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SPATIAL LIGHT MODULATOR AND METHOD OF FORMING THE SAME

TECHNICAL FIELD
[0001] Various aspects of this disclosure relate to a spatial light modulator. Various aspects

of this disclosure relate to a method of forming a spatial light modulator.

BACKGROUND
[0002] A spatial light modulator (SLM) is a two-dimensional (2D) optical device that can
spatially modulate the amplitude (or intensity), phase or polarization of an optical wave front.
Current commercially available SLMs include digital micro-mirror devices (DMD), liquid
crystal displays (LCD), liquid crystal on silicon (LCOS) devices, and ferroelectric liquid crystal
on silicon (FLCOS) devices, among others. They can be found in many applications such as
optical switching, optical beam steering, image projection, three-dimensional (3D) displays,
virtual-reality (VR) and augmented-reality (AR) displays, head-mounted display, holographic
projection, holographic near-eye displays, and holographic 3D displays.
[0003] Liquid-crystal-based spatial light modulators (LC-SLMs) can be classified into two
types, i.e. amplitude-only and phase-only SLMs and can be either transmissive or reflective.
The amplitude of light is modulated by varying the linear polarization direction of the incident
light passing through a linear polarizer, while the phase retardation may be modulated by
electrically modifying the optical refractive index along the light path. The amplitude and phase
are difficult to modulate simultaneously and independently with a single SLM. The complex
amplitude modulation technique based on two transmissive amplitude-only SLMs has been
applied to the design of 3D see-through head-mounted displays.
[0004] Unlike a DMD device, which operates as a purely binary amplitude-only reflective
SLM, a phase-only LCOS device modulates the phase of the reflected wave front with a depth
of 8-12 bits, while a FLCOS device is a purely binary phase-only reflective SLM.
[0005] The total phase retardation 6 of light as it passes a reflective phase-only LCOS
device is provided by:
6 = 2nAn2d /A, (1)
where Ao is the vacuum wavelength of the incident light, d is the thickness of the device (i.e.
liquid crystal (L.C) layer), and An is the birefringence of the LC, which may be defined as:

An =n, —n, 2)



WO 2020/263174 PCT/SG2019/050313

2

where ng 1s the ordinary refractive index for incident light with the electric field polarization
direction perpendicular to the director of LC molecules and n. is the extraordinary refractive
index for that parallel to the director. In order to achieve a phase modulation of 2 , the LC
thickness of a reflective phase-only LCOS device is required to be

d=2/24n 3)
the thickness of a transmissive phase-only LC-SLM device may be increased by two times and
the thickness of a transmissive amplitude-only LC-SLM device may be the same as that of a
reflective phase-only LCOS device. Since the switching rise and decay times are dependent on
the square of the device thickness (d?), it is important to minimize the LC layer thickness in
order to increase the switching speed of LC-SLM devices.

[0006] Phase-only LC-SLMs can be used to alter the shape of a laser wave front to achieve
different functionalities such as beam shaping, complex beam forming, aberration correction
and many others. One of the functionalities involves the deflection of a laser beam for beam
steering applications. However, conventional LC-SLMs have a large ratio between the LC
layer thickness and pixel pitch that results in a fringing field between pixels. The gradual
voltage changes (known as ‘fringing fields’) across the border of neighbouring pixels may
cause strong pixel crosstalk, which results in a reduction in the attainable diffraction efficiency,
and a limitation of the maximum deflection angle of the device. Moreover, the driving voltage
strongly depends on the LC cell thickness. As a general rule, the threshold voltage decreases
with the cell thickness. Therefore, it is necessary to reduce the LC layer thickness in order to
reduce the crosstalk as well as the power consumption of the device.

[0007]  On the other hand, SLMs may also be used for digital holographic displays based on
computer-generated holograms. The pixel pitch is one of key parameters that determines both
the size and viewing angle or field of view (FOV) of reconstructed 3D images. A higher
resolution and a smaller pixel pitch of the SLMs allow a bigger image size and a larger viewing
angle (FOV). Advanced high-resolution SLM devices with submicron pixel pitches are
required for wide viewing-angle holographic display applications. However, the smallest pixel
pitch of commercially available SLMs is currently 3.74um, far larger than the wavelength of
light in the visible range. Current limitation for fabrication of LC-SLM devices with pixel
pitches smaller than 3um is related to the strong pixel crosstalk caused by the reduction in pixel

pitch while keeping the same cell thickness.
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SUMMARY

[0008] Various embodiments may provide a spatial light modulator. The spatial light
modulator may include a first electrode arrangement. The spatial light modulator may also
include a second electrode arrangement. The spatial light modulator may additionally include
a liquid crystal (LC) layer between the first electrode arrangement and the second electrode
arrangement. The spatial light modulator may also include one or more nanoantennas in contact
with the liquid crystal layer. The first electrode arrangement and the second electrode
arrangement may be each configured to allow at least a portion of light to pass through.

[0009] Various embodiments may provide a method of forming a spatial light modulator.
The method may include forming a first electrode arrangement. The method rriay also include
forming a second electrode arrangement. The method may further include forming a liquid
crystal layer between the first electrode arrangement and the second electrode arrangement.
The method may additionally include forming one or more nanoantennas in contact with the
liquid crystal layer. The first electrode arrangement and the second electrode arrangement may

each be configured to allow at least a portion of light to pass through.

BRIEF DESCRIPTION OF THE DRAWINGS
[0010] The invention will be better understood with reference to the detailed description
when considered in conjunction with the non-limiting examples and the accompanying
drawings, in which:
FIG. 1 is a general illustration of a spatial light modulator according to various embodiments.
FIG. 2 is a general illustration of a method of forming a spatial light modulator according to
various embodiments.
FIG. 3A is a side cross-sectional schematic of one pixel of a spatial light modulator for binary
phase-only and continuous amplitude-only light modulation according to various embodiments
at an “OFF” state.
FIG. 3B is a side cross-sectional schematic of the pixel of the spatial light modulator shown in

FIG. 3A according to various embodiments in an “ON” state.
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FIG. 4 is a schematic illustrating the orientation of an LC director according to various
embodiments in terms of the polar angle (8) and the azimuthal angle (¢) with respect to the x-
y-z coordinate system, as defined in FIGS. 3A-B.

FIG. 5A is a schematic of a nanoantenna having a cylindrical shape with circular cross-section
according to various embodiments.

FIG. 5B is a schematic of a nanoantenna having a cuboid shape according to various
embodiments.

FIG. 5C is a schematic of a nanoantenna having a cross shape according to various
embodiments.

FIG. 5D is a schematic of a nanoantenna having a cylindrical shape with elliptical cross-section
according to various embodiments.

FIG. 5E is a schematic of a nanoantenna having a ring shape according to various embodiments.
FIG. 6 shows a schematic top view of (a) a pixel including a nanoantenna, (b) a pixel including
2x2 nanoantennas, (c) a pixel including 3x3 nanoantennas, (d) a pixel including 4x4
nanoantennas, and (e) a pixel including 5x5 nanoantennas according to various embodiments.
FIG. 7A shows a top view of a pixel array in which each pixel includes 1x1 nanoantenna
according to various embodiments.

FIG. 7B shows a top view of another pixel array in which each pixel includes 3x3 nanoantennas
according to various embodiments.

FIG. 8A is a side cross-sectional schematic of a spatial light modulator according to various
embodiments.

FIG. 8B is a side cross-sectional schematic of another spatial light modulator according to
various embodiments.

FIG. 9A is a plot of transmission as a function of wavelength (in nanometers or nm) showing
the simulated transmission amplitude of waves at different wavelengths in the spatial light
modulator according to various embodiments when the radius (R) of the cylindrical
nanoantennas are varied from 120 nm to 160 nm.

FIG. 9B is a plot of phase shift (in 7 radians) as a function of wavelength (in nanometers or
nm) showing the simulated transmission phase of waves at different wavelengths in the spatial
light modulator according to various embodiments when the radius (R) of the cylindrical

nanoantennas are varied from 120 nm to 160 nm.
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FIG. 10A is a plot of transmission as a function of wavelength (in nanometers or nm) showing
the simulated transmission amplitude changes in the spectrum when the liquid crystals of the
device according to various embodiments are switched from the 90 — O state to the 0 — O state.
FIG. 10B is a plot of phase shift (in 7 radians) as a function of wavelength (in nanometers or
nm) showing the simulated transmission phase changes in the spectrum when the liquid crystals
of the device according to various embodiments are switched from the 90 — O state to the 0 — 0
state.

FIG. 11A is a plot of transmission as a function of the polar angle 6 of the liquid crystal
directors showing the dependence of the transmission due to orientation of the liquid crystals
of the modulator according to various embodiments.

FIG. 11B is a plot of phase shift difference (in m radians) as a function of the polar angle 6 of
the liquid crystal directors showing the dependence of the phase shift difference due to
orientation of the liquid crystals of the modulator according to various embodiments. The phase
shift difference may be calculated with respect to the 0-0 state.

FIG. 12A 1s a plot of transmission as a function of wavelength (in nanometers or nm) showing
the simulated transmission amplitude of waves at different wavelengths in the spatial light
modulator according to various embodiments when the radius (R) of the cylindrical
nanoantennas are varied from 145 nm to 160 nm.

FIG. 12B is a plot of phase shift (in  radians) as a function of wavelength (in nanometers or
nm) showing the simulated transmission phase of waves at different wavelengths in the spatial
light modulator according to various embodiments when the radius (R) of the cylindrical
nanoantennas are varied from 145 nm to 160 nm.

FIG. 13A is a plot of transmission as a function of wavelength (in nanometers or nm) showing
the simulated transmission amplitude changes in the spectrum when the liquid crystals of the
device according to various embodiments are switched from the 90 — O state to the 0 — O state.
FIG. 13B is a plot of phase shift (in 7 radians) as a function of wavelength (in nanometers or
nm) showing the simulated transmission phase changes in the spectrum when the liquid crystals
of the device according to various embodiments are switched from the 90 — 0 state to the 0 — 0
state.

FIG. 14A is a plot of transmission as a function of the polar angle 6 of the liquid crystal
directors showing the dependence of the transmission due to orientation of the liquid crystals

of the modulator according to various embodiments.



WO 2020/263174 PCT/SG2019/050313

6

FIG. 14B is a plot of phase shift difference (in 7 radians) as a function of the polar angle 6 of
the liquid crystal directors showing the dependence of the phase shift difference due to
orientation of the liquid crystals of the modulator according to various embodiments. The phase
shift difference may be calculated with respect to the 0-0 state.

FIG. 15A is a side cross-sectional schematic of a spatial light modulator for continuous
amplitude-only light modulation according to various embodiments at a 90-0 state.

FIG. 15B is a side cross-sectional schematic of the spatial light modulator shown in FIG. 15A
according to various embodiments in a 0-0 state.

FIG. 16A is a plot of transmission as a function of wavelength (in nanometers or nm) showing
the simulated transmission amplitude of waves at different wavelengths in the spatial light
modulator according to various embodiments when the radius (R) of the cylindrical
nanoantenna is varied from 145 nm to 165 nm.

FIG. 16B is a plot of phase shift (in 7 radians) as a function of wavelength (in nanometers or
nm) showing the simulated transmission phase of waves at different wavelengths in the spatial
light modulator according to various embodiments when the radius (R) of the cylindrical
nanoantenna is varied from 145 nm to 165 nm.

FIG. 17A 1is a plot of transmission as a function of wavelength (in nanometers or nm) showing
the simulated transmission amplitude changes in the spectrum when the liquid crystals of the
device according to various embodiments are switched from the 90 — 0 state to the 0 — O state.
FIG. 17B is a plot of phase shift (in 7 radians) as a function of wavelength (in nanometers or
nm) showing the simulated transmission phase changes in the spectrum when the liquid crystals
of the device according to various embodiments are switched from the 90 — 0 state to the 0 — 0
state.

FIG. 18A is a plot of transmission as a function of the polar angle 6 of the liquid crystal
directors showing the dependence of the transmission due to orientation of the liquid crystals
of the modulator according to various embodiments.

FIG. 18B is a plot of phase shift difference (in 7 radians) as a function of the polar angle 6 of
the liquid crystal directors showing the dependence of the phase shift difference due to
orientation of the liquid crystals of the modulator according to various embodiments. The phase
shift difference may be calculated with respect to the 0-0 state.

FIG. 19 1s a plot of transmission/phase shift difference (in 7 radians) as a function of

wavelength (in nanometers or nm) illustrating the simulated transmission and phase shift



WO 2020/263174 PCT/SG2019/050313

7

difference when the liquid crystals of the device according to various embodiments are
switched from the 55-0 state to the 0-0 state. The phase shift difference may be calculated with
respect to the 0-0 state.

FIG. 20 is a plot of transmission/phase shift difference (in 7 radians) as a function of the polar
angle 0 of the liquid crystal directors illustrating the dependence of the simulated transmission
and phase shift difference due to orientation of the liquid crystals of the device according to
various embodiments. The phase shift difference may be calculated with respect to the 0-0

state.

DETAILED DESCRIPTION
[0011]  The following detailed 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 utilized and structural, and logical
changes may be made without departing from the scope of the invention. The various
embodiments are not necessarily mutually exclusive, as some embodiments can be combined
with one or more other embodiments to form new embodiments.
[0012] Embodiments described in the context of one of the methods or modulators is
analogously valid for the other methods or modulators. Similarly, embodiments described in
the context of a method are analogously valid for a modulator, and vice versa.
[0013]  Features that are described in the context of an embodiment may correspondingly be
applicable to the same or similar features in the other embodiments. Features that are described
in the context of an embodiment may correspondingly be applicable to the other embodiments,
even if not explicitly described in these other embodiments. Furthermore, additions and/or
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.
[0014]  The word "over" used with regards to a deposited material formed “over” a side or
surface, may be used herein to mean that the deposited material may be formed "directly on”,
e.g. in direct contact with, the implied side or surface. The word "over" used with regards to a
deposited material formed “over” a side or surface, may also be used herein to mean that the
deposited material may be formed "indirectly on” the implied side or surface with one or more

additional layers being arranged between the implied side or surface and the deposited material.
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In other words, a first layer “over” a second layer may refer to the first layer directly on the
second layer, or that the first layer and the second layer are separated by one or more
intervening layers.

[0015] In the 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.
[0016] 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.

[0017]  As used herein, the term “and/or” includes any and all combinations of one or more
of the associated listed items.

[0018] FIG. 1 is a general illustration of a spatial light modulator 100 according to various
embodiments. The spatial light modulator 100 may include a first electrode arrangement 102.
The spatial light modulator 100 may also include a second electrode arrangement 104. The
spatial light modulator 100 may additionally include a liquid crystal (LC) layer 106 between
the first electrode arrangement 102 and the second electrode arrangement 104. The spatial light
modulator 100 may also include one or more nanoantennas 108 in contact with the liquid
crystal layer 106. The first electrode arrangement 102 and the second electrode arrangement
104 may be each configured to allow at least a portion of light to pass through.

[0019] In other words, the spatial light modulator 100 may also include a liquid crystal layer
106 sandwiched between the first electrode 102 and the second electrode 104, and one or more
nanoantennas 108 embedded in the crystal layer 106.

[0020]  For avoidance of doubt, FIG. 1 serves to highlight the various features of a spatial
light modulator 100 according to various embodiments, and does not serve to indicate or limit
for instance, the size, shapes, arrangement etc. of the modulator 100 or its components.

[0021]  Various embodiments may provide a reduction in the thickness of the liquid crystal
layer 106 by inclusion of the one or more nanoantennas 108. The one or more nanoantennas
108 may be configured to act as Huygens’ sources to reduce or minimize reflection or backward
scattering.

[0022] In various embodiments, the liquid crystal layer 106 may be configured to switch
between a first state and a second state. The liquid crystal layer 106 may be configured to
switch liquid crystal directors between a first state and a second state. The one or more
nanoantennas 108 are configured to act as Huygens’ sources in at least one state selected from

the first state and the second state.
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[0023] The thickness of the liquid crystal layer 106 may be smaller than the thickness
required if no nanoantennas are present. A thickness of the liquid crystal layer may be smaller
than a vacuum wavelength (4, ) of the light.

[0024] The reduction of the liquid crystal layer 106 may result in an increase of the
switching speed, a reduction of the driving voltage, a suppression of pixel crosstalk, a reduction
of the pixel pitch, and/or a reduction of the pixel size.

[0025]  The spatial light modulator 100 may be a transmissive spatial light modulator.
[0026] In various embodiments, the first electrode arrangement 102 and/or the second
electrode arrangement 104 are transparent. The light may be incident on the first electrode 102
and the second electrode 104. In various embodiments, the first electrode arrangement 102
and/or the second electrode arrangement 104 may be configured to allow more than 80% of
the light, or more than 90% of the light, more than 95% of the light, or more than 99% of the
light to pass through.

[0027] In the current context, “light” as referred herein may refer to visible light, infrared
light, or any combinations thereof. In various embodiments, light may be visible light, which
may have a wavelength or range of wavelengths selected from 400 nm to 700 nm.

[0028]  Each of the nanoantennas 108 may include one or more dimensions less than 100
nm. Each of the nanoantennas 108 may include one or more dimensions less than a wavelength
or range of wavelengths of the light.

[0029] The one or more nanoantennas 108 may include a dielectric material or a
semiconductor material.

[0030] The one or more nanoantennas 108 may include any one material selected from a
group consisting of titanium oxide (TiOz), silicon (Si), germanium (Ge), gallium nitride (GaN),
gallium phosphide (GaP), indium phosphide (InP), gallium arsenide (GaAs), silicon nitride
(SiN), and copper oxide (CuOy).

[0031] The one or more nanoantennas 108 may each be of a shape selected from a cylinder
(e.g. with a circular cross-section or an elliptical cross-section), a cuboid, a cross, a ring, and a
c-shape.

[0032] In various embodiments, the spatial light modulator 100 may have a plurality of
pixels.

[0033] In various embodiments, each of the plurality of pixels may include a single

nanoantenna of the plurality of nanoantennas 108. In various other embodiments, each of the
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plurality of pixels may include more than one nanoantennas of the plurality of nanoantennas
108.

[0034] The first electrode arrangement 102 and/or the second electrode arrangement 104
may include a transparent conducting oxide (which may also be referred to as a transparent
conductive oxide). The first electrode arrangement 102 and/or the second -electrode
arrangement 104 may include indium tin oxide (ITO). Alternatively, the first electrode
arrangement 102 and/or the second electrode arrangement 104 may include fluorine doped tin
oxide (FTO), aluminum-doped zinc oxide, and/or indium-doped cadmium oxide.

[0035] In various embodiments, the first electrode arrangement 102 may include a single
electrode, and the second electrode arrangement 104 may include a single electrode. In various
other embodiments, the first electrode arrangement 102 may include a single electrode; the
second electrode arrangement 104 may include a plurality of electrodes. In yet various other
embodiments, the first electrode arrangement 102 may include a plurality of electrodes, and
the second electrode arrangement 104 may include a single electrode.

[0036] In various embodiments, the first electrode arrangement 102 may be over the second
electrode arrangement 104.

[0037] In various embodiments, the modulator 100 may include a first substrate in contact
with the first electrode arrangement 102. The modulator 100 may also include a second
substrate in contact with the second electrode arrangement 104.

[0038]  The first substrate 102 and the second substrate 104 may each include silicon dioxide
or soda lime glass.

[0039] The liquid crystal layer 106 may include a plurality of uniaxial anisotropic liquid
crystals. The plurality of uniaxial anisotropic liquid crystals may each be configured to change
orientation upon application of different voltages between the first electrode arrangement 102
and the second electrode arrangement 104.

[0040] In various embodiments, the spatial light modulator 100 may be a binary phase-only
modulator. The binary phase modulator may be configured to switch between a first state and
a second state. The binary phase modulator may be configured to provide a phase change or
shift of 17 radians more to the light passing through the phase modulator in the second state
compared to the first state. The transmission of light through the phase modulator may be
greater than 80% in both the first state and the second state.
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[0041] In various other embodiments, the spatial light modulator 100 may be an amplitude-
only modulator. The amplitude modulator may be configured to switch between a first state
and a second state. In various embodiments, the transmission of light through the amplitude
modulator may be any value more than 80% in the first state, and any value less than 20% in
the second state. The difference in phase change/shift in the first state and in the second state
may be very small, e.g. <0.03 & radians.

[0042] In yet various other embodiments, the spatial light modulator 100 may be a phase
and amplitude modulator. The modulator 100 may be configured to modulate amplitude and
phase simultaneously and independently. For instance, the modulator 100 may be configured
to modulate amplitude when the liquid crystals in the liquid crystal layer 106 are oriented from
a first angle to a second angle, and may be configured to modulate phase when the liquid
crystals in the liquid crystal layer 106 are oriented from a third angle to a fourth angle.

[0043] In various embodiments, a height of each of the one or more nanoantennas 108 may
be equal to a thickness of the liquid crystal layer 106.

[0044] FIG. 2 is a general illustration of a method of forming a spatial light modulator
according to various embodiments. The method may include, in 202, forming a first electrode
arrangement. The method may also include, in 204, forming a second electrode arrangement.
The method may further include, in 206, forming a liquid crystal layer between the first
electrode arrangement and the second electrode arrangement. The method may additionally
include, in 208, forming one or more nanoantennas in contact with the liquid crystal layer. The
first electrode arrangement and the second electrode arrangement may each be configured to
allow at least a portion of light to pass through.

[0045] In other words, the method of forming the first electrode arrangement, the second
electrode arrangement, the liquid crystal layer, and the one or more nanoantennas.

[0046] For avoidance of doubt, FIG. 2 does not indicate the sequence of steps. For instance,
step 202 may occur before, after, or at the same time as step 204.

[0047] In various embodiments, the first electrode arrangement may be formed on or in
contact with a first substrate. The second electrode arrangement may be formed on or in contact
with a second substrate.

[0048]  Various embodiments may provide a method of designing a spatial light modulator.
The method may include selecting a shape for the one or more nanoantennas and fixing a

parameter, such as a thickness of the liquid crystal layer. The method may further include fixing
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a geometrical parameter of the one or more nanoantennas, e.g. the height, and varying a further
geometrical parameter of the one or more nanoantennas, e.g. the radius. The method may
further include identifying and determining a value of the further geometrical parameter at
which there is overlapping of resonances.

[0049] The method of designing may be carried by using a computer.

[0050] Various embodiments may significantly reduce the liquid crystal (LC) cell thickness
in LC-based transmissive spatial light modulators (SLM) for binary phase-only and for
continuous amplitude-only modulation. Various embodiments may include an array of pixels.
[0051] FIG. 3A is a side cross-sectional schematic of one pixel of a spatial light modulator
300 for binary phase-only and continuous amplitude-only light modulation according to
various embodiments at an “OFF” state. FIG. 3B is a side cross-sectional schematic of the pixel
of the spatial light modulator 300 shown in FIG. 3A according to various embodiments in an
“ON?” state.

[0052] The spatial light modulator 300 may include a first electrode arrangement 302. The
spatial light modulator 300 may also include a second electrode arrangement 304. The spatial
light modulator 300 may additionally include a liquid crystal (LC) layer 306 between the first
electrode arrangement 302 and the second electrode arrangement 304. The spatial light
modulator 300 may also include a dielectric or semiconductor nanoantenna 308 in contact with
the liquid crystal layer 306. The first electrode arrangement 302 and the second electrode
arrangement 304 may be each configured to allow at least a portion of light to pass through.
[0053] The dielectric or semiconductor nanoantenna 308 may be embedded in the uniaxial
anisotropic liquid crystal (LC) layer 306. The LC layer 306 may have a thickness h, and may
be between a first substrate 310 and a second substrate 312. The substrates 310, 312 may
include a suitable transparent material having a low index of refraction (e.g. < 2) at the
wavelength of interest.

[0054] Examples of these materials at visible frequencies may be a commercial glass such
as soda lime. Examples of other materials may be silicon dioxide (SiOz), or other commercial
glasses. The substrates may be further coated with transparent conductive materials, serving as
transparent electrodes to drive a voltage across the LC cell in the z-direction. An example of
possible materials to be used for this purpose at visible frequencies is Indium Tin Oxide (ITO).
[0055] Light may impinge normally onto the device 300 with the electric field polarized
along the x-direction, as shown in FIG. 3A. Light may incident on the first substrate 310 first
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before passing through the first electrode 302, the LC layer 306, the second electrode 304, and
the second substrate 312. In various other embodiments, light may impinge from the opposite
second substrate 312. In various embodiments, light may impinge at a non-normal angle onto
the first substrate 310 and/or the second substrate 312.

[0056] Uniaxial anisotropic liquid crystals may possess an anisotropic refractive index
determined by the orientation of the LC molecules. A rod-like LC molecule may have a
rotational symmetry with respect to its long axis, referred to as the LC director. The refractive
index of the LC for incident light polarization along the LC director may be referred to as the
extraordinary refractive index (n.), while the refractive index of the LC for incident light
polarization perpendicular to the LC director may be referred to as the ordinary refractive index
(o).

[0057] One can define the anisotropic index of the refraction of an LC by specifying its LC
director orientation with respect to a coordinate axis. FIG. 4 is a schematic illustrating the
orientation of an LC director according to various embodiments in terms of the polar angle (8)
and the azimuthal angle (¢) with respect to the x-y-z coordinate system, as defined in FIGS.
3A-B.

[0058] The orientation of the molecules or LC director may be represented by 0 — ¢. For
instance, the liquid crystal molecules of the modulator 300 shown in FIG. 3A when no voltage
is applied may be in the 90-0 state, meaning a polar angle of 90°, and an azimuthal angle of 0°.
When a voltage is applied and the SLM 300 is in the ‘ON’ state, the polar angle may be changed
to between 0° and 90°.

[0059] The nanoantennas 308 may be structures or particles with dimensions smaller than
the wavelength of light at the operating frequency, and which may be resonant with the incident
electromagnetic field.

[0060] The nanoantennas 308 may be made of transparent high refractive index materials,
having a real part of the refractive index n>2 and an imaginary part of the refractive index
k<0.5. The nanoantennas 308 may be made of TiOz, but other suitable materials for operation
at visible frequencies would be Si, Ge, GaN, GaP, InP, GaAs, SiN, CuO,, etc. In various
embodiments, the nanoantennas 308 may have a cylindrical shape with circular cross section.

[0061] The geometry may be determined by the radius (R) and the height (H), as defined in
FIG. 5A. FIG. 5A is a schematic of a nanoantenna 508a having a cylindrical shape with circular

cross-section according to various embodiments.
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[0062] However, other possible suitable shapes for the nanoantennas may also be possible.
FIG. 5B is a schematic of a nanoantenna 508b having a cuboid shape according to various
embodiments. FIG. 5C is a schematic of a nanoantenna 508c having a cross shape according
to various embodiments. FIG. 5D is a schematic of a nanoantenna 508d having a cylindrical
shape with elliptical cross-section according to various embodiments. FIG. 5E is a schematic
of a nanoantenna 508e having a ring shape according to various embodiments.

[0063] The nanoantennas may be configured, i.e. their geometry is adjusted, such that they
support two or more resonances having appropriate relative amplitude and phases such that the
scattering of light from the nanoantennas in the backwards direction is minimized in at least
one of the LC director orientations. As a consequence, the transmission through the device may
be maximized and the reflection from the device may be minimized. Various embodiments
may relate to configuring the nanoantennas to minimize backscattering, meeting the Huygens’
condition, or generalized versions of it.

[0064] As shown in FIGS. 3A-B, each pixel of an array of pixels forming the spatial light
modulator may contain a single nanoantenna according to various embodiments. In various
other embodiments, each pixel may include or contain a group of nanoantennas. The group of
nanantennas may be arranged in a regular array e.g. 2x2, 3x3, 4x4, 5x5, etc.

[0065]  FIG. 6 shows a schematic top view of (a) a pixel including a nanoantenna, (b) a pixel
including 2x2 nanoantennas, (c) a pixel including 3x3 nanoantennas, (d) a pixel including 4x4
nanoantennas, and (e) a pixel including 5x5 nanoantennas according to various embodiments.
The nanoantennas shown in FIG. 6 may be cylindrical with a circular cross-section.

[0066] FIG. 7A shows a top view of a pixel array in which each pixel includes 1x1
nanoantenna according to various embodiments. FIG. 7B shows a top view of another pixel
array in which each pixel includes 3x3 nanoantennas according to various embodiments.
[0067] The pixel pitch, i.e. the pitch between neighbouring pixels, may be adjustable by
including or varying a gap between the neighbouring pixels.

[0068] FIG. 8A is a side cross-sectional schematic of a spatial light modulator 800a
according to various embodiments. The spatial light modulator 800a may include a first
electrode arrangement 802a including a single electrode. The spatial light modulator 800a may
also include a second electrode arrangement 804a including three separate electrodes. The
spatial light modulator 800a may additionally include a liquid crystal (LC) layer 806 between

the first electrode arrangement 802a and the second electrode arrangement 804a. The spatial
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light modulator 800a may also include a plurality of nanoantennas 808, e.g. 3x3 nanoantennas
on each separate electrode 804a, in contact with the liquid crystal layer 806.

[0069] The individual electrodes of the second electrode arrangement 804a may be arranged
on the substrate 812 that is closer to the nanoantennas 808, and the common e¢lectrode 802a
may be arranged on the substrate 810 that is opposite to the nanoantennas 808 as shown in FIG.
8A.

[0070] FIG. 8B is a side cross-sectional schematic of another spatial light modulator 800b
according to various embodiments. The spatial light modulator 800b may include a first
electrode arrangement 802b including three electrodes. The spatial light modulator 800b may
also include a second electrode arrangement 804b including a common electrode. The spatial
light modulator 800b may additionally include a liquid crystal (LC) layer 806 between the first
electrode arrangement 802b and the second electrode arrangement 804b. The spatial light
modulator 800b may also include a plurality of nanoantennas 808, e.g. 3x3 nanoantennas on
each separate electrode 804b, in contact with the liquid crystal layer 806.

[0071] The common electrode 804b may be arranged on the substrate 812 that is closer to
the nanoantennas 808 and the individual electrodes 802b may be arranged on the substrate 810
that is opposite to the nanoantennas 808 as shown in FIG. 8B.

[0072] The performance of the SLMs may be characterized in terms of amplitude and phase
modulation by means of full numerical simulations. A commercially available electromagnetic
solver based on the Finite Difference Time Domain (FDTD) method (Lumerical Solutions®)
may be employed. The refractive indices (n, and ne) of the uniaxial anisotropic liquid crystal
may have been taken equal to those of commercially available nematic liquid crystals (E7)
provided by MERCK Ltd. The LC, E7, may be selected because of its relatively large
birefringence of ~0.2. The nanoantennas may be selected to be TiO». The refractive index of
TiO: have been measured by ellipsometry, closely following values reported in literature. The
refractive index of transparent glass substrate has been taken to be equal to those of the
commercially available soda lime glass, which is widely used in liquid crystal display (LCD)
industry. ‘

[0073] Two examples of SLMs are illustrated below:

[0074] Two-phase-level-only spatial light modulation

[0075]  Various embodiments may relate to a transmissive spatial light modulator providing

binary phase modulation (0 and 17) over an impinging electromagnetic wave. The system may
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include an array of nanoantennas similar to that represented in FIGS. 3A-B. The dielectric
nanoantennas may be cylinders with circular cross sections and may be made of TiO,. The LC
layer thickness may be fixed at h = 500 nm.

[0076] The nanoantenna geometry for satisfying Huygens’ condition may first be identified.
The LC director may be oriented such that the device is in the “off” state of the device (i.e. 90-
0 state). Fulfilling Huygens’ condition may lead to inhibition of backward scattering of light
from the nanoantenna and therefore, can be identified by a maximization of transmission
(minimization of reflection) from the device. To do so we fix one of the geometrical parameters
of the nanoantennas, in this case the height, to H = 195 nm. The nanoantennas of the device
may be arranged in a square lattice with the period P = 360 nm.

[0077] In order to identify the fulfilment of the Huygens’ condition the spectral
transmission of light through the device when the radius of the nanoantennas is varied from
120 nm to 160 nm may be analysed.

[0078] Resonances excited in the nanoantennas may manifest themselves as dips in the
spectral transmission of the device, as shown in FIG. 9A, as well as abrupt variations (of the
order of 1m) of the phase of the transmitted light, as shown in FIG. 9B.

[0079] FIG. 9A is a plot of transmission as a function of wavelength (in nanometers or nm)
showing the simulated transmission amplitude of waves at different wavelengths in the spatial
light modulator according to various embodiments when the radius (R) of the cylindrical
nanoantennas are varied from 120 nm to 160 nm. FIG. 9B is a plot of phase shift (in 7 radians)
as a function of wavelength (in nanometers or nm) showing the simulated transmission phase
of waves at different wavelengths in the spatial light modulator according to various
embodiments when the radius (R) of the cylindrical nanoantennas are varied from 120 nm to
160 nm. The height (H) of the nanoantennas is fixed at 195 nm and the period (P) of the
nanoantennas is fixed at 360 nm. Th orientation of the LC director may be set at 8 = 90" and
¢ = 0°. The thickness of the LC layer may be set at h = 0.5um.

[0080] Upon variation of the radius of the nanoantennas for the fixed height (and, thus,
variation of the aspect ratio), it may be seen from the spectra that two dips may spectrally
overlap. When this happens the dips disappear, indicating that the Huygens’ condition is
fulfilled, inhibiting the backward scattering from the particles and therefore maximizing the
transmission. The accumulated phase may also add up upon resonance overlapping, bringing

the total phase accumulation close to 2 7.
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[0081] In this particular example, this happens when the radius R = 135 nm, under which a
high transmission of >80% and a phase shift of 2 & are achieved around the wavelength of
658.5nm, which may be set as the wavelength of operation of the device.

[0082] The wavelength of operation of the device may be scaled up (or down) by increasing
(or decreasing) the height of the nanoantennas or the array pitch, and repeating the same
analysis. ‘

[0083] Provided that the refractive index does not show a significant spectral dispersion,
the aspect ratio between the radius and the height to achieve Huygens’ condition at a different
wavelength may approximately be the same. There is literature available describing an
approximate rule relating the lateral size, the height and the refractive index of nanoantennas
such that a nanoantenna meets Huygens’ condition at a particular wavelength.

[0084]  Upon reorientation of the LC director in the device, the phase of the transmitted light
may be modulated in a binary fashion (phase being 0 or 1 m) while keeping a high transmission
(>80%). FIGS. 10A - B show the simulated transmission and phase shift of a plane wave
transmitted through the structure described above as a function of wavelength when the liquid
crystals are switched from the 90-0 state to the 0-0 state. FIG. 10A is a plot of transmission
amplitude as a function of wavelength (in nanometers or nm) showing the simulated
transmission showing the changes in the spectrum when the liquid crystals of the device
according to various embodiments are switched from the 90 — O state to the 0 — O state. FIG.
10B is a plot of phase shift (in 7 radians) as a function of wavelength (in nanometers or nm)
showing the simulated transmission phase showing the changes in the spectrum when the liquid
crystals of the device according to various embodiments are switched from the 90 — O state to
the 0 — O state.

[0085] At the 90 — O state, the LC director may be orientated such that 8 = 90°, ¢ = 0°. At
the 0 — 0 state, the LC director may be orientated such that 8 = 0°, ¢ = 0°. The thickness of
the LC layer may be set at h = 0.5um. The height (H) of the nanoantennas is fixed at 195 nm
and the radius (R) is fixed at 135 nm to meet the high-transmission Huygens’ condition for the
90 — 0 LC state. The period (P) of the nanoantennas may be fixed at 360 nm.

[0086] FIGS. 11A-B show the dependence of the simulated transmission and phase shift
difference due to the angle 6 of LC director with a fixed azimuthal angle ¢ = 0° at the operation
wavelength of 658.5 nm. FIG. 11A is a plot of transmission as a function of the polar angle 6

of the liquid crystal directors showing the dependence of the transmission due to orientation of
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the liquid crystals of the modulator according to various embodiments. FIG. 11B is a plot of
phase shift difference (in 7 radians) as a function of the polar angle 6 of the liquid crystal
directors showing the dependence of the phase shift difference due to orientation of the liquid
crystals of the modulator according to various embodiments. The phase shift difference may
be calculated with respect to the 0-0 state. The azimuthal angle ¢ may be fixed at 0" and the
wavelength may be fixed at 658.5 nm. The thickness of the LC layer may be set at h = 0.5um.
The height (H) of the nanoantennas is fixed at 195 nm and the radius (R) is fixed at 135 nm.
The period (P) of the nanoantennas may be fixed at 360 nm.

[0087] It is shown that a phase shift difference of 1w may be achievable by switching the
liquid crystal from the state in the range from 90-0 to 80-0 to the state in the range from 0-0 to
10-0, while maintaining a high transmission of >80%. This may enable high-efficiency binary
phase-only modulation of light with a phase of 0 or 1 7.

[0088] The phase retardation caused by switching a liquid crystal layer alone (i.e. without
nanoantennas) with a thickness of 500 nm from the 90-0 state to the 0-0 state (providing the
maximum anisotropy) may only be of 0.15  at A=658.5 nm. This illustrates the critical role
played by the nanoantennas without which such a phase modulation may not be possible for
this LC thickness.

[0089] Various embodiments may enable the fabrication of new transmissive binary-phase-
only spatial light modulator (SLM) devices, in which pixels operate at ‘ON’ state with a phase
of 0 or at ‘OFF’ state with a phase of 1 = with a high transmission (>80%). The LC layer
thickness in the modulator according to various embodiments may be much thinner than any
conventional reported system. The reduction of the thickness may be enabled by the fact that
the phase modulation imparted in the incident electromagnetic wave stems from the spectral
shift in the nanoantenna resonance wavelength upon LC re-orientation. This is different from
the usual mechanism used in conventional LC-based SLMs, in which the phase is modulated
upon wave propagation inside the LC medium, and thus requires a larger LC thickness (for a
transmissive device working under ideal conditions and based on the same E7 LC, the required
thickness to achieve 1m phase modulation at 658.5 nm would be around 1.65 um). The
reduction of the thickness of the LC layer, as described above, may enable a significant
reduction of the voltage needed to switch the device between the “OFF” and “ON” states by
changing the LC orientation. This, in turn, may enable the increase in the speed of the device

as well as a significant reduction of the cross-talk between the neighbouring pixels in the device



WO 2020/263174 PCT/SG2019/050313

19

that, ultimately, may translate to the possibility to reduce the minimum lateral size of the pixels
and the pixel pitch between them.

[0090] The pixel size may be scalable from 0.36 yum up to, e.g., 1.8um and beyond simply
by increasing the number of TiO2 nanoantennas from 1x1 to, e.g., 5x5 as shown in FIG. 6. The
pixel pitch may also be adjustable by including a gap between the adjacent pixels, as shown
schematically in FIGS. 7A-B. A driving circuit compatible with the conventional TFT-driven
liquid crystal displays (LCDs) may be deployed to electrically address the nanoantenna-based
pixels of the LC-SLM device.

[0091]  Further reduction of the LC thickness in the binary-phase modulation SLM as
described herein may be possible, as further illustrated below. Nevertheless, this reduction,
which may be beneficial for certain applications requiring very low levels of applied voltages,
and thus very low power consumption, may impact the transmission values of the device, which
may be reduced.

[0092] In various embodiments, the thickness of the LC layer may be set to 300 nm in the
same configuration as described in FIGS. 3A-B. Each pixel of the device may include a single
TiO, nanoantenna with a cylindrical shape, or multiple nanoantennas, e.g. 3x3 nanoantennas.
[0093] The nanoantenna height (H) may be fixed at 195 nm, and the period (P) between the
nanoantennas in the device may be 360 nm. The nanoantenna geometrical parameter leading
to the realization of the Huygens’ condition may be determined using a similar method as
described above. The transmission spectra of several devices with nanoantennas having
different radii may be analyzed.

[0094] FIG. 12A is a plot of transmission as a function of wavelength (in nanometers or
nm) showing the simulated transmission amplitude of waves at different wavelengths in the
spatial light modulator according to various embodiments when the radius (R) of the cylindrical
nanoantennas are varied from 145 nm to 160 nm. FIG. 12B is a plot of phase shift (in 7 radians)
as a function of wavelength (in nanometers or nm) showing the simulated transmission phase
of waves at different wavelengths in the spatial light modulator according to various
embodiments when the radius (R) of the cylindrical nanoantennas are varied from 145 nm to
160 nm.

[0095] FIGS. 12A-B shows the simulated transmission and phase shift of a plane wave
transmitted through the device as a function of wavelength in which the radius (R) of the
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nanoantenna in each pixel is varied from 145nm to 160nm and the device is in the “OFF” state,
i.e., when the orientation of the LC director is set as 6 = 90° and ¢ = 0°.

[0096] From the results, it can be seen that the nanoantenna radius leading to the realization
of the Huygens’ condition is R = 150 nm (manifested itself as an increase in the transmission
and 2 m phase shift around the resonances at 674 nm).

[0097] By reorientating of the LC directors of the liquid crystals in the device, the phase of
the transmitted light may be modulated in a binary fashion (phase being 0 or 1 i) while keeping
a high transmission (>80%).

[0098] FIG. 13A is a plot of transmission as a function of wavelength (in nanometers or
nm) showing the simulated transmission amplitude showing the changes in the spectrum when
the liquid crystals of the device according to various embodiments are switched from the 90 —
0 state to the 0 — O state. FIG. 13B is a plot of phase shift (in = radians) as a function of
wavelength (in nanometers or nm) showing the simulated transmission phase showing the
changes in the spectrum when the liquid crystals of the device according to various
embodiments are switched from the 90 — O state to the 0 — O state.

[0099] At the 90 — O state, the LC director may be orientated such that 8 = 90°, ¢ = 0". At
the 0 — 0 state, the LC director may be orientated such that 8 = 0°, ¢ = 0°. The thickness of
the LC layer may be set at h = 0.3um. The height (H) of the nanoantennas is fixed at 195 nm
and the radius (R) is fixed at 150 nm to meet the high-transmission Huygens’ condition for the
90 — 0 LC state. The period (P) of the nanoantennas may be fixed at 360 nm.

[00100] FIG. 14A is a plot of transmission as a function of the polar angle 6 of the liquid
crystal directors showing the dependence of the transmission due to orientation of the liquid
crystals of the modulator according to various embodiments. FIG. 14B is a plot of phase shift
difference (in 7 radians) as a function of the polar angle 6 of the liquid crystal directors
showing the dependence of the phase shift difference due to orientation of the liquid crystals
of the modulator according to various embodiments. The phase shift difference may be
calculated with respect to the 0-0 state. The azimuthal angle ¢ may be fixed at 0" and the
wavelength may be fixed at 674 nm. The thickness of the LC layer may be set at h = 0.3um.
The height (H) of the nanoantennas is fixed at 195 nm and the radius (R) is fixed at 150 nm.
The period (P) of the nanoantennas may be fixed at 360 nm.

[00101] FIGS. 14A-B show that a phase shift difference of 17 may be achievable by
switching the liquid crystals from the state in the range from 90-0 to 75-0 to the state in the
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range from 0-0 to 30-0, while maintaining a high transmission of >80%. This may enable high-
efficiency binary phase-only modulation of light with a phase of 0 or 1m. While the
transmission may be slightly lower than for the case with LC thickness of 500 nm, transmission
levels of >80% may still be possible.

[00102] Ultrathin amplitude-only spatial light modulation

[00103] Various embodiments may relate to amplitude modulation SLMs. Various
embodiments may relate to modulators with nanoantenna height H = 195 nm, nanoantenna
period P =360 nm.

[00104] In various embodiments, the nanoantenna radius (R) may be 135 nm and the LC
thickness (h) may be 500 nm, with an operating wavelength of 658.5nm.

[00105] In various other embodiments, the nanoantenna radius (R) may be 150 nm and the
LC thickness (h) may be 300 nm, with an operating wavelength of 674 nm. According to FIG.
11A and FIG. 14A, if the LC in the device is tuned from the 0-0 state to the 62-0 state and 61-
0 state respectively, the transmission through the device can be continuously modulated from
97% to 0% in various embodiments and from 91.7% to 0% in various other embodiments.
[00106] In amplitude-modulation SLMs, however, it is desirable to uncouple, as much as
possible, the amplitude modulation from any phase modulation. As can be seen in FIG. 11B
and FIG. 14B, the phase retardation caused by the switching of the liquid crystal director from
0-0 state to 60-0 state (i.e., from maximum transmission to minimum transmission) may
slightly decrease with the decrease of the LC thickness (h).

[00107] In various embodiments, the thickness of the liquid crystal layer may be equal to the
nanoantenna height, h = H, in order to achieve an ultrathin, amplitude-only spatial light
modulation that maximally uncouples the transmission modulation from any phase modulation.
[00108] The modulator may include an array of nanoantennas similar to that represented in
FIGS. 3A-B. The nanoantennas may be cylindrical with circular cross sections, may be made
of TiO2, and may have a height (H) of 195 nm. As stated above, the LC thickness (h) may be
fixed at 195 nm, coinciding with the nanoantenna height. The period (P) of the nanoantennas
may be 360 nm.

[00109] FIG. 15A is a side cross-sectional schematic of a spatial light modulator 1500 for
continuous amplitude-only light modulation according to various embodiments at a 90-0 state.
FIG. 15B is a side cross-sectional schematic of the spatial light modulator 1500 shown in FIG.

15A according to various embodiments in a 0-0 state.
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[00110] The spatial light modulator 1500 may include a first electrode arrangement 1502.
The spatial light modulator 1500 may also include a second electrode arrangement 1504. The
spatial light modulator 1500 may additionally include a liquid crystal (LC) layer 1506 between
the first electrode arrangement 1502 and the second electrode arrangement 1504. The spatial
light modulator 1500 may also include a dielectric or semiconductor nanoantenna 1508 in
contact with the liquid crystal layer 1506. The first electrode arrangement 1502 and the second
electrode 1504 arrangement may be each configured to allow at least a portion of light to pass
through. The spatial light modulator 1500 may include a first substrate 1510 in contact with
the first electrode arrangement 1502, and a second substrate 1512 in contact with the second
electrode arrangement 1504. A height of the nanoantenna 1508 may be equal to a thickness of
the liquid crystal layer.

[00111] FIG. 16A is a plot of transmission as a function of wavelength (in nanometers or
nm) showing the simulated transmission amplitude of waves at different wavelengths in the
spatial light modulator according to various embodiments when the radius (R) of the cylindrical
nanoantenna is varied from 145 nm to 165 nm. FIG. 16B is a plot of phase shift (in 7 radians)
as a function of wavelength (in nanometers or nm) showing the simulated transmission phase
of waves at different wavelengths in the spatial light modulator according to various
embodiments when the radius (R) of the cylindrical nanoantenna is varied from 145 nm to 165
nm. The height (H) of the nanoantenna is fixed at 195 nm, and the period (P) of the nanoantenna
is fixed at 360 nm. Th orientation of the LC director may be set at # = 90" and ¢ = 0°. The
thickness of the LC layer may be set at h = 0.195um, coinciding with the height of the
nanoantenna.

[00112] FIGS. 16A-B demonstrate that for the 90-0 state with the LC thickness h = 0.195
pm, the Huygens condition may be met by setting the radius of the nanoantenna at R = 150 nm,
in which a high transmission of >85% and a phase shift of 2 m may be achieved around the
wavelength of 668nm.

[00113] FIG. 17A is a plot of transmission as a function of wavelength (in nanometers or
nm) showing the simulated transmission amplitude showing the changes in the spectrum when
the liquid crystals of the device according to various embodiments are switched from the 90 —
0 state to the 0 — O state. FIG. 17B is a plot of phase shift (in 7 radians) as a function of

wavelength (in nanometers or nm) showing the simulated transmission phase showing the
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changes in the spectrum when the liquid crystals of the device according to various
embodiments are switched from the 90 — 0 state to the 0 — O state.

[00114] At the 90— O state, the LC director may be orientated such that 8 = 90°, ¢ = 0°. At
the 0 — O state, the LC director may be orientated such that 8 = 0°, ¢ = 0°. The radius (R) is
fixed at 150 nm to meet the high-transmission Huygens’ condition for the 90 — 0 L.C state. The
period (P) of the nanoantennas may be fixed at 360 nm.

[00115] It may be noted that, in this configuration, the phase retardation induced by the LC
alone (which can be identified as the phase difference between the 90-0 and the 0-0 states
spectrally away from the resonances) may be very small (e.g. it is around 0.029  at 700nm).
It may also be noticed that, upon the reorientation of the LC director from 90-0 state to 0-0
state, the phase of the transmitted light can be modulated by 1 & around the wavelength of
670nm, but the transmission at the same operating wavelength may be strongly modulated from
90% to 18%, which is not suitable for binary phase-only spatial light modulation applications.
[00116] FIG. 18A is a plot of transmission as a function of the polar angle 0 of the liquid
crystal directors showing the dependence of the transmission due to orientation of the liquid
crystals of the modulator according to various embodiments. FIG. 18B is a plot of phase shift
difference (in = radians) as a function of the polar angle 6 of the liquid crystal directors
showing the dependence of the phase shift difference due to orientation of the liquid crystals
of the modulator according to various embodiments. The phase shift difference may be
calculated with respect to the 0-0 state. The azimuthal angle ¢ may be fixed at 0" and the
wavelength may be fixed at 672 nm. The radius (R) is fixed at 150 nm to meet the high-
transmission Huygens’ condition for the 90 — 0 LC state. At the operation wavelength (A) of
672nm, the transmission may be modulated from 93% to 0% by tuning the angle of liquid
crystal director from 6 = 90° to 8 = 10° with a phase variance as small as <0.06 7.

[00117] Various embodiments may enable an ultrathin spatial light modulator for amplitude-
only light modulation applications. The ultra-thin character of the proposed SLM may have an
impact by reducing the voltage needed to operate the device, as compared to state of the art.
[00118] This, in turn, may enable a power consumption reduction, as well as an increase in
the switching speed of the device and a reduction in the cross-talk between pixels, which
ultimately may allow a reduction of the minimum pixel size, as explained previously. Again,
the pixel size of the proposed device may be scalable from 0.36 pym up to, e.g., 1.8 ym, and

beyond simply by increasing the number of nanoantennas from 1x1 to, e.g., 5x5 as
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schematically shown in FIG. 6. The pixel pitch may also be adjustable by including a gap
between the adjacent pixels, as shown schematically in FIGS. 7A-B. A driving circuit
compatible with the conventional TFT-driven liquid crystal displays (LCDs) may be deployed
to electrically address the nanoantenna-based pixels of the LC-SLM devices.

[00119] Various embodiments may combine the binary phase-only spatial light modulation
and the continuous amplitude-only spatial light modulation into one single SLM device at the
same operating wavelength.

[00120] The device may have a LC layer thickness h = 0.5um in the same configuration as
described in FIGS. 3A-B. Each pixel of the device may include a single TiO> nanoantenna
with a cylindrical shape, or multiple nanoantennas, e.g. 3x3 nanoantennas. The parameters of
the TiO2 cylindrical nanoantennas are set as H= 175 nm and R = 130 nm in order to meet the
high-transmission Huygens’ condition for the 55-0 LC state. The period of the nanoantennas
is set as P = 360 nm.

[00121] FIG. 19 is a plot of transmission/phase shift difference (in 7 radians) as a function
of wavelength (in nanometers or nm) illustrating the simulated transmission and phase shift
difference when the liquid crystals of the device according to various embodiments are
switched from the 55-0 state to the 0-0 state. The nanoantennas may be cylindrical with circular
cross-sections. The LC thickness (h) may be set at 0.5 um. The parameters of the TiO;
cylindrical nanoantennas may be set as H= 175 nm and R = 130 nm in order to meet the high-
transmission Huygens’ condition for the 55-0 LC state. The period (P) of the nanoantennas
may be 360 nm. FIG. 19 shows that by reorientation of the LC director in the device from the
55-0 state to 0-0 state, the phase of the transmitted light can be modulated in a binary fashion
(phase being 0 or 1 ) while keeping a high transmission (>87%) at the wavelength of 648.5nm.
[00122] FIG. 20 is a plot of transmission/phase shift difference (in 7 radians) as a function
of the polar angle 0 of the liquid crystal directors illustrating the dependence of the simulated
transmission and phase shift difference due to orientation of the liquid crystals of the device
according to various embodiments. The azimuthal angle (¢) may be fixed at 0°, and the
operating wavelength may be fixed at 648.5 nm. The phase shift difference may be calculated
with respect to the 55-0 state. The LC thickness may be set as h = 0.5 ym. The parameters of
the TiO; cylindrical nanoantennas may be set at H =175 nm and R = 130 nm in order to meet
the high-transmission Huygens’ condition for the 55-0 LC state. The period (P) of the
nanoantennas may be 360 nm. FIG. 20 shows that by tuning the liquid crystals from the 55-0
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state to the 85- O state, the transmission through the device may be continuously modulated
from 87.3% to 0% with a phase variance as small as <0.06 . The same device may be used to
obtain the data in FIG.19 and FIG. 20. Various embodiments may enable the amplitude-only
spatial light modulation to be completely uncoupled from the phase modulation, and hence the
amplitude and phase can be modulated simultaneously and independently with a single
transmissive SLM.

[00123] Various embodiments may relate to a way to reduce the LC layer thickness of
transmissive SLMs with the assistance of dielectric or semiconductor nanoantennas embedded
in a uniaxial anisotropic LC for phase-only and amplitude-only spatial light modulation
applications. It is expected that the reduction of LC thickness may result in an increase of the
switching speed, a reduction of the driving voltage, a suppression of pixel crosstalk, and
ultimately a reduction of the pixel pitch or pixel size of LC-SLM devices. Recently, sub-micron
thin-film transistors (TFTs) have been demonstrated, which is an indispensable route to next-
generation SLM devices with near 1 ym pixel pitch.

[00124] Nanoantennas are engineered particles with sizes below the wavelength of the
incident light that allow control of the amplitude, phase and polarization of the scattered field.

Recently, metasurfaces including arrays of such nanoantennas, have shown great potential in
manipulation of the amplitude, phase and polarization of the optical wave front of a beam
transmitting through or reflecting from them. 2D or 3D static images have been reconstructed

from phase-only, amplitude-only or complex amplitude holograms by encoding/mapping their
profiles into the properties of the nanoantennas forming the metasurface. At the same time,
ultrathin optical metasurfaces with a phase gradient have also received a great attention for
beam steering applications.

[00125] Metasurfaces including arrays of high-index dielectric or semiconductor
nanoantennas promise very high efficiencies due to lower absorption losses and highly
tailorable scattering properties. A particular case attracting significant attention is that of
Huygens’ metasurfaces which may provide a near-unity transmission and a control of 2 7 phase
at visible wavelengths. This may be achieved by engineering the nanoantennas forming the
metasurface to support spectrally overlapping electric and magnetic dipole resonances with the
same amplitudes and phases. Thermal or electrical tuning of liquid crystals (LCs) as embedding
media has been reported as an attractive approach to achieve tunable dielectric metasurfaces

for active optical devices. However, these designs reported the use of thick LC cells which,
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ultimately, would not solve some of the long standing problems of SLMs as described above.
In order to address the issues facing thick LC cells, a refractive-index-variable layer has been
proposed for a light modulation device including a dielectric antenna and a spatial light
modulator including a nano-antenna electrode in several patents. Thin LC cells have also been
recently proposed for reflective SLMs based on nanoantennas.

[00126] Various embodiments may relate to ultra-thin (< 0.5 micron) transmissive spatial
light modulators (SLMs) assisted with dielectric or semiconductor nanoantennas embedded in
uniaxial anisotropic liquid crystals (LCs) for both phase-only and amplitude-only modulations.
Various embodiments may relate to high-transmission SLMs with a binary 0-m phase
accumulation at visible wavelengths and a 0-93% continuous transmission tunability with
constant associated phase. The described effects may be enabled by the ultra-thin nature of the
LC cell, which additionally solves the issues related to thick cells described above.

[00127] Various embodiments may pave the way to manufacturing next-generation energy-
saving, high speed and high-resolution ultra-thin SLMs with a sub-micron, or even sub-
wavelength, pixel pitch for dynamic holographic displays and active beam shaping and steering
applications.

[00128] Various embodiments may achieve ultra-thin, transmissive spatial light modulators
based on dielectric or semiconductor nanoantennas configured to act as Huygens’ sources (i.e.
to present negligible reflection or backward scattering) embedded in uniaxial anisotropic liquid
crystals (LCs)). In various embodiments, the modulator may be configured for two-phase-
level-only spatial light modulation. In various other embodiments, the modulator may be
configured for continuous-amplitude-only spatial light modulation.

[00129] Various embodiments may relate to electrically switchable spatial light modulators
based on semiconductor or dielectric nanoantennas (e.g. TiOz) embedded in ultra-thin (<0.5
um) uniaxial anisotropic liquid crystals for binary phase-only spatial light modulation
applications with a phase shift difference of 17t and a high transmission of >80%.

[00130] Various embodiments may relate to electrically tunable spatial light modulators
based on dielectric nanoantennas (made of TiO; in a particular embodiment) embedded in ultra-
thin (<0.5 um) uniaxial anisotropic liquid crystal layers for amplitude-only spatial light
modulation applications with a transmission modulated from >90% to 0% and a small phase
variance of <0.1 . Various embodiments may relate to spatial light modulators for continuous

amplitude- modulation only in which the LC cell has a thickness equal to the height of the
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nanoantennas (<0.2 um). Various embodiments may enable the amplitude and phase to be
modulated simultaneously and independently using a single transmissive SLM. In various
embodiments, the SLM may include an array of pixels, each containing a top transparent
substrate and a bottom transparent substrate coated with a transparent conducting oxide (e.g.
indium tin oxide (ITO)) thin film used as electrodes, with at least one nanostructure (e.g. TiO2)
placed either on the bottom or on the top electrode used to address each pixel, and uniaxial
anisotropic liquid crystals sandwiched between the top and bottom substrates/electrodes.
Electrical switching / tuning of the liquid crystal director may be realized by applying a certain
voltage to the transparent electrodes. The top electrode or the bottom electrode may be a
common electrode to all pixels in the device. The other electrode may be individually
addressed, with a driving circuit compatible with that used in conventional liquid crystal
displays, to drive a desired voltage to each particular pixel, enabling a significant reduction in
liquid crystal thickness with the assistance of dielectric nanoantennas. The LC thickness can
be reduced from traditional 3 ~ 5um to 0.2 ~ 0.5um (and even <0.2um, only limited by the
height of the nanoantennas). Even with such thin LC cells, the device may provide the phase
retardations required for binary phase modulation applications. Decreasing the LC cell
thickness may allow reducing the voltage needed to electrically tune / switch the liquid crystals.
Various embodiments may enable an ultrathin device for amplitude-only transmissive spatial
light modulation. In both cases the design may enable a small pixel size scalable in the range
of 0.3 ~ 2um and beyond, which may be addressed with a driving circuit compatible with that
used in conventional transmissive liquid crystal displays.

[00131] Various embodiments may find wide applications including active beam bending,
head-mounted AR/VR displays, ultrahigh definition displays, multi-view 3D displays and
future 2D/3D dynamic holographic displays.

[00132] While the invention has been particularly shown and described with reference to
specific embodiments, it should be understood by those skilled in the art that various changes
in form and detail may be made therein without departing from the spirit and scope of the
invention as defined by the appended claims. The scope of the invention is thus indicated by
the appended claims and all changes which come within the meaning and range of equivalency

of the claims are therefore intended to be embraced.
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CLAIMS

1. A spatial light modulator comprising:
a first electrode arrangement;
a second electrode arrangement;
a liquid crystal layer between the first electrode arrangement and the second
electrode arrangement; and
one or more nanoantennas in contact with the liquid crystal layer;
wherein the first electrode arrangement and the second electrode arrangement

are each configured to allow at least a portion of light to pass through.

2. The spatial light modulator according to claim 1,
wherein the liquid crystal layer is configured to switch liquid crystal directors
between a first state and a second state; and
wherein the one or more nanoantennas are configured to act as Huygens’

sources in at least one state selected from the first state and the second state.

3. The spatial light modulator according to claim 1,
wherein a thickness of the liquid crystal layer is smaller than a vacuum

wavelength (4, ) of the light.

4. The spatial light modulator according to claim 1,
wherein the first electrode arrangement and the second electrode arrangement

are transparent.
5. The spatial light modulator according to claim 1,
wherein the one or more nanoantennas comprise a dielectric material or a

semiconductor material.

6. The spatial light modulator according to claim 1,
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wherein the one or more nanoantennas comprise any one material selected
from a group consisting of titanium oxide, silicon, germanium, gallium nitride,
gallium phosphide, indium phosphide, gallium arsenide, silicon nitride, and

copper oxide.

7. The spatial light modulator according to claim 1,
wherein the one or more nanoantennas are each of a shape selected from a

cylinder, a cuboid, a cross, a ring, and a c-shape.

8. The spatial light modulator according to claim 1,

wherein the spatial light modulator has a plurality of pixels.

9. The spatial light modulator according to claim 1,
wherein the first electrode arrangement and the second electrode arrangement

comprise a transparent conducting oxide.

10. The spatial light modulator according to claim 1,
wherein the first electrode arrangement comprises a single electrode;

wherein the second electrode arrangement comprises a single electrode.

11. The spatial light modulator according to claim 1,
wherein the first electrode arrangement comprises a single electrode; and

wherein the second electrode arrangement comprises a plurality of electrodes.

12. The spatial light modulator according to claim 1,
wherein the first electrode arrangement comprises a plurality of electrodes;
and

wherein the second electrode arrangement comprises a single electrode.

13. The spatial light modulator according to claim 1,
wherein the first electrode arrangement is over the second electrode

arrangement.
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14. The spatial light modulator according to claim 1, further comprising:
a first substrate in contact with the first electrode arrangement; and

a second substrate in contact with the second electrode arrangement.

15. The spatial light modulator according to claim 1,
wherein the first substrate and the second substrate each comprises silicon

dioxide or soda lime glass.

16. The spatial light modulator according to claim 1,
wherein the liquid crystal layer comprises a plurality of uniaxial anisotropic
light crystals;
wherein the plurality of uniaxial anisotropic liquid crystals are each configured
to change orientation upon application of different voltages between the first

electrode arrangement and the second electrode arrangement.

17. The spatial light modulator according to claim 1,

wherein the spatial light modulator is a binary phase-only modulator.

18. The spatial light modulator according to claim 1,

wherein the spatial light modulator is an amplitude-only modulator.

19. The spatial light modulator according to claim 1,
wherein a height of each of the one or more nanoantennas is equal to a

thickness of the liquid crystal layer.

20. A method of forming a spatial light modulator, the method comprising:
forming a first electrode arrangement;
forming a second electrode arrangement;
forming a liquid crystal layer between the first electrode arrangement and the
second electrode arrangement; and

forming one or more nanoantennas in contact with the liquid crystal layer;
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wherein the first electrode arrangement and the second electrode arrangement

are each configured to allow at least a portion of light to pass through.
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