-axis and at an angle of 45° to the X-axis. Assuming a
homogencous alignment of LC at zero applicd ficld with 8 = 90°, for the incident polarization
P-0, the dip observed at A = 668 nm correspond to electric dipolar and magnetic dipolar
resonances in the nanoantennas, with partial spectral overlap. For the homeotropic alignment
of LC, the molecules are aligned vertically (8 = 0°), which would correspond to the situation
in which a bias, above the saturation value, is applied between the top and bottom electrodes.
In this situation the resonances red shift to A ~# 682 nm and higher order modes arc cxcited at
628 nm. The dip at 603 nm is a cavity mode formed in the LC slab. Resonance shifting through
homogeneous to homeotropic realignment is, thus, achievable by applying a field.

[0061]  FIG. 9B shows a plot of transmiltance as a function of wavelength (in nanomelers or
nm) shows a measured plot of transmittance as a function of wavelength (in nanometers or nm)
illustrating the transmission spectrum of the liquid crystal (LC) devices with 750 nm thick liquid
crystal (LC) layers as well as square nanoantennas arrays, and having an alignment layer
(rubbing direction along the X-axis) for applied voltages of 0Vmsand 4V s under incident light
with polarization P-135, and [or applied voltage of 0Vims,under incident light with polarization
P-0 and incident light with polarization P-45, with the insets showing microscopic images of

the cells with parallel oricntation and 45° oricntation undcer crosscd polarizer (Px) and analyzer
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(Ay). FIG. 9C shows a plot of transmittance as a function of wavelength (in nanometers or nm)
shows a measured plot of transmittance as a function of wavelength (in nanometers or nm)
illustrating the transmission spectrum of the liquid crystal (LC) devices with 750 nm thick liquid
crystal (LC) layers as well as square nanoantennas, without an alignment layer for applied
voltages of OVims and 4Vims undcr incident light with polarization P-45, and for applicd voltage
of OVmy,under incident light with polarization P-0 and incident light with polarization P-135,
with the insets showing microscopic images of the cells with parallel orientation and 45°
orientation under crossed polarizer (Px) and analyzer (Ay). The black arrows indicate the
direction of polarizer and analyzer during image recording. As highlighted above, FIG. 9B
shows the mcasured transmission spectrum for the fabricated metasurface-LC device with an
alignment layer present in the top electrode (with rubbing direction along the X-axis), while
FIG. 9C shows the measured transmission spectrum for the metasurface-LC device with pure
metasurface induced alignment for different applied voltages and incident polarization
conditions. Comparing FIGS. 9B-C with FIG. 9A, for ultra-thin LC cell (thickness below 1
pm), the metasurfacc may be capable of inducing a uniform LC molecular alignment without
requiring any alignment layer. However, for these nanostructures or nanoantennas with aspect
ratios (AR) ~ 1:1, including disc shaped and square shaped nanostructures or nanoantennas, the
meltasurface may induce an angular alignment with azimuth angle ¢ of 45° or 135°, as seen by
the transmission measurements.

[0062]  FIG. 10 shows a schematic of a liquid crystal (LC) alignment induced by the
nanostructures or nanoantennas having (a, b) shape of discs and (c, d) shape of squares. For the
nanostructures or nanoantennas with AR~1:1 as those shown in FIG. 10, the nanostructures or
nanoantennas may include an angular alignment with azimuth angle ¢ of 45° or 135°. In these
nanostructures or nanoantennas, the anchoring energy is the same along the X direction and the

U dircction, and the free cnergy minimization gives ¢ # 0° LC alignment. The incident light
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polarization may need to be adjusted based on the initial light orientation angle of the LC, i.e.,
along the extraordinary refractive index to achieve maximum phase modulation for the devices
described in FIGS. 5 — 6. Moreover, for a device with AR~1:1 nanostructures or nanoantennas,
even with ultra-thin cells and strong alignment from the top electrode alignment layer, it may
not be possible to fully remove the angular alignment. Instcad, a hybrid alignment of LC
molecules may be induced.

[0063]  As a summary, ultra-thin metasurface-LC cells can induce a homogeneous LC
alignment, thus removing the need of standard LC alignment layers. However, with
nanoantennas with AR~1:1 (and square lattices), only angular L.C alignment may be possible.
This might be an issuc or unwanted for certain applications. The above issuc may be overcome
by using other antenna designs, capable of inducing LC alignment along a desired or designated
direction, including ¢ =0° or ¢ = 90°, while keeping the desired optical resonances
necessary for light modulation.

[0064]  Various embodiments may induce parallel alignment of the liquid crystal (LC)
molccules along a desired or designated dircction. In various cmbodiments, cach nanostructurc
or nanoantenna may have a larger aspect ratio in the direction in which alignment is desired. In
other words, the dimension of the nanostructure or nanoantenna along the direction in which
LC alignmenl is desired should be larger than dimensions along any other direction. The aspect
ratio may be 2:1, 3: 1 etc. The nanostructure or nanoantenna may be a rectangular block, a
cylinder with clliptical cross-scction or an cllipsoidal shaped nanoparticle, amongst others.
Various embodiments may induce alignment of the LC molecules along a desired or designated
direction other than angular alignment with azimuth angle ¢ of 45° and/or 135°. FIG. 11 shows
a schemaltic of a cross-sectional side view of a unit cell of an ultra-thin liquid crystal (LC) device
according to various embodiments. The nanoantennas 1108 may be dielectric nanoantennas,

and may bc included in a liquid crystal layer 1106 between a first clectrode 1102 (top
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transparent electrode) and a second electrode 1104 (pixelated bottom transparent electrode).
The first electrode 1102 may be in contact with a first substrate 1110, while the second electrode
1104 may be in contact with a second substrate 1112. The nanoantennas 1108 may be of
rectangle blocks, i.e., rectangular cuboids. Each nanoantenna 108 may be rectangle shaped
across a horizontal cross-scction, and may be rcferred as rcctangular nanostructurcs or
nanoantennas.

[0065]  An additional or alternative means to induce LC alignment along a certain direction
is by using periodic lattice with a longer lattice vector along the desired alignment direction.
This can be achieved, e.g. using a rectangular lattice instead of a square one. In the device
shown in FIG. 11, a periodicity of the array along the X-axis may be greater than a periodicity
along the Y-axis. FIG. 12 shows (a) a scanning electron microscopy (SEM) image of fabricated
rectangular nanoantenna metasurface according to various embodiments; and (b) a schematic
illustrating the alignment of the liquid crystal molecules induced by the rectangular
nanostructures or nanoantennas according to various embodiments. The length (L), width (W)
and height (H) of cach nanoantenna in FIG. 12 (a) is 370 nm, 200 nm and 200 nm, respectively,
ie.,L =370 nm, W = 200 nm, H = 200 nm. The periodicity (P,) of the array along the X-
axis is 430 nm while the periodicity of the array along the Y-axis (P) is 280 nm, i.e., P, =
430 nm, Py = 280 nm. The scale bar in FIG. 12(a) is 450 nm.

[0066] FIG. 13A shows a simulated plot of transmittance as a function of wavelength (in
nanometers or nm) illustrating the transmission spectrum of the liquid device (LC) with the
rectangular nanoantennas according to various embodiments as shown in FIG. 11 under
illumination of normally incident light with polarizations along X-axis (P-0, dashed line) and
along Y-axis (P-90, solid line). The LC molecules may be induced Lo be aligned along the X-
direction, i.e., along the length or long axis of the rectangular nanoantennas (L. = 370 nm, W =

200 nm, H = 200 nm, P, = 430 nm, P, = 280 nm ). For the incident wave with polarization
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along X-axis (P-0), the magnetic and electric dipoles may coexist at A = 768 nm, while the
nanoantennas have higher order modes of electric and magnetic resonance at A = 544 nm.
These resonances can be tuned by applying electric field to the LC device, as shown below.
When the polarization is along the Y-axis (P-90), it can be seen that the main mode at longer
wavclength bluc-shifts. FIG. 13B shows a mcasurcd plot of transmittance as a function of
wavelength (in nanometers or nm) illustrating the transmission spectrum of the liquid device
(LC) with the rectangular nanoantennas according to various embodiments as shown in FIG.
11 under illumination of normally incident light with polarizations along X-axis (P-0, dashed
line) and along Y-axis (P-90, solid line). Comparing the simulated results as shown in FIG. 13A
with the measured results as shown in FIG. 13B, it can be scen that the device as shown in FIG.
11 may be able to provide homogeneous LC alignment along the desired direction, i.e., with
the azimuthal angle ¢ near zero. The LC alignment may be determined by the AR of the
nanoantennas (i.e., the longest dimension of the nanoantenna) and/or the periodic lattice.

[0067]  FIG. 14 shows (a) scanning electron microscopy (SEM) images of fabricated nano-
square nanoantennas (L =W =270nm, H=200nm, P, =P, =360 nm); (b) — (d)
microscopy images of the fabricated square nanoantennas shown in (a) under crossed polarizer
(Px) and analyzer (Ay) for different array orientations; (e) scanning electron microscopy (SEM)
images of [abricated rectangular nanoanlennas according (o various embodiments ( L =
260 nm, W = 180 nm, H = 200 nm, P, = 360 nm, P, = 290 nm ); (f) — (h) microscopy
images of the fabricated rectangular nanoantennas shown in (c) according to various
embodiments under crossed polarizer (Px) and analyzer (4y) for different array orientations; (i)
scanning electron microscopy (SEM) images of fabricated rectangular nanoantennas according
to various embodiments (L = 350 nm, W = 180 nm, H = 200 nm, P, = 430 nm, P, =
270 nm ); (j) — (1) microscopy images of the fabricated rectangular nanoantennas shown in (i)

according to various cmbodiments under crosscd polarizer (Px) and analyzer (Ay) for different
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array orientations. FIG. 14 illustrates the dependence of the LC alignment based on the
nanoantenna aspect ratio for LC devices without an alignment layer. All the nanoantennas are
fabricated on a single substrate with the nanoantennas including TiO2. The LC device has a
thickness of 500 nm without an alignment layer. The images show that the nanoantennas with
an AR of 1: 1 may inducc angular alignment, and rectangular nanoantcnnas with AR > 1: 1
may allow controlled LC alignment in the desired direction. Various embodiments may provide
means of precisely controlling the LC alignment without need for any additional alignment
layer, while still preserving the desired optical response of the LC device. The scale bar in FIG.
14 (a). (e), (i) represents 270 nm.

[0068]  Various cmbodiments may improve device performance paramcters, namcly the
response speed and driving voltage. Since an additional alignment layer, which is known to
strongly affect the behavior of neighboring LC molecules, is not required, the voltage level
required for light modulation may be reduced (e.g. to half) and the response speed may be
increased (e.g. 3 times faster compared to a device with an alignment layer). The reduced
response time may help to incrcase the refresh rate of the device. The clectrical tuning of
rectangular nanoantenna resonance is shown in FIGS. 15A-C. FIG. 15A shows a simulated plot
of transmittance as a function of wavelength (in nanometers or nm) illustrating the transmission
spectrum of the liquid device (LC) with the rectangular nanoantennas for homogeneous (8 =
90°, solid line) liquid crystal (LC) alignment and for homeotropic (6 = 0°, dashed line) liquid
crystal (LC) alignment under incident light with polarization along the X-axis (P-0) according
to various embodiments. FIG. 15B shows a measured plot of transmittance as a function of
wavelength (in nanometers or nm) illustrating the transmission spectrum of the liquid device
(LC) with the rectangular nanoantennas and without an alignment layer f(or applied vollages
OV, 3.5 Vs and 5V under incident light with polarization along the X-axis (P-0) according

to various cmbodiments. FIG. 15C shows a mcasurcd plot of transmittance as a function of
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wavelength (in nanometers or nm) illustrating the transmission spectrum of the liquid device
(LC) with the rectangular nanoantennas and with an alignment layer for applied voltages OV s,
3.5Vms and 5Vrms under incident light with polarization along the X-axis (P-0). Comparing the
measurement results of the cell with pure metasurface induced alignment (FIG. 15B) and the
ccll with top clectrode alignment layer (FIG. 15C) in terms of resonance displacement with
respect to applied voltage, the cell with pure metasurface induced alignment may require a
lower voltage than the cell with top electrode alignment layer for wavefront modulation.
[0069] FIG. 16 shows microscopy images of liquid crystal (LC) infiltrated rectangular
nanoantennas under crossed polarizer (P,) and Analyzer (Ay) for (a) — (c¢) 500 nm thick liquid
crystal (LC) ccll with top clectrode alignment layer under different applicd voltages; (d) — (f)
500 nm thick liquid crystal (LC) cell with pure metasurface induced alignment without top
electrode alignment layer according to various embodiments under different applied voltages;
and (h) — (j) 1000 nm thick liquid crystal (LC) cell with pure metasurface induced alignment
without top electrode alignment layer according to various embodiments under different applied
voltages. Once sct of arrows indicates the LC dircctor which is orientated along the length or
long axis of the rectangular nanoantennas, while another set of arrows indicates the alignment
direction induced by the top electrode alignment layer. The polarizer and analyzer directions
are also shown in FIG. 16. As shown in FIG. 16, the threshold voltage required for the LC
switching in the cell with pure metasurface induced alignment may be in the 0.6 Vs to 0.8
Vs range, while that of the ccll with the alignment layer may need a minimum of 1.4 Vs,
[0070]  Another driving parameter, the response time, may also depend on the anchoring
strength and the cell thickness. The total response time may be defined as the sum of rise time
and decay time.

[0071]  FIGS. 17A-C show the response time measurements of miniaturized meta-surfce-LC

cclls with rectangular nanoantennas according to various cmbodiments. FIG. 17A shows a plot
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of waveform (in volts or V)/ intensity as a function of time (in milliseconds or ms) illustrating
the switch performance (voltage dependent transmitted intensity-black dotted line) of a 1000
nm thick cell without alignment layer according to various embodiments under applied signals
(grey lines). FIG. 17B shows a plot of waveform (in volts or V)/ intensity as a function of time
(in milliscconds or ms) illustrating the switch performance (voltage dependent transmitted
intensity-black dotted line) of a 750 nm thick cell without alignment layer according to various
embodiments under applied signals (grey lines). FIG. 17C shows a plot of waveform (in volts
or V)/ intensity as a function of time (in milliseconds or ms) illustrating the switch performance
(voltage dependent transmitted intensity-black dotted line) of a 750 nm thick cell with a top
clectrode alignment layer undcer applicd signals (grey lincs). In these measurements, the dual
frequency driving method is used, where both ‘on’ and ‘off” are voltage driven. The dual-
frequency pulsc is switched between fioy, = 20kHz and fy;4, = 200kHz for applicd voltage
10Vpp.

[0072]  As can be seen, for the cell with pure metasurface induced alignment, the total
response time is reduced to less than 1 ms. While the “off” time is almost same for both types
of cells, and varies depending on the cell thickness, the ‘on’ time in the metasurface induced
alignment is reduced by more than 3x compared to the case when the alignment layer is present,
as shown in FIG. 17C, due lo the increased anchoring energy [rom the alignment layer. In FIGS.
17A-C, the ‘on’ and ‘off” times may not be equal even if both are voltage driven. This may be
due to the difference in the dielectric anisotropy at 20 kHz (Ae= 4.7) and 200kHz (Ag =-2.7).
The ‘on’ and ‘off” times can be equalized to few hundreds of microseconds by optimizing the
voltage and frequency combination of the applied signal.

[0073]  Various embodiments may be modified (o achieve betler performance or different
functionalities. In this regard, the inclusion of additional elements or characteristics of the

clements may be helpful. For instance, various cmbodiments may include a conductive mirror
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(e.g. a dielectric mirror in combination with a transparent electrical conductor) instead of a
transmissive bottom electrode to help to accumulate more phase since light is passing through
the device more than once. In various other embodiments, the transmissive bottom electrode
may be replaced by a metal electrode, which may act as a mirror.

[0074]  FIG. 18 shows a schematic of a cross-scctional side view of a unit ccll of a liquid
crystal (LC) device with rectangular nanoantennas 1808 according to various embodiments.
The nanoantennas 1808 may be dielectric nanoantennas, and may be included in a liquid crystal
layer 1806 between a first electrode 1802 (top transparent electrode) and a second electrode
1804 (pixelated hottom reflective electrode). The first electrode 1802 may be in contact with a
first substrate 1810. The first clectrode 1802 may be made of indium tin oxide (ITO), while the
second electrode 1804 may be made of aluminum (Al) or any other suitable metals such as gold
(Au), silver (Ag), copper (Cu) etc.. Alternatively, the second electrode 1804 may be a dielectric
mirror (e.g. a Bragg reflector) in combination with a transparent electrical conductive material.
The first electrode 1802 may be transparent and electrically conductive. The second electrode
1804 may act as both an clectrode and a mirror. The sccond clectrode 1804 may be highly
reflective and at the same time be electrically conductive and pixelated. The LC device may
also include a passivation layer 1814 formed on or in contact with the second electrode 1804
such that direct contact between LC molecules with the second electrode 1804 is avoided. The
passivation layer 1814 may include a low index (n < 2) and transparent material (e.g. an oxide
matcrial) to avoid optical losscs in the metal of the second clectrode 1804.

[0075] Embodiments with a pixelated bottom electrode may include pixels which are
addressed individually by an integrated circuit in the complementary metal oxide
semiconductor (CMOS) backplane. FIG. 19 shows a schemalic of a perspective view of a unit
cell of a liquid crystal (LC) device with rectangular nanoantennas 1908 and a pixelated second

clectrode 1904 according to various cmbodiments. The nanoantennas 1908 may be diclectric
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nanoantennas, and may be included in a liquid crystal layer 1906 between a first electrode 1902
and the second electrode 1904. The first electrode 1902 may be a transparent electrode, while
the second electrode 1904 may include two dimensional (2D) pixels. The second electrode 1904
may be in electrical contact with a CMOS backplane 1916.

[0076] FIG. 20 shows a schcmatic of a cross-scctional side vicw of a unit ccll of a
transmissive liquid crystal (LC) device with rectangular nanoantennas 2008a, 2008b on or in
contact with the first electrode 2002 and the second electrode 2004 respectively according to
various embodiments. The rectangular nanoantennas 2008a, 2008b may be included in a liquid
crystal layer 2006 between the first electrode 2002 (top transparent electrode) and the second
clectrode 2004 (pixclated bottom transparcnt clectrode). The rectangular nanoantennas 2008a,
2008b may be at opposing sides of the liquid crystal layer 2006. The rectangular nanoantennas
2008a may be in contact with the first electrode 2002, while the rectangular nanoantennas
2008b may be in contact with the second electrode 2004. The first electrode 2002 may be in
contact with a first substrate 2010, while the second electrode 2004 may be in contact with a
sccond substrate 2012. FIG. 21 shows a schematic of a cross-scctional side view of a unit ccll
of a reflective liquid crystal (LC) device with rectangular nanoantennas 2108a, 2108b on
opposing sides on a liquid crystal layer 2106 according to various embodiments. The
nanoantennas 2108a, 2108b may be dielectric nanoantennas, and may be included in the liquid
crystal layer 2106 between a first electrode 2102 (top transparent electrode) and a second
clectrode 2104 (pixclated bottom metal clectrode). The first clectrode 2102 may be in contact
with a first substrate 2110, and the second electrode 2104 may be in contact with a second
substrate 2112. The LC device may also include a passivation layer 2114 formed on or in
contact with the second electrode 2104 such that direct contact between LC molecules with the
second electrode 2104 is avoided. The rectangular nanoantennas 2108b may be in contact with

the passivation laycr 2114.
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[0077]  FIGS. 20 — 21 show devices with two arrays of nanoantennas or nanostructures. The
two arrays of nanoantennas or nanostructures may be at opposing sides on the liquid crystal
layer. Having nanoantennas or nanostructures may provide well defined LC alignment, even
for thicker LC cells, and may also help to achieve larger light modulation simultaneously. For
instancc, the independent phase accumulation from the top nanoantenna array and the bottom
nanoantenna array may add up at specific wavelength to provide larger phase modulations.
Changing the nanoantenna structure or orientation may also be helpful in achieving other
functionalities or other uniform LC alignment.

[0078]  FIG. 22 shows a schematic of a cross-sectional side view of a unit cell of a liquid
crystal (LC) device with two arrays of rcctangular nanoantcnnas 2208a, 2208b aligned
perpendicular to each other according to various embodiments. The lengths of the rectangular
nanoantennas 2208a may be perpendicular to the lengths of the rectangular nanoantennas
2208b. The array of nanoantennas 2208a may be aligned along the Y-axis direction, while the
array of nanoantennas 2208b may be aligned along the X-axis direction. The two arrays of
rectangular nanoantennas 2208a, 2208b may bc included in opposing sides of a liquid crystal
layer containing LC molecules 2206. The orientation of the two arrays of rectangular
nanoantennas 2208a, 2208b may achieve twisted nematic alignment of the LC molecules (along
the Z-axis). The LC layer may be between the first electrode 2202 (lop (ransparent electrode)
and the second electrode 2204 (pixelated bottom transparent electrode). The first electrode 2202
may be in contact with a first substratc 2210, whilc the sccond clectrode 2204 may be in contact
with a second substrate 2212. The resonant character of the nanoantennas may simultaneously
strengthen the polarization conversion or chirality of light.

[0079]  FIG. 23 shows a schemalic of a cross-sectional side view ol a unil cell of a
transmissive liquid crystal (LC) device with an array of nanopillars 2308 according to various

cmbodiments. The height of the nanopillars 2308 may be greater than the other dimensions of
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the nanopillars. The nanopillars 2308 may be dielectric nanoantennas, and may be included in
a liquid crystal layer 2306 between a first electrode 2302 (top transparent electrode) and a
second electrode 2304 (pixelated bottom transparent electrode). The first electrode 2302 may
be in contact with a first substrate 2310, while the second electrode 2304 may be in contact with
a sccond substrate 2312.

[0080]  FIG. 24 shows a schematic of a cross-sectional side view of a unit cell of a reflective
liquid crystal (LC) device with an array of nanopillars 2408 according to various embodiments.
The nanopillars 2408 may be dielectric nanoantennas, and may be included in a liquid crystal
layer 2406 between a first electrode 2402 (top transparent electrode) and a second electrode
2404 (pixclated bottom metal clectrode). The first clectrode 2402 may be in contact with a first
substrate 2410, while the second electrode 2404 may be in contact with a second substrate 4312.
The LC device may also include a passivation layer 2414 formed on or in contact with the
second electrode 2404 such that direct contact between LC molecules with the second electrode
2404 is avoided.

[0081]  For the nanopillars 2308, 2408 shown in FIGS. 23 — 24, the hcight is the longest
dimension. In various embodiments, the nanopillars, 2308, 2408 may include one same
material. In various other embodiments, the nanopillars, 2308, 2408 may include a stack of
different materials.

[0082]  The LC alignment may be vertical in the gaps between the nanopillars. The electrical
tuning may be possiblc cither by using ncgative diclectric anisotropy LC or through the high
frequency driving of DFLC. FIGS. 25 — 26 show switching using positive dielectric anisotropy
LC by applying electric field in-plane across the nanopillars. FIG. 25A shows a schematic of a
cross-sectional side view of a unit cell of a reflective liquid crystal (LC) device with an array
of nanopillars 2508 according to various embodiments when the voltage applied is below the

threshold voltage (V). FIG. 25B shows a schematic of a cross-scctional side vicw of the unit
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cell of the reflective liquid crystal (LC) device with the array of nanopillars 2508 according to
various embodiments when the voltage applied is above the threshold voltage (V). The array
of nanopillars 2508 may be included in the liquid crystal layer 2506 and may be in contact with
a pixelated electrode 2504. The pixelated electrode 2504 may be in contact with a bottom
substratc 2512, whilc the top substratc 2510 may be in contact with the liquid crystal layer 2506.
[0083]  Various embodiments may involve using sub-wavelength resonant nanoantennas to
create ultra-thin LC cells with uniform LC alignment (without need of any alignment layers)
and, simultaneously, means for efficient light and/or wavefront modulation. The electrical
tuning of LC refractive index may provide dynamic light modulation by spectral tuning of the
nanoantcnna resonances. The LC alignment can be cfficiently defined (c.g. diagonal, parallel,
twisted or vertical) depending upon the aspect ratio and arrangement of the nanoantennas. The
efficient dynamic light modulation may be possible by choosing suitable material and driving
mechanism. In various embodiments, the nanoantenna geometry define the LC alignment,
thereby allow lower switching voltage and faster switching speeds, as compared with LC cells
with an alignment laycr.

[0084]  FIG. 26 shows a table comparing the liquid crystal (LC) device according to various
embodiments with previous devices that have been reported.

[0085] Various embodiments may relate to a LC device in which the metasurface
(nanostructures) may provide both light modulation/ wavefront modulation and uniform liquid
crystal alignment. The nanostructurcs may be designed for the purposc of sustaining optical
resonances that are used for light modulation. The LC molecular alignment may be purely
controlled by the periodicity and geometry of the nanoantennas without any additional
alignment layer. Compared to conventional LC alignment (using an alignment layer), the
metasurface induced alignment may provide pixel size miniaturization, microsecond switching

and low voltage driving for LCOS-NSLM devices. Various cmbodiments without the alignment
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layer may simplify the device fabrication and may help to improve device lifetime by
eliminating the light and heat induced degradation of the alignment layer, therefore improving
LC cell quality. Various embodiments may allow for smaller pixel size miniaturization (PP < 1
pm), lower voltage driving (V < 5V) and/or micro-second switching compared to
conventional/commercially available devices. Various cmbodiments may be a potential
candidate for next generation spatial light modulators, with a wide range of applications,
including augmented reality (AR), solid-state light detection and ranging (LiDAR), holographic

displays and optical communications.
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Claims

1. Aliquid crystal device comprising:
a first electrode;
a sccond clectrode; and
a liquid crystal layer between the first electrode and the second electrode, the liquid
crystal layer comprising liquid crystal molecules and an array of nanostructures
adapted to cause a desired alignment of the liquid crystal molecules and to modulate
light passing through the liquid crystal device,
wherein a periodicity of the array of nanostructurcs or an aspect ratio of
each nanostructure of the array of nanostructures is adapted to cause the desired

alignment of the liquid crystal molecules.

2. The liquid crystal device according to claim 1, wherein the first electrode is
continuous and the sccond clectrode is pixclated, the array of nanostructures is formed

on the first electrode or the second electrode.

3. The liquid crystal device according (o claim 2, wherein each pixel of the pixelated

second electrode is configured to be addressed individually by an integrated circuit.

4. The liquid crystal device according to claim 1, wherein the liquid
crystal layer further comprises a further array of nanostructures, wherein the array of
nanostructures and the [urther array of nanostructures are at opposing sides ol the

liquid crystal layer.

42



WO 2024/191347 PCT/SG2024/050095

10.

11.

12.

The liquid crystal device according to claim 4, wherein a longitudinal axis of the array
of nanostructures is rotated with respect to a longitudinal axis of the further array of

nanostructures.

The liquid crystal device according to claim 5, wherein the longitudinal axis of the

array of nanostructures is substantially perpendicular to the longitudinal axis of the

further array of nanostructures.

The liquid crystal device according to claim 1, wherein the first electrode and the

sccond clectrode arc transparent.

The liquid crystal device according to claim 1, wherein the first electrode is

transparent and the second electrode is reflective.

The liquid crystal device according to claim 8, whercein the sccond clectrode compriscs

an aluminum layer, a gold layer, a silver layer, or a copper layer.

The liquid crystal device according (o claim 8, wherein the second electrode

comprises a dielectric mirror in combination with a transparent electrical conductor.

The liquid crystal device according to claim 1, wherein the first electrode comprises

an indium titanium oxide (ITO).

The liquid crystal device according to claim 1,
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13

14.

15.

16.

17.

wherein a thickness of the liquid crystal layer is of any one value selected from a

range from 200 nm to 800 nm.

. The liquid crystal device according to claim 1, wherein the array of nanostructures has

at lcast two dimensions smaller than an opcrating light wavelength of the liquid crystal

device.

The liquid crystal device according to claim 1, wherein the array of nanostructures is
made of a dielectric material which has a real part of a refractive index being more
than or cqual to 2, and an imaginary part of thc refractive index being less than or

equal to 0.1.

The liquid crystal device according (o claim 1, wherein a dimension along a direction
at which the liquid crystal molecules are to be aligned of each nanostructure of the
array of nanostructurcs is larger comparced to remaining dimensions of the

nanostructure.

The liquid crystal device according o claim 1, wherein a periodic lattice of the array
of nanostructures comprises a longest lattice vector along a direction at which the

liquid crystal molccules arc to be aligned.

The liquid crystal device according to claim 1, further
comprising a passivation layer formed on the second electrode adapted to avoid direct

contact of the liquid crystal molecules with the second electrode.
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18.

19.

20.

The liquid crystal device according to claim 1, wherein the array of nanostructures
comprises nanopillars, each of the nanopillars having a height which is larger than its

width or its length.

The liquid crystal device according to claim 18, wherein the nanopillars are adapted to
align the liquid crystal molecules in a direction along a longitudinal axis of the

nanopillars.

A mcthod of forming a liquid crystal device, the method comprising:

forming a first electrode;

forming a second electrode; and

forming a liquid crystal layer belween the [irst electrode and the second
electrode, the liquid crystal layer comprising liquid crystal molecules and an array of
nanostructurcs adaptcd to causc a desired alignment of the liquid crystal molccules and
to modulate light passing through the liquid crystal device,

wherein a periodicity of the array of nanostructures or an aspect ratio of
each nanostructure of the array ol nanostructures is adapted to cause the desired

alignment of the liquid crystal molecules.
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