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LEE et al.: SYSTEM AND METHOD FOR FABRICATING POLARIZATION SELECTIVE ELEMENT

SPECIFICATION

SYSTEM AND METHOD FOR FABRICATING POLARIZATION SELECTIVE
ELEMENT

TECHNICAL FIELD

[0001] The present disclosure generally relates to systems and methods and, more

specifically, to a system and a method for fabricating polarization selective elements.

BACKGROUND

[0002] Polarization selective optical elements, such as polarization selective lenses, gratings,
and deflectors, etc., have gained increasing interests in optical device and system applications,
for example, in beam steering devices, waveguides, and displays. Polarization selective optical
elements may be fabricated based on isotropic or anisotropic materials, and may include suitable
sub-wavelength structures, liquid crystals, photo-refractive holographic materials, or a
combination thereof. Polarization volume hologram (“PVH”) elements and Pancharatnam-Berry
phase (“PBP”) elements are two types of polarization selective optical elements that provide a
polarization selective optical response. An optic axis of a PVH element or a PBP element may
have a spatially varying orientation in at least one in-plane direction. The optic axis of a PVH
element or a PBP element may also have a spatially varying orientation in an out-of-plane
direction. PBP elements and PVH elements have features such as flatness, compactness, high
efficiency, high aperture ratios, absence of on-axis aberrations, possibility of switching, flexible
design, simple fabrication, and low cost, etc. Thus, PBP elements and PVH elements can be
implemented in various applications such as portable or wearable optical devices or systems.
PVH and PBP elements can be fabricated using various methods, e.g., polarization interference

or holography, laser direct writing, and various other forms of lithography.

SUMMARY OF THE DISCLOSURE

[0003] Consistent with a disclosed embodiment of the present disclosure, a system is

provided. The system includes a surface relief grating configured to forwardly diffract an input
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beam as two linearly polarized beams. The system also includes a waveplate optically coupled
with the surface relief grating and configured to convert the two linearly polarized beams into
two circularly polarized beams having orthogonal circular polarizations. The two circularly
polarized beams having orthogonal circular polarizations interfere with one another to generate a
polarization interference pattern.

[0004] Consistent with another aspect of the present disclosure, a method is provided. The
method includes directing an input beam to a surface relief grating. The method also includes
forwardly diffracting, by the surface relief grating, the input beam as two linearly polarized
beams. The method further includes converting, by a waveplate, the two linearly polarized
beams into two circularly polarized beams having orthogonal circular polarizations, the two
circularly polarized beams interfering with one another to generate a polarization interference
pattern.

[0005] Other aspects of the present disclosure can be understood by those skilled in the art in
light of the description, the claims, and the drawings of the present disclosure. The foregoing
general description and the following detailed description are exemplary and explanatory only

and are not restrictive of the claims.

BRIEF DESCRIPTION OF THE DRAWINGS

[0006] The following drawings are provided for illustrative purposes according to various
disclosed embodiments and are not intended to limit the scope of the present disclosure. In the
drawings:

[0007] FIG. 1A schematically illustrates a three-dimensional (“3D”’) view of a polarization
selective optical element (“PSOE”), according to an embodiment of the present disclosure;
[0008] FIGs. 1B-1D schematically illustrate a portion of in-plane orientations of optically
anisotropic molecules of the PSOE shown in FIG. 1A, according to various embodiments of the
present disclosure;

[0009] FIGs. 1E-1G schematically illustrate a portion of out-of-plane orientations of
optically anisotropic molecules of the PSOE shown in FIG. 1A, according to various
embodiments of the present disclosure;

[0010] FIG. 2A schematically illustrates a system for generating a polarization interference,
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according to an embodiment of the present disclosure;

[0011] FIG. 2B schematically illustrates a diagram of a surface relief grating (“SRG”) and a
waveplate with an enlarged view of a portion of the SRG, which may be included in the system
shown in FIG. 2A, according to an embodiment of the present disclosure;

[0012] FIG. 2C schematically illustrates a three-dimensional (“3D”) perspective view of a
system for generating a polarization interference, according to another embodiment of the
present disclosure;

[0013] FIG. 2D schematically illustrates another 3D perspective view of the system shown in
FIG. 2C with additional elements, according to another embodiment of the present disclosure;
[0014] FIGs. 3A-3C schematically illustrate patterns of spatially varying orientations of a
linear polarization recorded in different portions of a recording medium layer, according to
various embodiments of the present disclosure;

[0015] FIGs. 4A-4D schematically illustrate processes for fabricating a PSOE, according to
an embodiment of the present disclosure;

[0016] FIGs. 5A and 5B schematically illustrate processes for fabricating a PSOE and a
fabricated PSOE, according to an embodiment of the present disclosure;

[0017] FIG. 5C schematically illustrates processes for fabricating a PSOE and a fabricated
PSOE, according to an embodiment of the present disclosure;

[0018] FIG. 5D schematically illustrates processes for fabricating a PSOE and a fabricated
PSOE, according to another embodiment of the present disclosure;

[0019] FIGs. 6A and 6B schematically illustrate processes for fabricating a PSOE, according
to another embodiment of the present disclosure;

[0020] FIG. 7A illustrates a schematic diagram of a waveguide display system, according to
an embodiment of the present disclosure;

[0021] FIG. 7B illustrates a schematic diagram of diffraction of an image light using a
conventional waveguide display system including an out-coupling diffractive element with a
uniform diffraction efficiency;

[0022] FIG. 7C illustrates a schematic diagram of diffraction of an image light using a
disclosed waveguide display system, according to an embodiment of the present disclosure;
[0023] FIG. 8A illustrates a schematic diagram of a near-eye display (“NED”), according to

an embodiment of the present disclosure;
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[0024] FIG. 8B illustrates a schematic cross sectional view of half of the NED shown in FIG.
8A, according to an embodiment of the present disclosure;

[0025] FIG. 9 illustrates a flowchart showing a method for fabricating a PSOE, according to
an embodiment of the present disclosure; and

[0026] FIG. 10 schematically illustrates a system for generating a polarization interference,

according to another embodiment of the present disclosure.

DETAILED DESCRIPTION

[0027] Embodiments consistent with the present disclosure will be described with reference
to the accompanying drawings, which are merely examples for illustrative purposes and are not
intended to limit the scope of the present disclosure. Wherever possible, the same reference
numbers are used throughout the drawings to refer to the same or similar parts, and a detailed
description thereof may be omitted.

[0028] Further, in the present disclosure, the disclosed embodiments and the features of the
disclosed embodiments may be combined. The described embodiments are some but not all of
the embodiments of the present disclosure. Based on the disclosed embodiments, persons of
ordinary skill in the art may derive other embodiments consistent with the present disclosure.
For example, modifications, adaptations, substitutions, additions, or other variations may be
made based on the disclosed embodiments. Such variations of the disclosed embodiments are
still within the scope of the present disclosure. Accordingly, the present disclosure is not limited
to the disclosed embodiments. Instead, the scope of the present disclosure is defined by the
appended claims.

29 ¢¢

[0029] As used herein, the terms “couple,” “coupled,” “coupling,” or the like may
encompass an optical coupling, a mechanical coupling, an electrical coupling, an electromagnetic
coupling, or any combination thereof. An “optical coupling” between two optical elements
refers to a configuration in which the two optical elements are arranged in an optical series, and a
light output from one optical element may be directly or indirectly received by the other optical
element. An optical series refers to optical positioning of a plurality of optical elements in a light
path, such that a light output from one optical element may be transmitted, reflected, diffracted,

converted, modified, or otherwise processed or manipulated by one or more of other optical
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elements. In some embodiments, the sequence in which the plurality of optical elements are
arranged may or may not affect an overall output of the plurality of optical elements. A coupling
may be a direct coupling or an indirect coupling (e.g., coupling through an intermediate
element).

[0030] The phrase “at least one of A or B” may encompass all combinations of A and B,
such as A only, B only, or A and B. Likewise, the phrase “at least one of A, B, or C” may
encompass all combinations of A, B, and C, such as A only, B only, C only, A and B, A and C, B
and C, or A and B and C. The phrase “A and/or B” may be interpreted in a manner similar to
that of the phrase “at least one of A or B.” For example, the phrase “A and/or B” may
encompass all combinations of A and B, such as A only, B only, or A and B. Likewise, the
phrase “A, B, and/or C” has a meaning similar to that of the phrase “at least one of A, B, or C.”
For example, the phrase “A, B, and/or C” may encompass all combinations of A, B, and C, such
as A only, B only, C only, A and B, A and C, B and C, or A and B and C.

[0031] When a first element is described as “attached,” “provided,” “formed,” “affixed,”
“mounted,” “secured,” “connected,” “bonded,” “recorded,” or “disposed,” to, on, at, or at least
partially in a second element, the first element may be “attached,” “provided,” “formed,”
“affixed,” “mounted,” “secured,” “connected,” “bonded,” “recorded,” or “disposed,” to, on, at,
or at least partially in the second element using any suitable mechanical or non-mechanical
manner, such as depositing, coating, etching, bonding, gluing, screwing, press-fitting, snap-
fitting, clamping, etc. In addition, the first element may be in direct contact with the second
element, or there may be an intermediate element between the first element and the second
element. The first element may be disposed at any suitable side of the second element, such as
left, right, front, back, top, or bottom.

[0032] When the first element is shown or described as being disposed or arranged “on” the
second element, term “on” is merely used to indicate an example relative orientation between the
first element and the second element. The description may be based on a reference coordinate
system shown in a figure, or may be based on a current view or example configuration shown in
a figure. For example, when a view shown in a figure is described, the first element may be
described as being disposed “on” the second element. It is understood that the term “on” may
not necessarily imply that the first element is over the second element in the vertical,

gravitational direction. For example, when the assembly of the first element and the second
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element is turned 180 degrees, the first element may be “under” the second element (or the
second element may be “on” the first element). Thus, it is understood that when a figure shows
that the first element is “on” the second element, the configuration is merely an illustrative
example. The first element may be disposed or arranged at any suitable orientation relative to
the second element (e.g., over or above the second element, below or under the second element,
left to the second element, right to the second element, behind the second element, in front of the
second element, etc.).

[0033] When the first element is described as being disposed “on” the second element, the
first element may be directly or indirectly disposed on the second element. The first element
being directly disposed on the second element indicates that no additional element is disposed
between the first element and the second element. The first element being indirectly disposed on
the second element indicates that one or more additional elements are disposed between the first
element and the second element.

[0034] The term “processor” used herein may encompass any suitable processor, such as a
central processing unit (“CPU”), a graphics processing unit (“GPU”), an application-specific
integrated circuit (“ASIC”), a programmable logic device (“PLD”), or any combination thereof.
Other processors not listed above may also be used. A processor may be implemented as
software, hardware, firmware, or any combination thereof.

[0035] The term “controller” may encompass any suitable electrical circuit, software, or
processor configured to generate a control signal for controlling a device, a circuit, an optical
element, etc. A “controller” may be implemented as software, hardware, firmware, or any
combination thereof. For example, a controller may include a processor, or may be included as a
part of a processor.

[0036] The term “non-transitory computer-readable medium” may encompass any suitable
medium for storing, transferring, communicating, broadcasting, or transmitting data, signal, or
information. For example, the non-transitory computer-readable medium may include a
memory, a hard disk, a magnetic disk, an optical disk, a tape, etc. The memory may include a
read-only memory (“ROM?”), a random-access memory (“RAM?”), a flash memory, etc.

[0037] The term “film” and “layer” may include rigid or flexible, self-supporting or free-
standing film, coating, or layer, which may be disposed on a supporting substrate or between

substrates. The term “layer” used herein may be in any suitable form, such as coating, film, plate,
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b

etc. In some situations, the term “layer” may be interchangeable with the term “coating,” “film,’
and/or “plate.”

99 Cey 99 ¢y

[0038] The phrases “in-plane direction,” “in-plane orientation,” “in-plane rotation,

9 ccr
1

n-
plane alignment pattern,” and “in-plane pitch” refer to a direction, an orientation, a rotation, an
alignment pattern, and a pitch in a plane of a film or a layer (e.g., a surface plane of the film or
layer, or a plane parallel to the surface plane of the film or layer), respectively. The term “out-
of-plane direction” indicates a direction that is non-parallel to the plane of the film or layer (e.g.,
perpendicular to the surface plane of the film or layer, e.g., perpendicular to a plane parallel to
the surface plane). For example, when an “in-plane” direction refers to a direction within a
surface plane, an “out-of-plane” direction may refer to a thickness direction perpendicular to the
surface plane, or a direction that is not parallel with the surface plane.

[0039] The term “orthogonal” as used in “orthogonal polarizations™ or the term
“orthogonally” as used in “orthogonally polarized” means that an inner product of two vectors
representing the two polarizations is substantially zero. For example, two lights with orthogonal
polarizations or two orthogonally polarized lights may be two linearly polarized lights with
polarizations in two orthogonal directions (e.g., an x-axis direction and a y-axis direction in a
Cartesian coordinate system) or two circularly polarized lights with opposite handednesses (e.g.,
a left-handed circularly polarized light and a right-handed circularly polarized light).

[0040] In the present disclosure, an angle of a beam (e.g., a diffraction angle of a diffracted
beam or an incidence angle of an incident beam) with respect to a normal of a surface can be
defined as a positive angle or a negative angle, depending on the positional relationship between
a propagation direction of the beam and the normal of the surface. For example, when the
propagation direction of the beam is clockwise from the normal, the angle of the propagation
direction may be defined as a positive angle, and when the propagation direction of the beam is
counter-clockwise from the normal, the angle of the propagation direction may be defined as a
negative angle. A propagation direction of a light may refer to a direction of a center ray of the
light.

[0041] Polarization holography (or polarization interference) is widely used to fabricate
PSOE:s (e.g., lenses, gratings, deflectors, etc.) having a short in-plane pitch, e.g., within a sub-
micron range and comparable to visible wavelengths. Polarization holography entails the

interference of two beams with different polarizations in order to generate a spatially varying
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polarization field. However, when the polarization interference is used to fabricate multiple
gratings (e.g., PBP gratings and/or PVH gratings) with varying in-plane pitches and varying
orientations (orientations of grating fringes) on a single substrate (e.g., on one or both sides of a
wafer), the processes of recording the multiple gratings one by one on the substrate, and
precisely aligning the multiple gratings during the fabrication, may be time consuming and
challenging.

[0042] In view of the limitations of conventional methods for fabricating PSOEs, the present
disclosure provides a more efficient and cost-effective system and method for fabricating
PSOEs. The system may include a surface relief grating (“SRG”) configured to forwardly
diffract an input beam as two linearly polarized beams. In some embodiments, the SRG may
function or operate as an optically isotropic grating. For example, the SRG may be a
polarization non-selective grating. In some embodiments, the SRG may function or operate as
an optically anisotropic grating. For example, the SRG may be a polarization selective grating.
In some embodiments, the SRG may be fabricated based on an inorganic material, such as metals
or oxides. In some embodiments, the input beam may be an at least partially polarized beam
having a wavelength A. In some embodiments, the input beam may be decomposed into two
linearly polarized components with a substantially same light intensity and a suitable phase delay
between the two linearly polarized components. For example, the input beam may be a linearly
polarized light, a circularly polarized, or an elliptically polarized light, etc. In some
embodiments, the input beam may be a collimated beam. In some embodiments, the input beam
may be incident onto the SRG at an incidence angle 01.

[0043] The SRG may be configured to substantially forwardly diffract the input beam as a 0™
order diffracted beam and a —1* order diffracted beam. In some embodiments, the 0™ order
diffracted beam and the —1* order diffracted beam may have a wavelength that is substantially
the same as the wavelength of the input beam. In some embodiments, the 0 order diffracted
beam and the —1* order diffracted beam may be linearly polarized beams having orthogonal
linear polarizations. For example, the 0™ order diffracted beam may be an s-polarized beam, and
the —1% order diffracted beam may be a p-polarized beam. In some embodiments, the 0 order
diffracted beam and the —1% order diffracted beam may be linearly polarized beams having a
substantially same linear polarization. In some embodiments, the SRG may be configured to

operate at a Littrow configuration for the input beam. Diffraction angles of the 0™ order
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diffracted beam and the —1* order diffracted beam may have a substantially same absolute value
and opposite signs. The diffraction angle of the 0™ order diffracted beam may be substantially
equal to the incidence angle of the input beam. An angle formed between the 0" order diffracted
beam and the —1% order diffracted beam may have an absolute value that is about twice the
absolute value of the incidence angle of the input beam. In some embodiments, the SRG
operating at the Littrow configuration may also substantially backwardly diffract the input beam
into a +1* order diffracted beam. An diffraction angle of the +1% order diffracted beam may be
substantially equal to the incidence angle of the input beam. That is, the +1° order diffracted
beam may propagate in a direction opposite to the propagating direction of the input beam. In
some embodiments, the 0" order diffracted beam and the —1% order diffracted beam may have a
substantially equal light intensity. In some embodiments, the 0" order diffracted beam and the —
1* order diffracted beam may have different light intensities.

[0044] The system may also include a waveplate optically coupled to the SRG and
configured to receive the two linearly polarized beams (e.g., the 0" order diffracted beam and the
—1% order diffracted beam) from the SRG. In some embodiments, the waveplate may be directly
optically coupled to the SRG without another optical element disposed therebetween. In some
embodiments, the waveplate may be directly optically coupled to the SRG without a gap
therebetween. In some embodiments, the waveplate may be indirectly optically coupled to the
SRG with another optical element disposed therebetween, which may or may not alter at least
one of the propagation direction or the polarization of the 0™ order diffracted beam and the —1*
order diffracted beam. The waveplate may be configured to convert the two linearly polarized
beams (e.g., the 0" order diffracted beam and the —1% order diffracted beam) into two circularly
polarized beams having orthogonal circular polarizations. In some embodiments, the waveplate
may function as a quarter-wave plate (“QWP”) for the 0" order diffracted beam and the —1°
order diffracted beam having the same wavelength as the input beam, and convert the 0" order
diffracted beam and the —1* order diffracted beam into two circularly polarized beams with
opposite handednesses, e.g., a right-handed circularly polarized (“RHCP”’) beam and a left-
handed circularly polarized (“LHCP”’) beam. In some embodiments, an angle formed between
the two circularly polarized beams with opposite handednesses may be substantially equal to the
angle formed between the 0™ order diffracted beam and the —1° order diffracted beam. In some

embodiments, the two circularly polarized beams with opposite handednesses may have a
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substantially equal light intensity. In some embodiments, the two circularly polarized beams
with opposite handednesses may have different light intensities.

[0045] The two circularly polarized beams with opposite handednesses output from the
waveplate may interfere with each other to generate a polarization interference pattern, to which
a polarization sensitive recording medium layer may be exposed to record the polarization
interference pattern therein. The two circularly polarized beams with opposite handednesses
may also be referred to as two recording beams. The two recording beams (and the input beam)
may have a wavelength within an absorption band of the polarization sensitive recording
medium layer, e.g., ultraviolet (“UV”), violet, blue, or green beams. In some embodiments, the
two recording beams (and the input beam) may be laser beams, e.g., UV, violet, blue, or green
laser beams. The superposition of the two recording beams may result in a superimposed wave
that has a substantially uniform intensity and a varying linear polarization. For example, the
linear polarization direction of the superimposed wave may spatially vary within a spatial region
in which the two circularly polarized beams interfere with one another. In other words, the
superimposed wave may have a linear polarization with an orientation (or a polarization
direction) that is spatially varying within the spatial region in which the two circularly polarized
beams interfere with one another. The superposition of the two recording beams may result in a
polarization interference pattern. The polarization interference pattern may also be referred to as
a pattern of the spatially varying orientation (or polarization direction) of the linear polarization
of the superimposed wave or a pattern of the varying linear polarization of the superimposed
wave. In some embodiments, the orientation of the linear polarization may periodically vary
within the spatial region. A pattern of the periodic, spatial variation of the orientation of the
linear polarization that is recorded in the recording medium layer may define a grating pattern.
A period of the grating pattern (or an in-plane pitch of the pattern of the spatially varying
orientation of the linear polarization) may be determined by the incidence angle and the
wavelength of the input beam incident onto the SRG.

[0046] In some embodiments, the polarization sensitive recording medium layer may include
a photo-alignment material configured to have a photo-induced optical anisotropy when exposed
to the polarization interference pattern. Thus, the polarization interference pattern (or the pattern
of the spatially varying orientation of the linear polarization of the superimposed wave) may be

recorded at (e.g., in or on) the polarization sensitive recording medium layer to define an
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orientation pattern of an optic axis of the polarization sensitive recording medium layer. The
defined orientation pattern of the optic axis of the polarization sensitive recording medium layer
may correspond to the grating pattern. In other words, the SRG may function as a mask for
recording a grating pattern into the polarization sensitive recording medium layer. SRGs with
different parameters may function as respective masks for recording multiple different grating
patterns into the polarization sensitive recording medium layer. For example, a first SRG may
be used to generate a first polarization interference pattern (and hence a first grating pattern) that
may be recorded in a first region (or portion) of the polarization sensitive recording medium
layer (or a first polarization sensitive recording medium layer), and a second SRG may replace
the first SRG to generate a second polarization interference pattern (and hence a second grating
pattern) that may be recorded into a second region (or portion) of the polarization sensitive
recording medium layer (or a second polarization sensitive recording medium layer). The first
portion and the second portion may be located at the same side or different sides of the
polarization sensitive recording medium layer.

[0047] In some embodiments, the system may further include a light source configured to
emit a first beam having a wavelength. In some embodiments, the first beam emitted by the light
source may be a diverging beam with a substantially small beam size. In some embodiments, the
system may further include a beam conditioning device configured to collimate and expand the
first beam as a second beam that is a collimated and expanded beam with a predetermined beam
size. In some embodiments, the beam size of the second beam output from the beam
conditioning device may be comparable with (e.g., larger than or substantially equal to) an
aperture size of the polarization sensitive recording medium layer. An aperture of the
polarization sensitive recording medium layer may refer to an opening area of the polarization
sensitive recording medium layer that is exposed to the polarization interference pattern (or that
may receive the illumination of the polarization interference pattern) during an exposure. An
aperture size of the polarization sensitive recording medium layer may refer to a size of the
aperture of the polarization sensitive recording medium layer. An aperture shape of the
polarization sensitive recording medium layer may refer to a shape of the aperture of the
polarization sensitive recording medium layer. In some embodiments, the size of the entire
polarization sensitive recording medium layer may be larger than the aperture size of the

polarization sensitive recording medium layer. Multiple grating patterns may be recorded in
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different regions of the polarization sensitive recording medium layer through multiple
exposures, €.g., using different SRGs or the same SRG.

[0048] In some embodiments, the system may further include a light deflecting element
configured to deflect the second beam received from the light conditioning device to alter the
propagating direction of the second beam. The second beam may propagate toward the SRG as
the input beam. The light deflecting element may be any suitable element configured to alter the
propagating direction of the second beam, such as a reflector, a grating, a beam splitting element,
etc. For example, a mirror (a type of the reflector) may be used to alter the propagating direction
of the second beam. In the following descriptions and in the figures, for discussion and
illustrative purposes, a reflector is used as an example of the light deflecting element. In some
embodiments, the system may further include a first movable stage coupled to the reflector. The
first movable stage may be configured to adjust a position and/or an orientation (e.g., a tilting
angle) of the reflector. When the orientation of the reflector is adjusted, the incidence angle of
the input beam reflected by the reflector onto the SRG may be adjusted, for example, to a
predetermined incidence angle. In some embodiments, the system may further include a second
movable stage on which the polarization sensitive recording medium layer is disposed. The
second movable stage may be translational and/or rotatable to adjust at least one of a position
and an orientation of the polarization sensitive recording medium layer disposed thereon relative
to the input beam incident onto the SRG, which is disposed over the polarization selective
recording medium layer. In some embodiments, the system may further include a controller
communicatively coupled with the first and second movable stages, and configured to control the
operations of the first and second movable stages.

[0049] Multiple grating patterns may be recorded into different regions (or portions) of the
polarization sensitive recording medium layer through multiple exposures. In some
embodiments, the multiple grating patterns may be substantially identical, e.g., the multiple
grating patterns may have the same parameters, such as the same grating period, the same grating
orientation, the same aperture size, and the same aperture shape, etc. In some embodiments, at
least two of the grating patterns may have at least one different parameter, such as different
grating periods, different grating orientations, different aperture sizes, and/or different aperture
shapes, etc.

[0050] In some embodiments, the grating period of the grating pattern recorded into the
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polarization sensitive recording medium layer may be at least partially determined by the
incidence angle and the wavelength of the input beam incident onto the SRG, and may be
variable through varying the incidence angle and/or the wavelength of the input beam incident
onto the SRG. The incidence angle and the wavelength of the input beam, and the parameters
(e.g., surface profile, duty cycle, etch depth, refractive index, and/or grating period, etc.) of the
SRG may satisfy a predetermined relationship to achieve the Littrow configuration for the SRG.
When the incidence angle and/or the wavelength of the input beam varies, the parameters (e.g.,
surface profile, duty cycle, etch depth, refractive index, and/or grating period, etc.) of the SRG
may vary accordingly, such that the SRG may still operate at the Littrow configuration for the
input beam having a different incidence angle and/or a different wavelength. In some
embodiments, different SRGs with different parameters may be used as masks for recording
grating patterns with different grating periods into the polarization sensitive recording medium
layer.

[0051] When the incidence angle and wavelength of the input beam incident onto the SRG
are fixed values, the grating orientation of the grating pattern (or orientations of grating fringes)
recorded into the polarization sensitive recording medium layer may be varied through varying
the orientation of the polarization sensitive recording medium layer, e.g., through rotating the
polarization sensitive recording medium layer in a predetermined direction (e.g., clockwise or
counter-clockwise). In some embodiments, the size of the grating pattern recorded into the
polarization sensitive recording medium layer may be varied through varying the beam size of
the input beam and/or the aperture size of the polarization sensitive recording medium layer. In
some embodiments, the shape of the grating pattern recorded into the polarization sensitive
recording medium layer may be varied through varying the beam shape of the input beam and/or
the aperture shape of the polarization sensitive recording medium layer.

[0052] In some embodiments, a birefringent medium may be dispensed, e.g., coated or
deposited, on the polarization sensitive recording medium layer that has been exposed to the
polarization interference pattern to form a birefringent medium layer. The birefringent medium
may include one or more birefringent materials having an intrinsic birefringence, such as non-
polymerizable LCs or polymerizable LCs (e.g., reactive mesogens (“RMs”)). The polarization
sensitive recording medium layer may be configured to at least partially align optically

anisotropic molecules (e.g., LC molecules, or RM molecules, etc.) in the birefringent medium to
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form the grating pattern. Thus, the grating pattern recorded in the polarization sensitive
recording medium layer may be transferred to the birefringent medium. In some embodiments,
the aligned birefringent medium may be polymerized to solidify and form the birefringent
medium layer. A polarization selective grating may be obtained. In some embodiments, when
multiple grating patterns are recorded in different regions of the polarization sensitive recording
medium layer, the polarization sensitive recording medium layer may be configured to at least
partially align optically anisotropic molecules (e.g., LC molecules, or RM molecules, etc.)
disposed in corresponding regions of the birefringent medium layer to produce respective grating
patterns. Multiple polarization selective gratings may be obtained after the aligned birefringent
medium layer is polymerized.

[0053] In the disclosed embodiments, the SRG may function as a mask for recording a
corresponding grating pattern into the polarization sensitive recording medium layer. The SRGs
with different parameters may function as different masks for recording different grating patterns
into the polarization sensitive recording medium layer. Compared to a conventional polarization
selective grating that operates at the Littrow configuration to diffract an incident beam as two
diffracted beams with different polarizations, the SRG of the present disclosure fabricated from,
e.g., an inorganic material, may have a higher damage threshold than the conventional
polarization selective grating. In addition, the SRG of the present disclosure may have a higher
diffraction efficiency at a short grating period (e.g., 300 nm ~ 500 nm) than the conventional
polarization selective grating. Thus, the SRG of the present disclosure may provide an improved
reliability and an increased power efficiency for the fabrication of the PSOEs. Fabricating
PSOE:s (e.g., gratings) through the SRG(s) may expedite the fabrication iteration with a more
reliable inorganic mask, a finer spatial resolution, and an enhanced alignment precision, and a
higher throughput. The disclosed fabrication system and method may provide a cost-effective
and contactless solution for the fabrication of polarization selective gratings (e.g., PVH gratings,
or PBP gratings, etc.) with any desirable 1D or 2D diffraction efficiency profile (e.g., any non-
uniform diffraction efficiency profile), which may be implemented in numerous applications in a
variety of technical fields. In some applications, a polarization selective grating (e.g., a PVH
grating, or a PBP grating, etc.) with a non-uniform diffraction efficiency may improve the optical
performance of an optical assembly or system in which the polarization selective grating is

implemented.
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[0054] FIG. 1A illustrates a schematic three-dimensional (“3D”) view of a polarization
selective optical element (“PSOE”) 100 with an incident light 102 incident onto the PSOE 100
along a —z-axis, according to an embodiment of the present disclosure. Although the PSOE 100
is shown as a rectangular plate shape for illustrative purposes, the PSOE 100 may have any
suitable shape, such as a circular shape. In some embodiments, one or both surfaces along the
light propagating path of the incident light 102 may have curved shapes. The PSOE 100 may
include suitable sub-wavelength structures, liquid crystals, photo-refractive holographic
materials, or any combination thereof. In some embodiments, the PSOE 100 may be fabricated
based on an isotropic or anisotropic material. In some embodiments, the PSOE 100 may be
fabricated based on a birefringent medium, e.g., liquid crystal (“LC”) materials, which may have
an intrinsic orientational order of optically anisotropic molecules that can be locally controlled.
In some embodiments, the PSOE 100 may be fabricated based on a photosensitive polymer, such
as an amorphous polymer, an LC polymer, etc., which may generate an induced (e.g., photo-
induced) optical anisotropy and/or an induced (e.g., photo-induced) optic axis orientation when
subjected to a polarized light irradiation.

[0055] In some embodiments, the PSOE 100 may include a birefringent medium layer. The
birefringent medium layer 115 may have a first surface 115-1 and a second surface 115-2
opposite to the first surface 115-1. The first surface 115-1 and the second surface 115-2 may be
surfaces along the light propagating path of the incident light 102. The birefringent medium
layer 115 may include optically anisotropic molecules configured with a three-dimensional
(“3D”) orientational pattern to provide a polarization selective optical response. In some
embodiments, the birefringent medium layer 115 of the PSOE 100 may include an LC material,
and an optic axis of the LC material may be configured with a spatially varying orientation in at
least one in-plane direction. For example, the optic axis of the LC material may periodically or
non-periodically vary in at least one in-plane linear direction, in at least one in-plane radial
direction, in at least one in-plane circumferential (e.g., azimuthal) direction, or a combination
thereof. The LC molecules may be configured with an in-plane orientation pattern, in which the
directors of the LC molecules may periodically or non-periodically vary in the at least one in-
plane direction. In some embodiments, the optic axis of the LC material may also be configured
with a spatially varying orientation in an out-of-plane direction. The directors of the LC

molecules may also be configured with spatially varying orientations in an out-of-plane
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direction. For example, the optic axis of the LC material (or directors of the LC molecules) may
twist in a helical fashion in the out-of-plane direction.

[0056] In some embodiments, the PSOE 100 may be a polarization selective grating. FIGs.
1B-1D schematically illustrate a portion of a periodic in-plane orientation pattern of optically
anisotropic molecules 112 of the PSOE 100, according to various embodiments of the present
disclosure. For discussion purposes, rod-like LC molecules 112 are used as examples of the
optically anisotropic molecules 112 of the birefringent medium layer 115. The rod-like LC
molecule 112 may have a longitudinal direction (or a length direction) and a lateral direction (or
a width direction). The longitudinal direction of the LC molecule 112 may be referred to as a
director of the LC molecule 112 or an LC director. An orientation of the LC director may
determine a local optic axis orientation or an orientation of the optic axis at a local point of the
birefringent medium layer 115. The term “optic axis” may refer to a direction in a crystal. A
light propagating in the optic axis direction may not experience birefringence (or double
refraction). An optic axis may be a direction rather than a single line: lights that are parallel to
that direction may experience no birefringence. The local optic axis may refer to an optic axis
within a predetermined region of a crystal.

[0057] FIGs. 1B-1D schematically illustrate an x-y sectional view of a portion of the periodic
in-plane orientation pattern of the LC directors (indicated by arrows 188 in FIG. 1B) of the LC
molecules 112 located in close proximity to or at a surface (e.g., at least one of the first surface
115-1 or the second surface 115-2) of the birefringent medium layer 115 shown in FIG. 1A. For
illustrative purposes, the LC directors of the LC molecules 112 shown in FIGs. 1B-1D are
presumed to be in the surface of the birefringent medium layer 115 or in a plane parallel with the
surface with substantially small tilt angles with respect to the surface. The LC directors located
in close proximity to or at the surface (at least one of the first surface 115-1 or the second surface
115-2) of the birefringent medium layer 115 may rotate periodically in at least one in-plane
direction (e.g., an x-axis direction).

[0058] As shown in FIG. 1B, the LC molecules 112 located in close proximity to or at a
surface (e.g., at least one of the first surface 115-1 or the second surface 115-2) of the
birefringent medium layer 115, may be configured with LC directors continuously rotating in a
predetermined direction (e.g., an x-axis direction) along the surface (or in a plane parallel with

the surface). The continuous rotation of the LC directors may form a periodic rotation pattern
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with a uniform (e.g., same) in-plane pitch Pin. The predetermined direction may be any suitable
direction along the surface (or in a plane parallel with the surface) of the birefringent medium
layer 115. For illustrative purposes, FIG. 1B shows that the predetermined direction is the x-axis
direction. The predetermined direction may be referred to as an in-plane direction, the pitch Pin
along the in-plane direction may be referred to as an in-plane pitch or a horizontal pitch. The
pattern with the uniform (or same) in-plane pitch Pin may be referred to as a periodic LC director
in-plane orientation pattern. The in-plane pitch Pin is defined as a distance along the in-plane
direction (e.g., the x-axis direction) over which the LC directors rotate by a predetermined value
(e.g., 180°). In other words, in a region substantially close to (including at) the surface of the
birefringent medium layer 115, local optic axis orientations of the birefringent medium layer 115
may vary periodically in the in-plane direction (e.g., the x-axis direction) with a pattern having
the uniform (or same) in-plane pitch Pin.

[0059] In addition, at the surface (e.g., at least one of the first surface 115-1 or the second
surface 115-2) of the birefringent medium layer 115, the directors of the LC molecules 112 may
rotate in a predetermined rotation direction, e.g., a clockwise direction or a counter-clockwise
direction. Accordingly, the rotation of the directors of the LC molecules 112 at the surface of the
birefringent medium layer 115 may exhibit a handedness, e.g., right handedness or left
handedness. In the embodiment shown in FIG. 1B, at the surface (e.g., at least one of the first
surface 115-1 or the second surface 115-2) of the birefringent medium layer 115, the directors of
the LC molecules 112 may rotate in a clockwise direction. Accordingly, the rotation of the
directors of the LC molecules 112 at the surface of the birefringent medium layer 115 may
exhibit a left handedness.

[0060] FIG. 1C schematically illustrates a portion of the periodic in-plane orientation pattern
of the directors (indicated by arrows 188 in FIG. 1C) of the LC molecules 112 located in close
proximity to or at a surface (e.g., at least one of the first surface 115-1 or the second surface 115-
2) of the birefringent medium layer 115. In the embodiment shown in FIG. 1C, at the surface
(e.g., at least one of the first surface 115-1 or the second surface 115-2) of the birefringent
medium layer 115, the directors of the LC molecules 112 may rotate in a counter-clockwise
direction. Accordingly, the rotation of the directors of the LC molecules 112 at the surface of the
birefringent medium layer 115 may exhibit a right handedness. The directors of the LC

molecules 112 located in close proximity to or at a surface of the birefringent medium layer 115
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shown in FIG. 1B and the directors of the LC molecules 112 located in close proximity to or at a
surface of the birefringent medium layer 115 shown in FIG. 1C may have mirror symmetric
orientation patterns.

[0061] FIG. 1D schematically illustrates a portion of the periodic in-plane orientation pattern
of the directors (indicated by arrows 188 in FIG. 1D) of the LC molecules 112 located in close
proximity to or at a surface (e.g., at least one of the first surface 115-1 or the second surface 115-
2) of the birefringent medium layer 115. It is noted that in FIG. 1D, only some directors are
indicated by arrows 188. Arrows are not shown for all directors for the simplicity of illustration.
In the embodiment shown in FIG. 1D, at the surface (e.g., at least one of the first surface 115-1
or the second surface 115-2) of the birefringent medium layer 115, domains in which the
directors of the LC molecules 112 may rotate in a clockwise direction (referred to as domains
DL) and domains in which the directors of the LC molecules 112 may rotate in a counter-
clockwise direction (referred to as domains Dr) may be alternatingly arranged in both x-axis and
y-axis directions. The domains DL and the domains Dr are schematically enclosed by dotted
squares. In some embodiments, the domains DL and the domains Dr may have substantially the
same size. In some embodiments, the width of each domain may be substantially equal to the
value of the in-plane pitch Pin. Although not shown, in some embodiments, the domains Dt and
the domains Dr may be alternatingly arranged in at least one direction along the surface of the
(e.g., at least one of the first surface 115-1 or the second surface 115-2) of the birefringent
medium layer 115. In some embodiments, the width of each domain may be an integer multiple
of the values of the in-plane pitch Pin. In some embodiments, the domains Dr and the domains
Dr may have different sizes.

[0062] FIGs. 1E-1G schematically illustrate a y-z sectional view of a portion of out-of-plane
orientations of the LC directors (indicated by arrows 188 in FIG. 1B) of the LC molecules 112 in
the PSOE 100 shown in FIG. 1A, according to various embodiments of the present disclosure.
As shown in FIG. 1E, inside (or within, in) a volume of the birefringent medium layer 115, the
LC molecules 112 may be arranged in a plurality of helical structures 117 with a plurality of
helical axes 118 and a helical pitch Pn along the helical axes. The azimuthal angles of the LC
molecules 112 arranged along a single helical structure 117 may continuously vary around a
helical axis 118 in a predetermined rotation direction, e.g., clockwise direction or counter-

clockwise direction. In other words, the LC directors of the LC molecules 112 arranged along a
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single helical structure 117 may continuously rotate around the helical axis 118 in a
predetermined rotation direction to continuously change the azimuthal angle. Accordingly, the
helical structure 117 may exhibit a handedness, e.g., right handedness or left handedness. The
helical pitch Pn may be defined as a distance along the helical axis 118 over which the LC
directors rotate around the helical axis 118 by 360°, or the azimuthal angles of the LC molecules
vary by 360°.

[0063] In the embodiment shown in FIG. 1E, the helical axes 118 may be substantially
perpendicular to the first surface 115-1 and/or the second surface 115-2 of the birefringent
medium layer 115. In other words, the helical axes 118 of the helical structures 117 may be in a
thickness direction (e.g., a z-axis direction) of the birefringent medium layer 115. That is, the
LC molecules 112 may have substantially small tilt angles (including zero degree tilt angles),
and the LC directors of the LC molecules 112 may be substantially orthogonal to the helical axis
118. The birefringent medium layer 115 may have a vertical pitch Py, which may be defined as a
distance along the thickness direction of the birefringent medium layer 115 over which the LC
directors of the LC molecules 112 rotate around the helical axis 118 by 180° (or the azimuthal
angles of the LC directors vary by 180°).

[0064] As shown in FIG. 1E, the LC molecules 112 from the plurality of helical structures
117 having a first same orientation (e.g., same tilt angle and azimuthal angle) may form a first
series of slanted and parallel refractive index planes 114 periodically distributed within the
volume of the birefringent medium layer 115. Although not labeled, the LC molecules 112 with
a second same orientation (e.g., same tilt angle and azimuthal angle) different from the first same
orientation may form a second series of slanted and parallel refractive index planes periodically
distributed within the volume of the birefringent medium layer 115. Different series of slanted
and parallel refractive index planes may be formed by the LC molecules 112 having different
orientations. In the same series of parallel and periodically distributed, slanted refractive index
planes 114, the LC molecules 112 may have the same orientation and the refractive index may be
the same. Different series of slanted refractive index planes may correspond to different
refractive indices. When the number of the slanted refractive index planes (or the thickness of
the birefringent medium layer) increases to a sufficient value, Bragg diffraction may be
established according to the principles of volume gratings. Thus, the slanted and periodically

distributed refractive index planes 114 may also be referred to as Bragg planes 114. Within the
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birefringent medium layer 115, there may exist different series of Bragg planes. A distance (or a
period) between adjacent Bragg planes 114 of the same series may be referred to as a Bragg
period Ps. The different series of Bragg planes formed within the volume of the birefringent
medium layer 115 may produce a varying refractive index profile that is periodically distributed
in the volume of the birefringent medium layer 115. The birefringent medium layer 115 may
diffract an input light satisfying a Bragg condition through Bragg diffraction.

[0065] In the embodiment shown in FIG. 1F, the helical axes 118 of helical structures 117
may be tilted with respect to the first surface 115-1 and/or the second surface 115-2 of the
birefringent medium layer 115 (or with respect to the thickness direction of the birefringent
medium layer 115). For example, the helical axes 118 of the helical structures 117 may have an
acute angle or obtuse angle with respect to the first surface 115-1 and/or the second surface 115-
2 of the birefringent medium layer 115. In some embodiments, the LC directors of the LC
molecule 112 may be substantially orthogonal to the helical axes 118 (i.e., the tilt angle may be
substantially zero degree). In some embodiments, the LC directors of the LC molecule 112 may
be tilted with respect to the helical axes 118 at an acute angle. The birefringent medium layer
115 may have a vertical periodicity (or pitch) Pv.

[0066] In the embodiment shown in FIG. 1G, in a volume of the birefringent medium layer
115, along the thickness direction (e.g., the z-axis direction) of the birefringent medium layer
115, the directors (or the azimuth angles) of the LC molecules 112 may remain in the same
orientation (or value) from the first surface 115-1 to the second surface 115-2 of the birefringent
medium layer 115. In some embodiments, the thickness of the LC layer 910 may be configured
as d=A/(2*An), where A is a design wavelength, An is the birefringence of the LC material of the
birefringent medium layer 115, and An =ne-no, where ne and no are the extraordinary and
ordinary refractive indices of the LC material, respectively.

[0067] Referring to FIGs. 1E-1G, in some embodiments, the PSOE 100 including the
birefringent medium layer 115 in which the LC directors have out-of-plane orientations shown in
FIG. 1E or FIG. 1F may function as a PVH element (e.g., a PVH grating). A slant angle a of the
PVH element including the birefringent medium layer 115 may be defined as 0=90°—f, where
B=arctan (Pv/Pin). In some embodiments, when the slant angle is within a range of 0°<a<45°, the
PSOE 100 may function as a transmissive PVH element (e.g., transmissive PVH grating). In

some embodiments, when the slant angle is within a range of 45°<0<90°, the PSOE 100 may
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function as a reflective PVH element (e.g., reflective PVH grating). The diffraction efficiency of
a PVH element may be affected by various parameters, such as the thickness, the birefringence,
and/or the slant angle o of the PVH element, etc. The birefringence and the slant angle a of the
PVH element may be related to the material properties of a birefringent medium forming the
PVH element. For example, the birefringence of the PVH element may be related to the
birefringence of the birefringent medium, and the slant angle a of the PVH element may be
related to a chirality of the birefringent medium. When two birefringent media having a
substantially same chirality are used to form two PVH elements respectively, provided that the
in-plane pitches of the two PVH elements are substantially the same, the slant angles of the two
PVH elements may be substantially the same. When two birefringent media having a
substantially same chirality are used to form two PVH elements respectively, provided that the
in-plane pitches of the two PVH elements are different, the slant angles of the two PVH elements
may be different. When two birefringent media having different chiralities are used to form two
PVH elements respectively, provided that the in-plane pitches of the two PVH elements are
substantially the same, the slant angles of the two PVH elements may be different. In some
embodiments, the birefringent medium layer 115 in which the LC directors have out-of-plane
orientations shown in FIG. 1G may function as a PBP grating. Referring to FIGs. 1B-1G, the in-
plane pitch Pin of the PSOE 100 (e.g., a PVH grating or a PBP grating) may determine, in part,
the optical properties of the PSOE 100 (e.g., a PVH grating or a PBP grating). For example, the
in-plane pitch Pin may determine the diffraction angles of diffracted beams. In some
embodiments, the diffraction angle of a diffracted beam with a wavelength within a
predetermined wavelength range may increase as the in-plane pitch Pin decreases.

[0068] FIG. 2A schematically illustrates an x-z sectional view of a system 200 configured to
generate a polarization interference pattern and record the polarization interference pattern in a
recording medium layer 210, according to an embodiment of the present disclosure. As shown
in FIG. 2A, the recording medium layer 210 may be disposed on a substrate 205. The system
200 may include a light source 201 configured to emit a beam S222 of a wavelength within an
absorption band of the recording medium layer 210. For example, the beam S222 may be a UV,
violet, blue, or green beam. In some embodiments, the beam S222 may be a diverging beam. In
some embodiments, the light source 201 may be a laser light source, e.g., a laser diode,

configured to emit a laser beam S222 (e.g., a blue laser beam with a center wavelength of about
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460 nm). The system 200 may include a beam conditioning device (or spatial filtering device)
203. The beam conditioning device 203 may be configured to condition (e.g., polarize, expand,
collimate, filter, remove noise from, etc.) the beam S222 received from the light source 201 to be
a collimated beam S226 with a predetermined beam size and a predetermined polarization. In
some embodiments, the beam conditioning device 203 may include a first lens 203a, a pinhole
aperture 203c, and a second lens 203b arranged in an optical series. In some embodiments, one
or more of the first lens 203a, the pinhole aperture 203c, and the second lens 203b may be
mounted on a movable mechanism for adjusting the relative distances therebetween. In some
embodiments, the pinhole aperture 203c may be coupled with an adjustment mechanism
configured to adjust the size of the aperture. The first lens 203a may be configured to focus the
diverging beam S222 to an on-axis focal point where the pinhole aperture 203c is located. When
the diverging beam S222 is an input Gaussian beam S222, the first lens 203a may be configured
to transform the input Gaussian beam S222 into a central Gaussian spot (on the optical axis) and
side fringes representing unwanted “noise.” The opening of the pinhole aperture 203¢ may be
configured to be centered on the central Gaussian spot, and the size of the opening of the pinhole
aperture 203c may be configured to pass the central Gaussian spot and block the “noise” fringes.
Thus, the noise in the input Gaussian beam S222 may be filtered by the pinhole aperture 203c,
and a “clean” output Gaussian beam S224 may be output by the pinhole aperture 203¢ and
received by the second lens 203b. The second lens 203b may be configured to collimate and
expand the beam S224 as the collimated beam S226 with a predetermined beam size. In some
embodiments, the beam conditioning device 203 may also be referred to as a spatial filtering
device.

[0069] In some embodiments, the beam conditioning device 203 may further include one or
more optical elements (e.g., a polarizer, and/or a waveplate, etc.,) configured to change the
polarization of the beam S222 or to polarize the beam S222, and output the beam S226 with a
predetermined polarization. The one or more optical elements may be disposed at suitable
positions in the beam conditioning device 203, e.g., before the first lens 203a, after the second
lens 203b, or between the first lens 203a and the second lens 203b. In some embodiments, the
beam S226 may be an at least partially polarized beam. In some embodiments, the beam S226
may be decomposed into two linearly polarized components with a substantially equal light

intensity and a suitable phase delay between the two linearly polarized components. For
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example, the beam S226 may be a linearly polarized beam, a circularly polarized beam, or an
elliptical polarized beam, etc.

[0070] The system 200 may include light deflecting element, such as a reflector (e.g., a
mirror) 207 configured to reflect the beam S226 as a beam S228 toward an SRG 211. The SRG
211 may be disposed over a waveplate 213, which may be disposed over the recording medium
layer 210. The waveplate 213 may be disposed between the SRG 211 and the recording medium
layer 210. The orientation of the reflector 207 may be adjustable to adjust the incidence angle 0
of the beam S228 incident onto the SRG 211. In some embodiments, the reflector 207 may be
mounted on a first movable stage 209. The first movable stage 209 may be configured to
translatable and/or rotatable. For example, in some embodiments, the first movable stage 209
may be translatable in one or more linear directions, thereby translating or moving the reflector
(e.g., mirror) 207 in the one or more linear directions. In some embodiments, the first movable
stage 209 may be rotatable around one or more local axes of the first movable stage 209, such as
an axis of rotation passing through the center of the first movable stage 209, thereby rotating the
reflector (e.g., mirror) 207 around the axis of rotation of the first movable stage 209.

[0071] In some embodiments, a controller 217 may be communicatively coupled with the
first movable stage 209, and may control the operations and/or movements of the first movable
stage 209. The controller 217 may include a processor or processing unit 221. The processor
may by any suitable processor, such as a central processing unit (“CPU”), a graphic processing
unit (“GPU”), etc. The controller 217 may include a storage device 223. The storage device 223
may be a non-transitory computer-readable medium, such as a memory, a hard disk, etc. The
storage device 223 may be configured to store data or information, including computer-
executable program instructions or codes, which may be executed by the processor 221 to
perform various controls or functions according to the methods or processes disclosed herein.
[0072] FIG. 2B schematically illustrates the SRG 211 and the waveplate 213 included in the
system 200 shown in FIG. 2A, according to an embodiment of the present disclosure. In the
embodiment shown in FIG. 2B, the SRG 211 is shown as spaced apart from the waveplate 213
by a gap. In some embodiments, the SRG 211 and the waveplate 213 may be stacked without a
gap. Referring to the enlarged view of a portion of the SRG 211 in FIG. 2B, the SRG 211 may
include a plurality of microstructures 211a (e.g., rectangular pillars with sizes at the micron level

or nano level) defining or forming a plurality of grooves 211b. The microstructures 211a are
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schematically illustrated as solid grey rectangular structures, and the grooves 211b are shown as
spaces between the solid black portions in FIG. 2B. The SRG 211 may have the following
parameters shown in the enlarged view of the portion of the SRG 211 in FIG. 2B. A grating
period P of the SRG 211 may be defined as a distance between microstructures 211a (also
referred to as grating lines) 211b. In some embodiments, the grating period P may be uniform or
constant for all microstructures 211a. In some embodiments, at least one grating period P
between two microstructures 211a may be different from another grating period P between
another two microstructures 211a. That is, in some embodiments, the grating period P may vary
along the SRG 211. In the following descriptions, for discussion purposes and illustrative
purposes, the grating period P is presumed to be constant or uniform. An inverse of the grating
period P may be referred to as a grating resolution, which may be represented by the number of
grating lines per mm (lines/mm). A depth d of the SRG 211 may be defined as a depth of the
grating grooves 211b or a height of the microstructures 211a. In some embodiments, the depth d
of the SRG 211 may also be referred to as etch depth of the grooves 211b when the grooves 211b
are formed via etching. A linewidth L of the SRG 211 may be defined as a width of a single
microstructure 211a of the SRG 211. A duty cycle of the SRG 211 may be defined as a ratio
between the linewidth L and the grating period P. An aspect ratio of the SRG 211 may be
defined as a ratio between the depth d and the width of a grating groove 211b (the width of the
grating groove 211b may be a difference between the grating period P and the linewidth L). A
high aspect ratio indicates a deep grating groove. A grating profile of the SRG 211 refers to the
cross-sectional shape of the grating grooves 211b or the microstructure 211a, which may be
rectangular, sinusoidal, triangular, trapezoidal, or more complex shapes.

[0073] In some embodiments, the SRG 211 may be fabricated based on an organic material,
such as an amorphous polymer. In some embodiments, the SRG 211 may be fabricated based on
an inorganic material, such as metals or metal oxides (e.g., A12O3) that may be used for
manufacturing metasurfaces. In some embodiments, the material of the SRG 211 may be
optically isotropic, and the SRG 211 may function as an optically isotropic grating. In some
embodiments, the material of the SRG 211 may be optically anisotropic, and the SRG 211 may
function as an optically anisotropic grating. For illustrative purposes, FIG. 2B shows the SRG
211 as a binary non-slanted grating with a periodic rectangular profile. That is, the grating

profile of the SRG 211 shown in FIG. 2B may be rectangular. In some embodiments, the grating
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profile of the SRG 211 may be symmetric and non-rectangular, for example, sinusoidal,
triangular, or trapezoidal, etc. In some embodiments, the SRG 211 may be a binary slanted
grating in which the microstructures 211a are slanted.

[0074] In some embodiments, through configuring the parameters of the SRG 211, such as
the grating profile, the duty cycle, the depth or etch depth, and/or the refractive index, etc., the
SRG 211 may be configured to diffract an input beam that is at least partially polarized, similar
to a conventional polarization selective grating operating at the Littrow configuration. In some
embodiments, when the SRG 211 operates at the Littrow configuration for an incident beam
S228 with an incidence angle 01 and a wavelength A, the +1* order diffracted beam may be
reflected in the reverse direction of the incident beam S228, and the 0™ order diffracted beam
S233 and the —1* order diffracted beam S232 may be transmitted through as linearly polarized
beams. In some embodiments, the 0™ order diffracted beam S233 and the —1* order diffracted
beam S232 may be linearly polarized beams with orthogonal polarizations. In some
embodiments, the 0" order diffracted beam S233 and the —1° order diffracted beam S232 may be
linearly polarized beams with a substantially same polarization. In some embodiments, when the
SRG 211 operates at the Littrow configuration for the incident beam S228 with the incidence
angle 01 and the wavelength A, a diffraction angle 6-1p of the —1* order diffracted beam S232
may have a substantially same value as that of the incidence angle 01 of the incident beam S228
and a sign opposite to that of the incidence angle 01, i.e., 0-1ip =— 01. The diffraction angles of the
0" order diffracted beam S233 and the —1% order diffracted beam S232 may have a substantially
equal value and opposite signs. The diffraction angle Oop of the 0™ order diffracted beam S233
may be substantially equal to the incidence angle 01 of the incident beam S228, i.e., 6op = 01. The
grating equation for the Bragg or Littrow configuration may be expressed as A = 2P - sin(6,p).
An angle formed between the 0™ order diffracted beam S233 and the —1° order diffracted beam
S232 may have a value that is twice the value of the incidence angle 01 of the incident beam
S228. When the incidence angle 01 of the incident beam S228 is presumed to be 0, the
diffraction angles of the 0 order diffracted beam S233 and the —1*' order diffracted beam S232
may be +0 and -0, respectively. The angle formed between the 0™ order diffracted beam S233
and the —1*" order diffracted beam S232 may be 260. In some embodiments, the SRG 211 may
forwardly diffract the incident beam S228 as the 0™ order diffracted beam S233 and the —1*

order diffracted beam S232 at a substantially same diffraction efficiency (or a substantially equal
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light intensity). In some embodiments, the SRG 211 may forwardly diffract the incident beam
S228 as the 0 order diffracted beam S233 and the —1% order diffracted beam S232 at different
diffraction efficiencies (or different light intensities).

[0075] In some embodiments, when the wavelength A of the incident beam S228 and the
period P of the SRG 211 satisfy the following relationship, % < % < 2, only the 0" order

diffracted beam S233 and the —1* order diffracted beam S232 may be transmitted, and the SRG
211 may exhibit no other diffraction orders than the 0 order diffracted beam S233 and the —1°
order diffracted beam S232, or the other diffraction orders are negligible. Compared to a
conventional polarization selective grating that operates at the Littrow configuration to diffract
an input beam as two diffracted beams with different polarizations, the SRG 211 may have a
higher damage threshold, and a higher diffraction efficiency at a short grating period (e.g., 300
nm ~ 500 nm).

[0076] The waveplate 213 may be configured to receive the 0 order diffracted beam S233
and the —1% order diffracted beam S232 from the SRG 211. The waveplate 213 may be
configured to convert the 0™ order diffracted beam S233 and the —1% order diffracted beam S232
into two circularly polarized light beams S235 and S234 with opposite handednesses. For
example, the waveplate 213 may be configured to covert the 0™ order diffracted beam S233 into
the circularly polarized light beam S235, which is a right-handed circularly polarized (“RHCP”)
beam or a left-handed circularly polarized (“LHCP”) beam. The waveplate 213 may be
configured to covert the —1* order diffracted beam S232 into the circularly polarized light beam
S234, which may be an LHCP beam or an RHCP beam. In some embodiments, the circularly
polarized light beams S235 and S234 may have a substantially equal amount of energy (or a
substantially same light intensity). In some embodiments, the circularly polarized light beams
S235 and S234 may have different amounts of energy (or different light intensities). An angle
formed between the circularly polarized light beams S235 and S234 may be substantially equal
to the angle formed between the 0% order diffracted beam S233 and the —1% order diffracted
beam S232. That is, the angle formed between the circularly polarized light beams S235 and
S234 may have a value of 20 (twice of the incidence angle of the incident beam S228).

[0077] In some embodiments, the waveplate 213 may function as a quarter-wave plate
(“QWP”) for the 0™ order diffracted beam S233 and the —1% order diffracted beam S232 with the

wavelength A. The waveplate 213 may include a polarization axis, which may be oriented
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relative to the polarization directions of the 0 order diffracted beam S233 and the —1% order
diffracted beam S232 to covert the 0™ order diffracted beam S233 and the —1° order diffracted
beam S232 into the circularly polarized light beams S235 and S234 with opposite handednesses.
In some embodiments, for an achromatic design, the waveplate 213 may include a multi-layer
birefringent material (e.g., a polymer or liquid crystals) configured to produce a quarter-wave
birefringence across a wide spectral range (or wavelength range). In some embodiments, for a
monochrome design, an angle between the polarization axis (e.g., fast axis) of the waveplate 213
and the polarization direction of one of the 0" order diffracted beam S233 and the —1% order
diffracted beam S232 may be about 45°, and an angle between the polarization axis (e.g., fast
axis) of the waveplate 213 and the polarization direction of the other one of the 0™ order
diffracted beam S233 and the —1*" order diffracted beam S232 may be about —45°.

[0078] In some embodiments, the relative orientation between the polarization axis (e.g., fast
axis) of the waveplate 213 and the polarization direction of one of the 0" order diffracted beam
S233 and the —1% order diffracted beam S232 may be adjustable. For example, the relative
orientation may be adjusted through rotating a rotation stage to which the waveplate 213 is
mounted. For example, in some embodiments, the angle formed between the polarization axis
(e.g., fast axis) of the waveplate 213 and the polarization direction of the 0™ order diffracted
beam S233 may be about 45°, and the angle formed between the polarization axis (e.g., fast axis)
of the waveplate 213 and the —1*" order diffracted beam S232 may be about —45°. Accordingly,
the waveplate 213 may be configured to covert the 0™ order diffracted beam S233 into the
circularly polarized light beam S235 (which may be an RHCP beam), and covert the —1% order
diffracted beam S232 into the circularly polarized light beam S234 (which may be an LHCP
beam). In some embodiments, the angle formed between the polarization axis (e.g., fast axis) of
the waveplate 213 and the polarization direction of the 0™ order diffracted beam S233 may be
about —45°, and the angle formed between the polarization axis (e.g., fast axis) of the waveplate
213 and the —1*" order diffracted beam S232 may be about 45°. Accordingly, the waveplate 213
may be configured to covert the 0" order diffracted beam S233 into the circularly polarized light
beam S235 (which may be an LHCP beam), and covert the —1* order diffracted beam S232 into
the circularly polarized light beam S234 (which may be an RHCP beam).

[0079] The two circularly polarized light beams S235 and S234 with opposite handednesses

may interfere with each other to generate a polarization interference pattern, to which the
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recording medium layer 210 may be exposed. The superposition of the two circularly polarized
light beams S235 and S234 may result in a superimposed wave that has a substantially uniform
intensity and a linear polarization with a spatially periodically varying orientation (or a spatially
periodically varying linear polarization orientation angle). That is, the superposition of the two
circularly polarized light beams S235 and S234 may result in a polarization interference pattern,
which is a pattern of the spatially periodically varying orientation of the linear polarization of the
superimposed wave. The pattern of the spatially periodically varying orientation of the linear
polarization may define a grating pattern for a polarization selective grating, such as that shown
in FIG. 1B or FIG. 1C. The in-plane pitch (or the grating period) Pin of the grating pattern may
be determined, in part, by the angle (e.g., 20) formed between the two circularly polarized light
beams S235 and S234 and the wavelength A of the two circularly polarized light beams S235 and
S234 (which is also the wavelength A of the incident beam S228).

[0080] The recording medium layer 210 may be disposed at the substrate 205. The substrate
205 may provide support and protection to various layers, films, and/or structures formed
thereon. The recording medium layer 210 may include a polarization sensitive recording
medium. For example, the recording medium layer 210 may include an optically recordable and
polarization sensitive material (e.g., a photo-alignment material) configured to have a photo-
induced optical anisotropy when exposed to a polarized light irradiation. Molecules (or
fragments) and/or photo-products of the optically recordable and polarization sensitive material
may be configured to generate an orientational ordering under a polarized light irradiation. In
the disclosed embodiments, when exposed to the polarization interference pattern formed based
on the interference of the two circularly polarized light beams S235 and S234 with opposite
handednesses, the recording medium layer 210 may be optically patterned with an orientation
pattern of an optic axis of the recording medium layer 210. The orientation pattern of the optic
axis of the recording medium layer 210 may define a grating pattern.

[0081] In some embodiments, the substrate 205 on which the recording medium layer 210 is
disposed may be mounted on a second movable stage 219. The second movable stage 219 may
be translatable and/or rotatable, thereby translating the substrate 205 (on which the recording
medium layer 210 is disposed) in one or more directions (e.g., in the x-axis direction, y-axis
direction, and/or z-axis direction), and/or rotating the substrate 205 around one or more rotation

axes (e.g., the yaw, roll, and/or pitch axes defined locally with respect to the second movable
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stage 219. In some embodiments, the controller 217 may be communicatively coupled with the
second movable stage 219, and may control the operations and/or movements of the second
movable stage 219.

[0082] Referring to FIGs. 2A and 2B, in some embodiments, the relative position (e.g.,
distance) between the first lens 203a and the light source 201, the relative position (e.g.,
distance) between the first lens 203a and the pinhole aperture 203c, the relative position (e.g.,
distance) between the pinhole aperture 203c¢ and the second lens 203b, and/or the relative
position (e.g., distance) between the first lens 203a and the second lens 203b may be adjustable.
For example, the first lens 203a, the pinhole aperture 203c, and/or the second lens 203b may be
mounted at respective movable mechanisms. The movable mechanisms may be configured to
translate the respectively mounted elements in a predetermined direction (e.g., an x-axis
direction in FIG. 2A). The beam size of the collimated beam S226 may be adjustable through
adjusting at least one of the relative positions (e.g., distances) among the light source 201, the
first lens 203a, the pinhole aperture 203c, and the second lens 203b. In some embodiments, the
controller 217 may be communicatively coupled with the respective movable mechanisms, and
may control the operations and/or movements of the respective movable mechanisms.

[0083] In some embodiments, the beam size of the collimated beam S226 may be configured
to be slightly larger than or substantially equal to an aperture size of the recording medium layer
210. In some embodiments, the aperture size of the recording medium layer 210 may be
substantially the same as a size of a region of the recording medium layer 210 to be exposed
during an exposure (e.g., a single exposure). For example, the size of the region of the recording
medium layer 210 to be exposed during an exposure may be substantially the same as a size of a
grating pattern to be recorded in the recording medium layer 210 during the exposure. In some
embodiments, the aperture size and aperture shape of the recording medium layer 210 may be
adjustable through an adjustable iris diaphragm 225 disposed between the recording medium
layer 210 and the waveplate 213. The adjustable iris diaphragm 225 may be coupled to a
suitable driving element, and may be adjusted manually or automatically through the control of
the controller 217 to change the aperture size and/or aperture shape.

[0084] FIGs. 2C and 2D schematically illustrate a 3D perspective view of the system 200
configured to generate a polarization interference pattern and record the polarization interference

pattern in the recording medium layer 210. As shown in FIGs. 2C and 2D, the system 200 may
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include a base 291 and a bridge 292 mounted to the base 291 through two supporting columns
293 and 294. The light source 201, the beam conditioning device 203, the reflector (e.g., mirror)
207, and the first movable stage 209 on which the reflector (e.g., mirror) 207 is mounted, may be
mounted on the bridge 292. The second movable stage 219, on which the SRG 211, the
waveplate 213, the recording medium layer 210, and the substrate 205 are mounted, may be
mounted on the base 291. It is understood that some elements shown in FIG. 2A, such as the
detailed structure of the light conditioning device 203 and the controller 217, are not shown in
FIGs. 2C and 2D. FIGs. 2C and 2D show that the system 200 may include one or more
additional reflectors (e.g., mirrors), such as three reflectors 227a, 227b, and 227¢c. The one or
more additional reflectors may be mounted on the bridge 292 and/or the supporting column 294.
The one or more additional reflectors may be disposed between the beam conditioning device
203 and the reflector (e.g., mirror) 207 along a light propagation path. The combination of the
reflectors 227a, 227b, and 227c may be configured to direct a collimated beam S226a output
from the beam conditioning device 203 toward the reflector (e.g., mirror) 207 through a multi-
fold or multi-turn light path defined by the reflectors 227a, 227b, and 227c. For example, as
shown in FIGs. 2C and 2D, the reflector 227a may be configured to reflect the collimated beam
S226a propagating in a first direction (e.g., —x-axis direction in FIG. 2C) as a collimated beam
S226b propagating in a second direction (e.g., —y-axis direction in FIG. 2C). The reflector 227b
may reflect the collimated beam S226b propagating in the second direction (e.g., —y-axis
direction) as a collimated beam S226¢ propagating in a third direction (e.g., -z-axis direction).
The reflector 227¢ may reflect the collimated beam S226¢ propagating in the third direction
(e.g., —z-axis direction) as a collimated beam S226d propagating in a fourth direction (e.g., x-axis
direction) toward the reflector (e.g., mirror) 207. The reflector 207 may reflect the collimated
beam S226d as a collimated beam S226e toward the SRG 211 mounted on the second movable
stage 219. The combination of the reflectors 227a, 227b, and 227c enables a compact design for
the entire system 200. In some embodiments, the polarization state of the S226d may be the
same as the polarization state of the collimated beam S226a. The reflector 207 may reflect the
collimated beam S226d as a collimated beam S226e. The beam S226¢ may represent the beam
S228 shown in FIGs. 2A and 2B, which is incident onto the SRG 211.

[0085] The first movable stage 209 may be translatable along the length direction (or the x’-
axis direction) of the bridge 292, the height direction (or the y’-axis direction) of the bridge 292,
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and/or a direction (or the z’-axis direction) perpendicular to the plane defined by the length
direction and the width direction. For example, the first movable stage 209 may include at least
one of an x’-axis linear stage movable in the x’-axis direction, a y’-axis linear stage movable in
the y’-axis direction, or a z’-axis linear stage movable in the z’-axis direction. In some
embodiments, the first movable stage 209 may be rotatable around at least one of a yaw axis, a
roll axis, or a pitch axis defined on the first movable stage 209. The translation and/or rotation of
the first movable stage 209 may change the incidence angle of the beam S226e, and/or the
portion of the SRG 211 which the beam S226¢ illuminates. When the portion of the SRG 211
which the beam S226e illuminates changes, the portion of the recording medium layer 210 that is
exposed to the polarization interference pattern generated based on the beams output from the
SRG 211 may also change.

[0086] The second movable stage 219 may be translatable and/or rotatable. For example, the
second movable stage 219 may include at least one of an a-axis linear stage movable in the x-
axis direction, a y-axis linear stage movable in the y-axis direction, or an z-axis stage movable in
the z-axis direction. In some embodiments, the second movable stage 219 may be rotatable
around at least one of a yaw axis, a roll axis, or a pitch axis defined on the second movable stage
219, such as on a portion of the second movable stage 219 on which the substrate 205 (or the
recording medium layer 210) is mounted. When the second movable stage 219 is translated in
the x-axis, y-axis, and/or z-axis directions, and/or rotated in the yaw axis, roll axis, and/or pitch
axis directions, the relative position and/or relative orientation of the recording medium layer
210 (or the SRG 211) with respect to the beam S226e may change.

[0087] FIG. 2D shows that the system 200 may include tele-centric vision cameras 282a and
282b configured for aligning the SRG 211, the waveplate 213, the recording medium layer 210,
and/or the substrate 205. The tele-centric vision cameras 282a and 282b may be mounted on
suitable mounting and/or supporting devices. The example mounting and/or supporting devices
on which the vision cameras 282a and 282b are mounted are for illustrative purposes only. FIG.
2D also shows a terminal device 280 configured for receiving input from an operator for
controlling the system 200. The terminal device 280 may include a screen and/or an input/output
device such as a keyboard, a mouse, etc. The terminal device 280 may include the controller 217
or may be connected with the controller 217 through a network connection, such as a wired or

wireless connection.
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[0088] Referring to FIGs. 2A-2D, in the system 200 for generating a polarization
interference pattern and for recording the polarization interference pattern in the recording
medium layer 210, the same polarization interference pattern or different polarization
interference patterns may be recorded in different regions or portions of the recording medium
layer 210 through multiple exposures. In some embodiments, the same polarization interference
pattern may be recorded at different portions of the recording medium layer 210. In some
embodiments, different polarization interference patterns may be recorded at different portions of
the recording medium layer 210. For example, between two exposures, the recording portions
may be changed by changing the position and/or the orientation of the recording medium layer
210 relative to the beam S226e. For example, the second movable stage 219 may be controlled
by the controller 217 to translate and/or rotate to change the position and/or the orientation of the
recording medium layer 210 relative to the beam S226e.

[0089] In some embodiments, between two exposures, the polarization interference pattern
may be changed. In some embodiments, changing the polarization interference pattern may
include changing the SRG 211 from a first SRG to a second, different SRG. In some
embodiments, changing the polarization interference pattern may include changing the
wavelength of the beam S226e. For example, the light source 201 may be changed or controlled
to emit a beam of a different wavelength. In some embodiments, changing the polarization
interference pattern may include changing the incidence angle of the beam S226e onto the SRG
211. For example, the incidence angle of the beam S226e onto the SRG 211 may be changeable
through changing the relative positions and/or relative orientations between the recording
medium layer 210 and the beam S226e reflected by the reflector 207 and incident onto the SRG
211.

[0090] In some embodiments, the first movable stage 209 on which the reflector 207 is
mounted, may be controlled by the controller 217 to translate and/or rotate to change the
orientation of the beam S226¢ relative to the recording medium layer 210. In some
embodiments, the second movable stage 219 may be controlled by the controller 217 to translate
and/or rotate to change the orientation of the recording medium layer 210 relative to the beam
S226e.

[0091] In some embodiments, changing the polarization interference pattern may include

changing a beam size of S226e. For example, the controller 217 may control a moving
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mechanism (not shown), on which the first lens 203a, the pinhole aperture 203c, and the second
lens 203b are mounted, to adjust the relative position (e.g., distance) between the first lens 203a
and the light source 201, the relative position (e.g., distance) between the first lens 203a and the
pinhole aperture 203c, the relative position (e.g., distance) between the pinhole aperture 203c
and the second lens 203b, and/or the relative position (e.g., distance) between the first lens 203a
and the second lens 203b, and/or control the size of the pinhole aperture 203c¢ to change the beam
size of the collimated beam S226a. Accordingly, the beam size of S226e may be changeable.
[0092] In some embodiments, the controller 217 may control an adjustment mechanism
coupled with the iris diaphragm 225 to adjust the opening area of the iris diaphragm 225, thereby
adjusting a size and/or a shape of the polarization interference pattern that is recorded into the
recording medium layer 210. In some embodiments, changing the polarization interference
pattern may include changing a gap between the SRG 211 and the waveplate 213. In some
embodiments, increasing the gap may reduce the size of the polarization interference pattern that
is recorded into the recording medium layer 210.

[0093] In some embodiments, an orientation of the polarization interference pattern relative
to the recording medium layer 210 may be changeable through changing the relative orientation
between the recording medium layer 210 and the beam S226e. For example, the second movable
stage 219 may be controlled by the controller 217 to rotate (e.g., around the z-axis) to change the
relative orientation between the recording medium layer 210 and the beam S226e. Each
polarization interference pattern (or pattern of the spatially varying orientation of the linear
polarization) may define an orientation pattern of the optic axis of the recording medium layer
210 in the respective recording region/portion. Different orientation patterns of the optic axis of
the recording medium layer 210 in different regions/portions may correspond to grating patterns
with different sizes, periods, orientations, positions, and/or shapes. For example, the grating
period of the grating pattern may be adjustable through adjusting the angle formed between the
two circularly polarized light beams S235 and S234 and/or the predetermined wavelength A of
the two circularly polarized light beams S235 and S234. In some embodiments, the grating
period of the grating pattern may be within a sub-micron range, e.g., may be within a visible
wavelength range (e.g., 380 nm to 700 nm).

[0094] The orientation of the grating pattern (or grating fringes) may be adjustable through

rotating the substrate 205, on which the recording medium layer 210 is disposed, around a
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predetermined rotation axis (e.g., the z-axis). That is, the orientation of the grating pattern (or
grating fringes) may be adjustable through adjusting the rotation angle of the substrate 205 that
supports the recording medium layer 210 around a predetermined axis (e.g., the z-axis). The
position of the grating pattern may be adjustable through adjusting the location of the substrate
205 (and hence the location of the recording medium layer 210) with respect to the SRG 211 and
the waveplate 213. In some embodiments, the size of the grating pattern may be adjustable
through adjusting the relative position (e.g., distance) between the first lens 203a and the light
source 201, the relative position (e.g., distance) between the first lens 203a and the pinhole
aperture 203c, the relative position (e.g., distance) between the pinhole aperture 203c and the
second lens 203b, and/or the relative position (e.g., distance) between the first lens 203a and the
second lens 203b. In some embodiments, the size and/or the shape of the grating pattern may be
adjustable through adjusting the opening area of the iris diaphragm 225.

[0095] In some embodiments, both sides of the recording medium layer 210 may be recorded
with the polarization interference pattern. For example, a first side of the recording medium
layer 210 may be recorded with one or more polarization interference patterns in one or more
recording regions. Then the recording medium layer 210 may be flipped, and the second side of
the recording medium layer 210 may be recorded with one or more polarization interference
patterns in one or more recording regions. When recording different polarization interference
patterns to the second side, the SRG 211 may be replaced with a different SRG, and/or the
optical properties (e.g., wavelength, incidence angle, beam size, etc.) of the beam S226e may be
changed.

[0096] FIGs. 3A-3C schematically illustrate x-y sectional views of orientation patterns of the
optic axis of the recording medium layer 210 defined in different portions of the recording
medium layer 210 via the system 200 shown in FIGs. 2A, 2C, and 2D, according to various
embodiments of the present disclosure. For discussion purposes, in FIGs. 3A-3C, an aperture
size of the recording medium layer 210 may be substantially the same as a size of a
predetermined region 350 of the recording medium layer 210 that is exposed to the polarization
interference pattern during an exposure. An aperture shape of the recording medium layer 210
may be a shape of the predetermined region 350, e.g., a square shape, a rectangular shape, a
circular shape, etc. For discussion purposes, FIGs. 3A-3C schematically illustrate the periodic

variation of the orientations of the optic axis of the recording medium layer 210 in one or two
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portions of the of the recording medium layer 210. In FIGs. 3A-3C, the arrows 318 represent the
optic axis and the orientations of the optic axis.

[0097] FIG. 3A shows a plurality of orientation patterns of the optic axis of the recording
medium layer 210 defined in a plurality of different portions of the recording medium layer 210
through multiple exposures. The plurality of orientation patterns of the optic axis of the
recording medium layer 210 in different portions of the recording medium layer 210 may
correspond to a plurality of same grating patterns having the same grating period and the same
grating orientation. For example, as shown in FIG. 3A, eight orientation patterns 301-1 to 301-8
of the optic axis of the recording medium layer 210 may be defined and/or recorded in eight
different portions of the recording medium layer 210 through eight exposures. For different
exposures, the substrate 205 on which the recording medium layer 210 is disposed may be
translated by the second movable stage 219 in the x-axis direction and y-axis direction. The
eight patterns 301-1 to 301-8 may be arranged in a 2D array. For illustrative purposes, FIG. 3A
merely shows the periodic variation of the orientation of the optic axis in the orientation pattern
301-1. For example, the orientations of the optic axis may periodically vary in an in-plane
direction, e.g., the x-axis direction. In some embodiments, a pitch Po of the orientation pattern
301-1 may be referred to as a distance in the in-plane direction, over which the orientation of the
optic axis rotates by a predetermined angle (e.g., 180°). In some embodiments, the pitch Po of
the orientation pattern 301-1 may correspond to the in-plane pitch Pin of a corresponding grating
pattern. The eight orientation patterns 301-1 to 301-8 may correspond to eight grating patterns
have the same size, the same in-plan pitch (or grating period), and the same grating orientation.
[0098] FIG. 3B shows a plurality of orientation patterns of the optic axis of the recording
medium layer 210 defined and/or recorded in a plurality of different portions of the recording
medium layer 210 through multiple exposures. The plurality of orientation patterns of the optic
axis defined in different portions of the recording medium layer 210 may correspond to a
plurality of grating patterns having different in-plane pitches (or grating periods) and the same
grating orientation. For example, as shown in FIG. 3B, four orientation patterns 303-1 to 303-4
of the optic axis of the recording medium layer 210 may be defined in four different portions of
the recording medium layer 210 through four exposures. For each exposure, the substrate 205 on
which the recording medium layer 210 is disposed may be translated by the second movable

stage 219 in the x-axis direction. The four orientation patterns 303-1 to 303-4 may be arranged
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in a 1D array. At least two of the four orientation patterns 303-1 to 303-4 may have different
periods Po. For illustrative purposes, FIG. 3B merely shows the periodic variation of the
orientations of the optic axis in the orientation pattern 303-1 and the orientation pattern 303-2. A
period Po of the orientation pattern 303-1 may be different from (e.g., larger than) a period Po of
the orientation pattern 303-2. Accordingly, the in-plane pitch of the grating pattern
corresponding to the orientation pattern 303-1 may be different from (e.g., larger than) the in-
plane pitch of the grating pattern corresponding to the orientation pattern 303-2.

[0099] FIG. 3C shows a plurality of orientation patterns of the optic axis of the recording
medium layer 210 defined and/or recorded in a plurality of different portions of the recording
medium layer 210 through multiple exposures. The plurality of orientation patterns of the optic
axis defined in different portions (or regions) of the recording medium layer 210 may correspond
to a plurality of grating patterns having different grating orientations and the same in-plane pitch
(or grating period). For example, as shown in FIG. 3B, four orientation patterns 305-1 to 305-4
of the optic axis of the recording medium layer 210 may be defined in four different portions of
the recording medium layer 210 through four exposures. For each exposure, the substrate 205 on
which the recoding medium layer 210 is disposed may be translated by the second movable stage
219 in the x-axis direction. The four orientation patterns 305-1 to 305-4 may be arranged in a
1D array. At least two of the four orientation patterns 305-1 to 305-4 may have orientations of
the optic axis periodically vary in different in-plane directions. The in-plane direction in which
the orientations of the optic axis periodically vary may correspond to a grating orientation of a
corresponding grating pattern. For illustrative purposes, FIG. 3C merely shows the periodic
variations of the orientations of the optic axis in the orientation pattern 305-1 and the orientation
pattern 305-2. For example, the orientation pattern 305-1 may have the orientation of the optic
axis periodically vary in a first in-plane direction, e.g., the x-axis direction, and the orientation
pattern 305-2 may have the orientation of the optic axis periodically vary in a second, different
in-plane direction, e.g., the y-axis direction. Accordingly, the grating orientation of the grating
pattern corresponding to the orientation pattern 305-1 may be different from the grating
orientation of the grating pattern corresponding to the orientation pattern 305-2.

[0100] FIGs. 4A-4D schematically illustrate processes for fabricating a PSOE through a
disclosed system, e.g., the system 200 shown in FIGs. 2A, 2C, and 2D. The fabrication process

shown in FIGs. 4A-4D may include holographic recording of an alignment pattern in a photo-
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aligning film and alignment of an anisotropic material (e.g., an LC material) by the photo-
aligning film. This alignment process may be referred to as a surface-mediated photo-alignment.
In some embodiments, the PSOE fabricated based on the fabrication processes shown in FIGs.
4A-4D may be a polarization selective grating, such as a PVH grating, or a PBP grating, etc. For
illustrative purposes, the substrate and different layers, films, or structures formed thereon are
shown as having flat surfaces. In some embodiments, the substrate and different layers or films
or structures may have curved surfaces.

[0101] As shown in FIG. 4A, a recording medium layer 410 may be formed on a surface
(e.g., a top surface) of a substrate 405 by dispensing, e.g., coating or depositing, a polarization
sensitive material on the surface of the substrate 405. Thus, the recording medium layer 410
may be referred to as a polarization sensitive recording medium layer. The polarization sensitive
material included in the recording medium layer 410 may be an optically recordable and
polarization sensitive material (e.g., a photo-alignment material) configured to have a photo-
induced optical anisotropy when exposed to a polarized light irradiation. Molecules (or
fragments) and/or photo-products of the optically recordable and polarization sensitive material
may be configured to generate an orientational ordering under a polarized light irradiation. In
some embodiments, the polarization sensitive material may be dissolved in a solvent to form a
solution. The solution may be dispensed on the substrate 405 using any suitable solution coating
process, €.g., spin coating, slot coating, blade coating, spray coating, or jet (ink-jet) coating or
printing. The solvent may be removed from the coated solution using a suitable process, e.g.,
drying, or heating, leaving the polarization sensitive material on the substrate 405 to form the
recording medium layer 410.

[0102] The substrate 405 may provide support and protection to various layers, films, and/or
structures formed thereon. In some embodiments, the substrate 405 may be at least partially
transparent in at least the visible wavelength band (e.g., about 380 nm to about 700 nm). In
some embodiments, the substrate 405 may be at least partially transparent in at least a portion of
the infrared (“IR”) band (e.g., about 700 nm to about 4 mm). The substrate 405 may include a
suitable material that is at least partially transparent to lights of the above-listed wavelength
ranges, such as, a glass, a plastic, a sapphire, or a combination thereof, etc. The substrate 405
may be rigid, semi-rigid, flexible, or semi-flexible. The substrate 405 may include a flat surface

or a curved surface, on which the different layers or films may be formed. In some
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embodiments, the substrate 405 may be a part of another optical element or device (e.g., another
opto-electrical element or device). For example, the substrate 405 may be a solid optical lens, a
part of a solid optical lens, or a light guide (or waveguide), etc. In some embodiments, the

substrate 405 may be a part of a functional device, such as a display screen. In some

embodiments, the substrate 405 may be used to fabricate, store, or transport the fabricated PSOE.

In some embodiments, the substrate 405 may be detachable or removable from the fabricated
PSOE after the PSOE is fabricated or transported to another place or device. That is, the
substrate 405 may be used in fabrication, transportation, and/or storage to support the PSOE
provided on the substrate 405, and may be separated or removed from the PSOE when the
fabrication of the PSOE is completed, or when the PSOE is to be implemented in an optical
device. In some embodiments, the substrate 405 may not be separated from the PSOE.

[0103] After the recording medium layer 410 is formed on the substrate 405, as shown in
FIG. 4B, the recording medium layer 410 may be exposed to a polarization interference pattern
generated based on two recording beams 440 and 442 (also referred to as a first recording beam
440 and a second recording beam 442). The two recording beams 440 and 442 may be two
coherent circularly polarized beams with opposite handednesses. In some embodiments, the two
recording beams 440 and 442 may represent, respectively, the beam S235 and the beam S234
output from the stack of the SRG 211 operating at the Littrow configuration and the waveplate
213 shown in FIG. 2B. The recording medium layer 410 may be optically patterned when
exposed to the polarization interference pattern generated based on the two recording beams 440
and 442 during the polarization interference exposure process. An orientation pattern of an optic
axis of the recording medium layer 410 in an exposed region may be defined by the polarization
interference pattern under which the recording medium layer 410 is exposed during the
polarization interference exposure process. In some embodiments, different regions of the
recording medium layer 410 may be exposed to the same or different polarization interference
patterns. The same or different orientation patterns of the optic axis of the recording medium
410 may be defined in respective exposed regions during the respective polarization interference
exposure processes.

[0104] In some embodiments, the recording medium layer 410 may include elongated
anisotropic photo-sensitive units (e.g., small molecules or fragments of polymeric molecules).

After being subjected to a sufficient exposure of the polarization interference pattern generated
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based on the two recording lights 440 and 442, local alignment directions of the anisotropic
photo-sensitive units may be induced in the recording medium layer 410 by the polarization
interference pattern, resulting in an alignment pattern (or in-plane modulation) of an optic axis of
the recording medium layer 410 due to a photo-alignment of the anisotropic photo-sensitive
units. In some embodiments, the in-plane modulation of the optic axis of the recording medium
layer 410 in the exposed region may correspond to a grating pattern, which may be similar to that
shown in FIG. 1B or FIG. 1C. In some embodiments, multiple alignment patterns (which may
be the same or different) may be recorded in different portions or regions of the recording
medium layer 410 through multiple polarization interference exposure processes. The multiple
alignment patterns may correspond to multiple grating patterns with the same or different sizes,
shapes, grating periods, grating orientations, and/or handednesses of the in-plane modulation. In
some embodiments, the handedness of the in-plane modulation (or alignment pattern) of the
optic axis of the recording medium layer 410 in the exposed region may be controllable by
controlling the handednesses of the recording beams 440 and 442. For example, when the
recording beam 440 is an RHCP beam and the recording beam 442 is an LHCP beam, the
handedness of the in-plane modulation (or alignment pattern) of the optic axis of the recording
medium layer 410 in the exposed region may be right-handed. When the recording beam 440 is
an LHCP beam and the recording beam 442 is an RHCP beam, the handedness of the in-plane
modulation (or alignment pattern) of the optic axis of the recording medium layer 410 in the
exposed region may be left-handed. After the recording medium layer 410 is optically patterned,
the recording medium layer 410 may be referred to as a patterned recording medium layer with
an alignment pattern.

[0105] In some embodiments, as shown in FIG. 4C, a birefringent medium layer 415 may be
formed on the patterned recording medium layer 410 by dispensing, e.g., coating or depositing, a
birefringent medium onto the patterned recording medium layer 410. The birefringent medium
may include one or more birefringent materials having an intrinsic birefringence, such as non-
polymerizable LCs or polymerizable LCs (e.g., RMs). For discussion purposes, in the following
descriptions, the term “liquid crystal(s)” or “LC(s)” may encompass both mesogenic and LC
materials. In some embodiments, the birefringent medium may also include or be mixed with
other ingredients, such as solvents, initiators (e.g., photo-initiators or thermal initiators), chiral

dopants, or surfactants, etc. In some embodiments, the birefringent medium may not have an
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intrinsic or induced chirality. In some embodiments, the birefringent medium may have an
intrinsic or induced chirality. For example, in some embodiments, the birefringent medium may
include a host birefringent material and a chiral dopant doped into the host birefringent material
at a predetermined concentration. The chirality may be introduced by the chiral dopant doped
into the host birefringent material, e.g., chiral dopant doped into nematic LCs, or chiral reactive
mesogens (“RMs”) doped into achiral RMs. RMs may be also referred to as a polymerizable
mesogenic or liquid-crystalline compound, or polymerizable LCs. In some embodiments, the
birefringent medium may include a birefringent material having an intrinsic molecular chirality,
and chiral dopants may not be doped into the birefringent material. The chirality of the
birefringent medium may result from the intrinsic molecular chirality of the birefringent
material. For example, the birefringent material may include chiral liquid crystal molecules, or
molecules having one or more chiral functional groups. In some embodiments, the birefringent
material may include twist-bend nematic LCs (or LCs in twist-bend nematic phase), in which LC
directors may exhibit periodic twist and bend deformations forming a conical helix with doubly
degenerate domains having opposite handednesses. The LC directors of twist-bend nematic LCs
may be tilted with respect to the helical axis. Thus, the twist-bend nematic phase may be
considered as the generalized case of the conventional nematic phase in which the LC directors
are perpendicular to the helical axis.

[0106] In some embodiments, a birefringent medium may be dissolved in a solvent to form a
solution. A suitable amount of the solution may be dispensed (e.g., coated, or sprayed, etc.) on
the patterned recording medium layer 410 to form the birefringent medium layer 415. In some
embodiments, the solution containing the birefringent medium may be coated on the patterned
recording medium layer 410 using a suitable process, e.g., spin coating, slot coating, blade
coating, spray coating, or jet (ink-jet) coating or printing. In some embodiments, the birefringent
medium may be heated to remove the remaining solvent. This process may be referred to as a
pre-exposure heating. The patterned recording medium layer 410 may be configured to provide
a surface alignment (e.g., planar alignment, or homeotropic alignment, etc.) to optically
anisotropic molecules (e.g., LC molecules, RM molecules, etc.) in the birefringent medium. For
example, the patterned recording medium layer 410 may at least partially align the LC molecules
or RM molecules in the birefringent medium that are in contact with the patterned recording

medium layer 410 in the grating pattern. In other words, the LC molecules or RM molecules in

- 40 -
https://www.tdcommons.org/dpubs_series/6413 M



LEE et al.: SYSTEM AND METHOD FOR FABRICATING POLARIZATION SELECTIVE ELEMENT

the birefringent medium may be at least partially aligned along the local alignment directions of
the anisotropic photo-sensitive units in the patterned recording medium layer 410 to form the
grating pattern. Thus, the grating pattern recorded in the patterned recording medium layer 410
(or the in-plane orientation pattern of the optic axis of the recording medium layer 410) may be
transferred to the birefringent medium, and hence to the birefringent medium layer 415. That is,
the patterned recording medium layer 410 may function as a photo-alignment material (“PAM”)
layer for the LCs or RMs in the birefringent medium. Such an alignment procedure may be
referred to as a surface-mediated photo-alignment.

[0107] In some embodiments, after the LCs or RMs in the birefringent medium are aligned
by the patterned recording medium layer 410, the birefringent medium may be heat treated (e.g.,
annealed) in a temperature range corresponding to a nematic phase of the LCs or RMs in
birefringent medium to enhance the alignments (or orientation pattern) of the LCs and/or RMs
(not shown in FIG. 4C). This process may be referred to as a post-exposure heat treatment (e.g.,
annealing). In some embodiments, the process of heat treating (e.g., annealing) the birefringent
medium may be omitted.

[0108] In some embodiments, when the birefringent medium includes polymerizable LCs
(e.g., RMs), after the RMs are aligned by the patterned recording medium layer 410, the RMs
may be polymerized, e.g., thermally polymerized or photo-polymerized, to solidify and stabilize
the orientational pattern of the optic axis of the birefringent medium, thereby forming the
birefringent medium layer 415. In some embodiments, as shown in FIG. 4D, the birefringent
medium may be irradiated with, e.g., a UV light 444. Under a sufficient UV light irradiation, the
birefringent medium may be polymerized to stabilize the orientational pattern of the optic axis of
the birefringent medium. In some embodiments, the polymerization of the birefringent medium
under the UV light irradiation may be carried out in air, in an inert atmosphere formed, for
example, by nitrogen, argon, carbon-dioxide, or in vacuum. Thus, a polarization selective
grating 400 may be obtained based on the polarization interference exposure process and
surface-mediated photo-alignment. In some embodiments, the process of thermo- or photo-
polymerization of the birefringent medium may be omitted. In some embodiments, the
polarization selective grating 400 fabricated based on the fabrication processes shown in FIGs.
4A-4D may be a passive polarization selective grating, such as a passive PBP grating or a

passive PVH grating.
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[0109] In some embodiments, as shown in FIG. 4D, the substrate 405 and/or the recording
medium layer 410 may be used to fabricate, store, or transport the polarization selective grating
400. In some embodiments, the substrate 405 and/or the recording medium layer 410 may be
detachable or removable from other portions of the polarization selective grating 400 after the
other portions of the polarization selective grating 400 are fabricated or transported to another
place or device. That is, the substrate 405 and/or the patterned recording medium layer 410 may
be used in fabrication, transportation, and/or storage to support the birefringent medium layer
415, and may be separated or removed from the birefringent medium layer 415 when the
fabrication of the polarization selective grating 400 is completed, or when the polarization
selective grating 400 is to be implemented in an optical device. In some embodiments, the
substrate 405 and/or the recording medium layer 410 may not be separated from the polarization
selective grating 400.

[0110] FIGs. 5A and 5B schematically illustrate processes for fabricating a PSOE, according
to another embodiment of the present disclosure. The fabrication processes shown in FIGs. SA
and 5B may include steps or processes similar to those shown in FIGs. 4A-4D. The PSOE
fabricated based on the processes shown in FIGs. 5A and 5B may include elements similar to
those included in the PSOE fabricated based on the processes shown in FIGs. 4A-4D.
Descriptions of the similar steps and similar elements can refer to the descriptions rendered
above in connection with FIGs. 4A-4D. The PSOE fabricated based on the fabrication processes
shown in FIGs. 5A and 5B may be an active PSOE, such as an active PBP grating or an active
PVH grating, etc. Although the substrate and layers are shown as having flat surfaces, in some
embodiments, the substrate and layers formed thereon may have curved surfaces.

[0111] As shown in FIG. 5A, two substrates 405 and 405 (referred to as a first substrate 405
and a second substrate 405”) may be assembled to form an LC cell 500. For example, the two
substrates 405 and 405° may be bonded to each other via an adhesive 412 (e.g., optical adhesive
412) to form the LC cell 500. At least one (e.g., each) of the two substrates 405 and 405’ may be
provided with one or more conductive electrode layers and a patterned recording medium layer.
For example, two conductive electrode layers 540 and 540’ may be formed at opposing surfaces
of the substrates 405 and 405°, and two patterned recording medium layer 410 and 410’ may be
formed on opposing surfaces of the two conductive electrode layers 540 and 540°. The patterned

recording medium layers 410 and 410’ may be fabricated at the opposing surfaces of the
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conductive electrode layers 540 and 540’ following steps or processes similar to those shown in
FIGs. 4A and 4B. The conductive electrode layer 540 or 540’ may be transmissive and/or
reflective at least in the same spectrum band as the substrate 405 or 405°. The conductive
electrode layer 540 or 540’ may be a planar continuous electrode layer or a patterned electrode
layer. As shown in FIG. 5A, a gap or space may exist between the patterned recording medium
layers 410 and 410°.

[0112] After the LC cell 500 is assembled, as shown in FIG. 5B, active LCs that are
reorientable by an external field, e.g., an electric field, may be filled into the space formed
between the patterned recording medium layers 410 and 410” within the LC cell 500 to form an
active LC layer 505. The patterned recording medium layer 410 or 410’ may function as a PAM
layer for the active LCs filled into the LC cell 500, such that the active LCs may be at least
partially aligned by the patterned recording medium layer 410 or 410’ according to an grating
pattern to form the active LC layer 505. Thus, the patterned recording medium layer 410 or 410’
may also be referred to as PAM layers 410 and 410°. The LC cell 500 filled with the active LCs
may be sealed via, e.g., the adhesive 412, and an active PSOE (e.g., polarization selective
grating) 510 may be obtained. The active PSOE (e.g., polarization selective grating) 510 may be
switchable by a voltage applied to the conductive electrode layers 540 and 540°. The switching
of the active PSOE 510 may be controlled by a controller (not shown) similar to the controller
217 shown in FIG. 2A.

[0113] For illustrative purposes, FIGs. 5A and 5B show that the patterned recording medium
layers 410 and 410’ (or PAM layers 410 and 410’) may be disposed at opposing inner surfaces of
the two substrates 405 and 405°. In some embodiments, each of the PAM layers 410 and 410’
disposed at the two substates 405 and 405’ may be configured to provide a planar alignment (or
an alignment with a small pretilt angle). The PAM layers 410 and 410’ may provide parallel or
anti-parallel surface alignments. In some embodiments, the PAM layers 410 and 410’ disposed
at the two substates 405 and 405’ may be configured to provide hybrid surface alignments. For
example, the PAM layer 410 disposed at the substate 405 may be configured to provide a planar
alignment (or an alignment with a small pretilt angle), and the PAM layer 410’ disposed at the
other substate 405° may be configured to provide a homeotropic alignment. Although not
shown, in some embodiments, only one of the substrates 405 and 405’ may be provided with the

PAM layer 410 or 410°.
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[0114] For illustrative purposes, FIGs. 5A and 5B show that conductive electrode layers 540
and 540’ may be disposed at the two substrates 405 and 405°. The conductive electrode layer
(540 or 540’) may be disposed between the patterned recording medium layer (410 or 410’) and
the substrate (405 or 405°). In the embodiment shown in FIGs. 5A and 5B, each of the
conductive electrode layers 540 and 540’ may be a continuous planar electrode layer. A driving
voltage may be applied to the conductive electrode layers 540 and 540’ to generate a vertical
electric field to reorient the LC molecules, thereby switching the optical properties of the active
PSOE (e.g., polarization selective grating) 510. As shown in FIG. 5B, the conductive electrode
layers 540 and 540 may be disposed at two sides of the active LC layer 505.

[0115] In some embodiments, the two conductive electrode layers 540 and 540’ may be
disposed at the same side of the active LC layer 505. For example, as shown in FIG. 5C, two
substates 405 and 405’ may be assembled to form an LC cell 520. One substrate 405’ (e.g., an
upper substrate) may not be provided with a conductive electrode layer, while the other substrate
405 (e.g., a lower substrate) may be provide with two conductive electrode layers (e.g., 540a and
540b) and an electrically insulating layer 560 disposed between the two conductive electrode
layers. In other words, the two conductive electrode layers 540a and 540b may be disposed at
the same side of the active LC layer 505. The two conductive electrode layers 540a and 540b
may be a continuous planar electrode layer 540a and a patterned electrode layer 540b. The
patterned electrode layer 540b may include a plurality of striped electrodes arranged in parallel
in an interleaved manner. After the LC cell 520 is filled with active LCs to form the active LC
layer 505, an active PSOE (e.g., polarization selective grating) 525 may be obtained. A voltage
may be applied between the continuous planar electrode layer 540a and the patterned electrode
layer 540b disposed at the same side of the active LC layer 505 to generate a horizontal electric
field to reorient the LC molecules, thereby switching the optical properties of the fabricated
active PSOE 525 (e.g., polarization selective grating).

[0116] In some embodiments, as shown in FIG. 5D, two substates 405 and 405’ may be
assembled to form an LC cell 570. One substrate 405’ (e.g., an upper substrate) may not be
provided with a conductive electrode layer, while the other substrate 405 (e.g., a lower substrate)
may be provide with a conductive electrode layer 580. The conductive electrode layer 580 may
include interdigitated electrodes, which may include two individually addressable interdigitated

comb-like electrode structures 541 and 542. After the LC cell 560 is filled with active LCs to
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form the active LC layer 505, an active PSOE (e.g., polarization selective grating) 575 may be
obtained. A voltage may be applied between the interdigitated comb-like electrode structures
541 and 542 disposed at the same side of the active LC layer 505 to generate a horizontal electric
field to reorient the LC molecules in the active LC layer 505, thereby switching the optical
properties of the fabricated active PSOE 575 (e.g., active polarization selective grating).

[0117] Referring back to FIGs. 5A-5D, in some embodiments, the recording medium layer(s)
may not be optically patterned before the LC cell is assembled. Instead, the recording medium
layer(s) may be optically patterned after the LC cell is assembled. For example, two substrates
405 and 405’ may be assembled to form an LC cell. At least one of the two substrates 405 and
405’ may be provided with one or more conductive electrode layers and a recording medium
layer (that has not been optically patterned yet). Then the LC cell may be exposed to a
polarization interference pattern, which may be similar to that shown in FIG. 4B. Accordingly,
the recording medium layer disposed at the substrate may be optically patterned to provide an
alignment pattern corresponding to a grating pattern. After the LC cell is filled with active LCs
and sealed, an active PSOE (e.g., polarization selective grating) may be obtained.

[0118] FIGs. 6A and 6B schematically illustrate processes for fabricating a PSOE (e.g., a
polarization selective grating), according to another embodiment of the present disclosure. The
fabrication processes may include holographic recording and bulk-mediated photo-alignment.
The fabrication processes shown in FIGs. 6A and 6B may include steps similar to those shown in
FIGs. 4A and 4B. The PSOE (e.g., polarization selective grating) fabricated based on the
processes shown in FIGs. 6A and 6B may include elements similar to the PSOE (e.g.,
polarization selective grating) fabricated based on the processes shown in FIGs. 4A and 4B.
Descriptions of the similar steps and similar elements, structures, or functions can refer to the
descriptions rendered above in connection with FIGs. 4A and 4B. The PSOE (e.g., polarization
selective grating) fabricated based on the fabrication processes shown in FIGs. 6A and 6B may
be a passive PSOE (e.g., a passive polarization selective grating). Although the substrate and
layers are shown as having flat surfaces, in some embodiments, the substrate and layers formed
thereon may have curved surfaces.

[0119] Similar to the embodiment shown in FIGs. 4A and 4B, the processes shown in FIGs.
6A and 6B may include dispensing (e.g., coating, depositing, etc.) a recording medium on a

surface (e.g., a top surface) of a substrate 605 to form a recording medium layer 620. The
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recording medium may be a polarization sensitive recording medium. The recording medium
may include an optically recordable and polarization sensitive material (e.g., a photo-alignment
material) configured to have a photoinduced optical anisotropy when exposed to a polarized light
irradiation. Molecules (or fragments) and/or photo-products of the optically recordable and
polarization sensitive material may generate anisotropic angular distributions in a film plane of a
layer of the recording medium under a polarized light irradiation. In some embodiments, the
recording medium may include or be mixed with other ingredients, such as a solvent in which
the optically recordable and polarization sensitive materials may be dissolved to form a solution,
and photo-sensitizers. The solution may be dispensed on the substrate 605 using a suitable
process, €.g., spin coating, slot coating, blade coating, spray coating, or jet (ink-jet) coating or
printing. The solvent may be removed from the coated solution using a suitable process, e.g.,
drying, or heating, leaving the recording medium on the substrate 605.

[0120] After the recording medium layer 620 is formed on the substrate 605, as shown in
FIG. 6B, the recording medium layer 620 may be exposed to a polarization interference pattern
generated based on two recording beams 640 and 642. The two recording beams 640 and 642
may be two coherent circularly polarized beams with opposite handednesses. In some
embodiments, the two recording beams 640 and 642 may represent, respectively, the beam S235
and the beam S234 output from the SRG 211 operating at the Littrow configuration and the
waveplate 213 shown in FIG. 2B. The recording medium layer 620 may be optically patterned
when exposed to the polarization interference pattern generated based on the two recording
beams 640 and 642 during the polarization interference exposure process. An orientation pattern
of an optic axis of the recording medium layer 620 in an exposed region may be defined during
the polarization interference exposure process.

[0121] In the embodiment shown in FIGs. 6A and 6B, the recording medium may include a
photo-sensitive polymer. Molecules of the photo-sensitive polymer may include one or more
polarization sensitive photo-reactive groups embedded in a main polymer chain or a side
polymer chain. During the polarization interference exposure process of the recording medium
layer 620, a photo-alignment of the polarization sensitive photo-reactive groups may occur
within (or in, inside) a volume of the recording medium layer 620. That is, a 3D polarization
field generated by the interface of the two recording beams 640 and 642 may be directly

recorded within (or in, inside) the volume of the recording medium layer 620. Such an
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alignment procedure shown in FIG. 6B may be referred to as a bulk-mediated photo-alignment.
In the embodiment shown in FIGs. 6A and 6B, an in-plane orientation pattern of the optic axis
may be directly recorded in the recording medium layer 620 via the bulk-mediated photo-
alignment in an exposed region. In some embodiments, the in-plane orientation pattern of the
optic axis may correspond to a grating pattern. A step of disposing an additional birefringent
medium layer on the patterned recording medium layer 620 may be omitted. The patterned
recording medium layer 620 may function as a PSOE (e.g., polarization selective grating) 600.
In some embodiments, multiple in-plane orientation patterns of the optic axis (or multiple grating
patterns) may be recorded in different regions of the recording medium layer 620 through
multiple polarization interference exposure processes. The multiple grating patterns may
correspond to multiple grating patterns with the same or different sizes, shapes, grating periods,
grating orientations, and/or handedness of the in-plane modulation.

[0122] In some embodiments, the photo-sensitive polymer included in the recording medium
layer 620 may include an amorphous polymer, an LC polymer, etc. The molecules of the photo-
sensitive polymer may include one or more polarization sensitive photo-reactive groups
embedded in a main polymer chain or a side polymer chain. In some embodiments, the
polarization sensitive photo-reactive group may include an azobenzene group, a cinnamate
group, or a coumarin group, etc. In some embodiments, the photo-sensitive polymer may be an
amorphous polymer, which may be initially optically isotropic prior to undergoing the
polarization interference exposure process, and may exhibit an induced (e.g., photo-induced)
optical anisotropy after being subjected to the polarization interference exposure process. In
some embodiments, the photo-sensitive polymer may be an LC polymer, in which the
birefringence and in-plane orientation pattern may be recorded due to an effect of photo-induced
optical anisotropy. In some embodiments, the photo-sensitive polymer may be an LC polymer
with a polarization sensitive cinnamate group embedded in a side polymer chain. An example of
the LC polymer with a polarization sensitive cinnamate group embedded in a side polymer chain
is an LC polymer M1. The LC polymer M1 has a nematic mesophase in a temperature range of
about 65 °C to about 400 °C. An optical anisotropy may be induced by irradiating a film of the
LC polymer M1 with a polarized UV light (e.g., a laser light with a wavelength of 425 nm or 455
nm). In some embodiments, the induced optical anisotropy may be subsequently enhanced by

more than an order of magnitude by annealing the patterned recording medium layer 620 at a
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temperature range of about 65 °C to about 400 °C. In some embodiments, the annealing of the
patterned recording medium layer 620 may be omitted.

[0123] The LC polymer M1 is an example of an LC polymer with a polarization sensitive
cinnamate group embedded in a side polymer chain. The dependence of the photo-induced
birefringence on exposure energy is qualitatively similar for other materials from liquid
crystalline polymers of M series. Liquid crystalline polymers of M series are discussed in U.S.
Patent Application Publication No. US 2020/0081398, which is incorporated by reference for all
purposes (including the descriptions of the M series). In some embodiments, when the recording
medium layer 620 includes an LC polymer, the patterned recording medium layer 620 may be
heat treated (e.g., annealed) in a temperature range corresponding to a liquid crystalline state of
the LC polymer to enhance the photo-induced optical anisotropy of the LC polymer (not shown
in FIG. 6B). The recording medium layer 620 for a bulk-mediated photo-alignment shown in
FIG. 6B may be relatively thicker than the recording medium layer 410 for a surface-mediated
photo-alignment shown in FIGs. 4B-4D.

[0124] The substrate 605 may be similar to the substrate 405 shown in FIGs. 4A-4D. In
some embodiments, the substrate 605 may be used to fabricate, store, or transport the PSOE
(e.g., polarization selective grating) 600. In some embodiments, the substrate 605 may be
detachable or removable from the PSOE 600 after the PSOE 600 is fabricated or transported to
another place or device. That is, the substrate 605 may be used in fabrication, transportation,
and/or storage to support the PSOE 600 provided on the substrate 605, and may be separated or
removed from the PSOE 600 when the fabrication of the PSOE 600 is completed, or when the
PSOE 600 is to be implemented in an optical device. In some embodiments, the substrate 605
may not be separated from the PSOE 600.

[0125] FIG. 10 schematically illustrates a system 1000 configured to generate a polarization
interference pattern that may be recorded in a recording medium layer 1010, according to an
embodiment of the present disclosure. The system 1000 may include elements, structures, and/or
functions that are the same as or similar to those included in the system 200 shown in FIGs. 2A,
2C, and 2D. Descriptions of the same or similar elements, structures, and/or functions can refer
to the above descriptions rendered in connection with FIGs. 2A, 2C, and 2D. The recording
medium layer 1010 may be similar to the recording medium layer 210 shown in FIGs. 2A-2D.
[0126] As shown in FIG. 10, the system 1000 may include a light source 1001, a beam
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conditioning device 1003, and an SRG 1011, which may be similar to the light source 1001, the
beam conditioning device 203, and the SRG 211 shown in FIGS. 2A-2D, respectively. In some
embodiments, the beam conditioning device 1003 may include a first lens 1003a, a pinhole
aperture 1003c, and a second lens 1003b arranged in an optical series, which may be similar to
the first lens 203a, the pinhole aperture 203c, and the second lens 203b shown in FIG. 2A. For
example, the beam conditioning device 1003 may be configured to condition (e.g., polarize,
expand, collimate, remove noise from, etc.) a beam S1022 emitted from the light source 1001,
and output a collimated beam S1026 with a predetermined beam size and a predetermined
polarization.

[0127] The SRG 1011 may be orientated with respect to the optical axis of the beam
conditioning device 1003 or a propagation direction of the beam S1026, such that the beam
S1026 may be incident onto the SRG 1011 at a predetermined incidence angle (which is non-
zero). In some embodiments, the system 1000 may include a movable stage, on which the SRG
1011 may be mounted. The movable stage may be similar to the movable stage 219 shown in
FIGs. 2A, 2C, and 2D. The movable stage may be configured to translate and/or rotate the SRG
1011, thereby adjusting the orientation and/or position of the SRG 1011 relative to the
propagation direction of the beam S1026. When the orientation and/or position of the SRG 1011
is adjusted, the incidence angle of the beam S1026 relative to the SRG 1011 may be adjustable.
[0128] The SRG 1011 may be configured to operate at the Littrow configuration for the
beam S1026 having an incidence angle and a wavelength. The SRG 1011 may be configured to
forwardly diffract the beam S1026 substantially evenly into two paths: a first beam S1032 in a
first path (e.g., a reference path) and a second beam S1033 in a second path (e.g., a signal path).
In some embodiments, the first beam S1032 and the second beam S1033 may be a —1* order
diffracted beam S1032 and a 0" order diffracted beam S1033, respectively. In some
embodiments, the —1% order diffracted beam S1032 and the 0" order diffracted beam S1033 may
be two linearly polarized beams having orthogonal polarizations. In some embodiments, the —1*
order diffracted beam S1032 and the 0" order diffracted beam S1033 may be two linearly
polarized beams having a substantially same polarization. In some embodiments, the —1% order
diffracted beam S1032 and the 0™ order diffracted beam S1033 may have a substantially same
light intensity. In some embodiments, the —1% order diffracted beam S1032 and the 0™ order
diffracted beam S1033 may have different light intensities. Diffraction angles of the —1 order
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diffracted beam S1032 and the 0™ order diffracted beam S1033 may have a substantially same
value and opposite signs.

[0129] In some embodiments, the system 1000 may include one or more reflectors (e.g.,
mirrors) 1015a and 1015b configured to change the propagating direction of the first beam
S1032 by reflecting the first beam S1032 in different directions. The combination of the
reflectors 1015a and 1015b may add multiple turns in the first path, such that the first beam
S1032 propagates in a direction substantially perpendicular to a propagation direction of the
second beam S1033 propagating in the second path. That is, a direction of the first path may be
changed by the reflectors 1015a and 1015b, such that the first path becomes perpendicular to the
second path at a non-polarizing beam splitter (“NPBS”) 1019.

[0130] In some embodiments, the system 1000 may include a first waveplate 1013a disposed
in the first path along which the first beam S1032 propagates, and a second waveplate 1013b
disposed in the second path along which the second beam S1033 propagates. The first waveplate
1013a and the second waveplate 1013b may be similar to the waveplate 213 shown in FIGs. 2A-
2D. The first waveplate 1013a and the second waveplate 1013b may be configured to convert
the first beam S1032 and the second beam S1033 into circularly polarized beams with orthogonal
polarizations (e.g., opposite handednesses), respectively. For example, the first waveplate 1013a
and the second waveplate 1013b may be QWPs. A polarization axis of the first waveplate 1013a
may be oriented relative to the polarization direction of the first beam S1032 to covert the first
beam S1032 into a circularly polarized light beam S1036 having a first handedness. The beam
S1036 may be a collimated beam having a planar wavefront. A polarization axis of the second
waveplate 1013b may be oriented relative to the polarization direction of the second beam S1033
to covert the second beam S1033 into a circularly polarized light beam S1035 having a second
handedness that is opposite to the first handedness.

[0131] In some embodiments, the system 1000 may include a third lens (e.g., a focusing
lens) 1017 disposed in the second path between the second waveplate 1013b and the recoding
medium layer 1010. The beam S1035 (which may be a collimated beam having a planar
wavefront) may be transmitted through the third lens 1017 as a beam S1037 having a parabolic
wavefront. In some embodiments, a distance between the second waveplate 1013b and the
recoding medium layer 1010 may be about twice the focal length of the third lens 1017. In some
embodiments, the non-polarizing beam splitter (“NPBS”) 1019 may be disposed in the second
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path between the third lens 1017 and the recoding medium layer 1010. The NPBS 1019 may be
configured to combine the first beam S1032 (which has become S1036) propagating along the
first path), and the beam S1033 (which has become S1037 having a non-planar (e.g., parabolic)
wavefront output propagating in the second path). For example, the NPBS 1019 may be
configured to substantially transmit the beam S1037 as a beam S1039 propagating in the +z-axis
direction (or along the direction of the second path), and substantially reflect the beam S1036
propagating in the +y-axis direction as a beam S1038 propagating in the +z-axis direction (or
along the direction of the second path). The beam S1039 and the beam S1038 output from the
NPBS 1019 may interfere with each other to generate a polarization interference pattern, which
may be recorded in the recording medium layer 1010. After a sufficient exposure, the
polarization interference pattern may be recorded in the recording medium layer 1010 to define
an orientation pattern of an optic axis of the recording medium layer 1010.

[0132] In some embodiments, the orientation of the optic axis of the recording medium layer
1010 may spatially vary in at least one in-plane direction (e.g., a plurality of radial directions)
with a varying pitch. In some embodiments, the orientation pattern of the optic axis of the
recording medium layer 1010 may correspond to a lens pattern. A polarization selective lens
may be fabricated based on the exposed (or optically patterned) recording medium layer 1010.
For example, in some embodiments, the exposed (or optically patterned) recording medium layer
1010 may function as a polarization selective lens (e.g., a PBP lens or a PVH lens, etc.). In some
embodiments, a birefringent medium may be disposed at (e.g., on) the exposed (or optically
patterned) recording medium layer 1010, similar to the process shown in FIG. 4C. Optically
anisotropic molecules (e.g., LC molecules) in the birefringent medium may be at least partially
aligned by the exposed (or optically patterned) recording medium layer 1010 according to the
lens pattern. In some embodiments, the birefringent medium disposed on the exposed (or
optically patterned) recording medium layer 1010 may be further polymerized, similar to the
process shown in FIG. 4D. The polymerized birefringent medium may form a passive
polarization selective lens (e.g., a passive PBP lens or a passive PVH lens, etc.). In some
embodiments, two substrates each provided with the exposed (or optically patterned) recording
medium layer 1010 may be arranged in parallel to form a cell with a space. A birefringent
medium (e.g., active LCs) may be filled into the space of the cell. In some embodiments, at least

one of the two substrates may include two electrodes configured to provide a driving voltage to
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the birefringent medium (e.g., active LCs). The cell filled with the birefringent medium (e.g.,
active LCs) may function as an active polarization selective lens (e.g., an active PBP lens, or an
active PVH lens, etc.).

[0133] Polarization selective gratings (e.g., PVH or PBP gratings, PVH or PBP lens, etc.)
fabricated based on the fabrication processes and systems disclosed herein have various
applications in a number of technical fields. Some exemplary applications in augmented reality
(“AR”), virtual reality (“VR”), and mixed reality (“MR)” fields or some combinations thereof
will be explained below. Near-eye displays (“NEDs”) have been widely used in a wide variety
of applications, such as aviation, engineering, scientific research, medical devices, computer
games, videos, sports, training, and simulations. NEDs can function as a VR device, an AR
device, and/or an MR device. When functioning as AR and/or MR devices, NEDs are at least
partially transparent from the perspective of a user, enabling the user to view a surrounding real
world environment. Such NEDs are also referred to as optically see-through NEDs. When
functioning as VR devices, NEDs are opaque such that the user is substantially immersed in the
VR imagery provided via the NEDs. An NED may be switchable between functioning as an
optically see-through device and functioning as a VR device.

[0134] Pupil-replication (or pupil-expansion) waveguide display systems with diffractive
coupling structures have been implemented in NEDs, which can potentially offer eye-glass form
factors, a moderately large field of view (“FOV”), a high transmittance, and a large eyebox. A
pupil-replication waveguide display system includes a display element (e.g., an electronic
display) configured to generate an image light, and an optical waveguide configured to guide the
image light to an eyebox provided by the waveguide display system. Diffraction gratings may be
coupled with the optical waveguide, and may function as in-coupling and out-coupling
diffractive elements. The optical waveguide may also function as an AR and/or MR combiner to
combine the image light and a light from the real world environment, such that virtual images
generated by the display element may be superimposed on real-world images or see-through
images. In a pupil-replication waveguide display system, a waveguide coupled with the in-
coupling and out-coupling diffractive elements may expand the exit pupil along a light
propagation direction of a light propagating in and along the waveguide. As the light
propagating in and along the waveguide is repeatedly diffracted out of the waveguide by the out-

coupling diffractive element, with a portion of the light exiting the waveguide at each location of
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the waveguide, the illuminance (or light intensity) of the light exiting the waveguide may
decrease (i.e., become weaker) along the light propagating direction. Thus, the illuminance (or
light intensity) of the light output from the waveguide may be non-uniform along the waveguide.
A uniform illuminance over an expanded exit pupil may be desirable for a pupil-replication
waveguide display system to maintain a wide FOV.

[0135] FIG. 7A illustrates a schematic diagram of a waveguide display system 700,
according to an embodiment of the present disclosure. The waveguide display system 700 may
provide pupil replication (or pupil expansion). The waveguide display system 700 may be
implemented in NEDs for VR, AR, and/or MR applications. The waveguide display system 700
may include an out-coupling diffractive element 745 (or out-coupling element 745) including a
polarization selective grating (e.g., a PVH grating) fabricated based on the disclosed methods
and systems. In some embodiments, the polarization selective grating (e.g., the PVH grating)
may be fabricated to provide a predetermined non-uniform diffraction efficiency profile (any
suitable diffraction efficiency variation profile) in one or more dimensions. For example, the one
or more dimensions may be the x-axis dimension, the y-axis dimension, or both. The
predetermined non-uniform diffraction efficiency profile may provide a predetermined
illuminance distribution (or profile) along the one or more dimensions of the expanded exit
pupil.

[0136] In some embodiments, with the predetermined non-uniform diffraction efficiency
profile, the polarization selective grating (e.g., the PVH grating) may provide a predetermined
illuminance distribution with an improved uniformity over an expanded exit pupil. The
predetermined illuminance distribution may be any suitable illuminance distribution profile in
the one or more dimensions, such as a Gaussian distribution or any other desirable distribution.
In some embodiments, the predetermined illuminance distribution may not be uniform depending
on the application need.

[0137] As shown in FIG. 7A, the waveguide display system 700 may include a light source
assembly 705, a waveguide 710, and a controller 715. The light source assembly 705 may
include a light source 720 and an light conditioning system 725. In some embodiments, the light
source 720 may be a light source configured to generate an at least partially coherent light. The
light source 720 may include, e.g., a laser diode, a vertical cavity surface emitting laser, a light

emitting diode, or a combination thereof. In some embodiments, the light source 720 may be a
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display panel, such as a liquid crystal display (“LCD”) panel, an liquid-crystal-on-silicon
(“LCoS”) display panel, an organic light-emitting diode (“OLED”) display panel, a micro light-
emitting diode (“micro-LED”) display panel, a laser scanning display panel, a digital light
processing (“DLP”) display panel, or a combination thereof. In some embodiments, the light
source 720 may be a self-emissive panel, such as an OLED display panel or a micro-LED
display panel. In some embodiments, the light source 720 may be a display panel that is
illuminated by an external source, such as an LCD panel, an LCoS display panel, or a DLP
display panel. Examples of an external source may include a laser, an LED, an OLED, or a
combination thereof. The light conditioning system 725 may include one or more optical
components configured to condition the light from the light source 720. For example, the
controller 715 may control the light conditioning system 725 to condition the light from the light
source 720, which may include, e.g., transmitting, attenuating, expanding, collimating, and/or
adjusting orientation of the light.

[0138] The light source assembly 705 may generate an image light 730 and output the image
light 730 to an in-coupling element 735 disposed at a first portion of the waveguide 710. The
waveguide 710 may direct the image light 730 to an out-coupling element 745 disposed at a
second portion of the waveguide 710. The out-coupling element 745 may couple the image light
730 out of the waveguide 710 to an eye 760 positioned in an eye-box 765 of the waveguide
display system 700. An exit pupil 762 may be a location where the eye 760 is positioned in the
eye-box 165. Although one exit pupil 762 is shown for illustrative purposes, the waveguide
display system 700 may provide a plurality of exit pupils. The in-coupling element 735 may
couple the image light 730 into the waveguide 710 at an angle such that the image light 730 may
propagate through total internal reflection (“TIR”) inside and along the waveguide 710 toward
the out-coupling element 745. The first portion and the second portion may be located at
different ends of the waveguide 710. The out-coupling element 745 may be configured to couple
the image light 730 out of the waveguide 710 toward the eye 760. In some embodiments, the in-
coupling element 735 may couple the image light 730 into a TIR path inside the waveguide 710.
The image light 730 may propagate inside the waveguide 710 through TIR along the TIR path.
[0139] The waveguide 710 may include a first surface or side 710-1 facing the real-world
environment and an opposing second surface or side 710-2 facing the eye 760. In some

embodiments, as shown in FIG. 7A, the in-coupling element 735 may be disposed at the second
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surface 710-2 of the waveguide 710. In some embodiments, the in-coupling element 735 may be
integrally formed as a part of the waveguide 710 at the second surface 710-2. In some
embodiments, the in-coupling element 735 may be separately formed, and may be disposed at
(e.g., affixed to) the second surface 710-2 of the waveguide 710. In some embodiments, the in-
coupling element 735 may be disposed at the first surface 710-1 of the waveguide 710. In some
embodiments, the in-coupling element 735 may be integrally formed as a part of the waveguide
710 at the first surface 710-1. In some embodiments, the in-coupling element 735 may be
separately formed and disposed at (e.g., affixed to) the first surface 710-1 of the waveguide 710.
In some embodiments, the in-coupling element 735 may include one or more diffraction
gratings, one or more cascaded reflectors, one or more prismatic surface elements, and/or an
array of holographic reflectors, or any combination thereof. In some embodiments, the in-
coupling element 735 may include one or more diffraction gratings, such as a surface relief
grating, a volume hologram, a polarization selective grating, a polarization volume hologram, a
metasurface grating, another type of diffractive element, or any combination thereof. A pitch of
the diffraction grating may be configured to enable total internal reflection (“TIR”) of the image
light 730 within the waveguide 710. As a result, the image light 730 may propagate internally
within the waveguide 710 through TIR.

[0140] The out-coupling element 745 may be disposed at the first surface 710-1 or the
second surface 710-2 of the waveguide 710. For example, as shown in FIG. 7A, the out-
coupling element 745 may be disposed at the first surface 710-1 of the waveguide 710. In some
embodiments, the out-coupling element 745 may be integrally formed as a part of the waveguide
710, for example, at the first surface 710-1. In some embodiments, the out-coupling element 745
may be separately formed and dispose at (e.g., affixed to) the first surface 710-1 of the
waveguide 710. In some embodiments, the out-coupling element 745 may be disposed at the
second surface 710-2 of the waveguide 710. For example, in some embodiments, the out-
coupling element 745 may be integrally formed as a part of the waveguide 710 at the second
surface 710-2. In some embodiments, the out-coupling element 745 may be separately formed
and disposed at (e.g., affixed to) the second surface 710-2 of the waveguide 710. In some
embodiments, the out-coupling element 745 may include one or more diffraction gratings, one or
more cascaded reflectors, one or more prismatic surface elements, and/or an array of holographic

reflectors, or any combination thereof. In some embodiments, the out-coupling element 745 may
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include one or more diffraction gratings. A pitch of the diffraction grating may be configured to
cause the incident image light 730 to exit the waveguide 710, i.e., redirecting the image light 730
so that the TIR no longer occurs. In other words, the diffraction grating of the out-coupling
element 745 may couple the image light 730 that has been propagating inside and along the
waveguide 710 through TIR out of the waveguide 710 via diffraction. In some embodiments, the
out-coupling element 745 may also be referred to as an out-coupling grating 745.

[0141] In some embodiments, the out-coupling element 745 may include a polarization
selective grating (e.g., a PVH grating) fabricated based on the disclosed fabrication processes
and systems. In some embodiments, the PVH grating may be fabricated to have a predetermined
slant angle variation in one or more dimensions, e.g., within a plane perpendicular to a thickness
direction of the PVH grating. The PVH grating included in the out-coupling element 745 may be
configured to provide a predetermined (e.g., a non-uniform) diffraction efficiency profile, e.g., a
predetermined 1D or 2D diffraction efficiency profile in an x-y plane, to image lights incident
onto different portions of the surface of the PVH grating at predetermined incidence angles, with
predetermined incidence wavelengths and predetermined polarizations. In some embodiments,
the PVH grating included in the out-coupling element 745 may diffract the image lights out of
the waveguide 710 at different diffraction efficiencies at different positions along the
propagation direction of the image light (e.g., along the x-axis direction of the waveguide 710).
As discussed above, in a conventional pupil-replication waveguide display system, the
waveguide may expand the exit pupil in the propagation direction of the image light propagating
along and inside the waveguide. As the image light propagates along the waveguide, a portion of
the image light may be diffracted out of the waveguide by the out-coupling element 745. Thus,
the intensity of the image light diffracted out of the waveguide 710 may decrease (e.g., become
weaker) in the propagating direction. Accordingly, the illuminance of the image light output
from the waveguide may be non-uniform (e.g., may decrease) along the propagation direction of
the image light (or the direction in which the exit pupil is expanded). In the waveguide display
system 700 according to the present disclosure, through implementing a PVH grating that
provides a non-uniform diffraction efficiency profile, different diffraction efficiencies may be
provided at different locations along the waveguide for diffracting the image light 730 out of the
waveguide. For example, the slant angle of the PVH grating may be configured to vary at least

along the +x-axis direction in the embodiment shown in FIG. 7A, resulting in a varying (e.g.,
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non-uniform) diffraction efficiency of the PVH at least along the +x-axis direction in FIG. 7A.
In some embodiments, the diffraction efficiency of the PVH may increase along the +x-axis
direction. As a result, when the intensity of the image light 730 decreases as the image light 730
propagates along the propagating direction, the illuminance of the light output from the
waveguide 710 may be uniform due to the increasing diffraction efficiency along the propagating
direction. Thus, the uniformity of the illuminance of the image light 730 output from the
waveguide at least along the +x-axis direction (or the exit pupil expansion direction) may be
improved.

[0142] Although not shown in FIG. 7A, in some embodiments, when the image light 730
propagating along and inside the waveguide 710 is diffracted by the PVH grating included in the
out-coupling element 745 out of the waveguide 710, the out-coupling element 745 may be
configured to provide a uniform illuminance in two dimensions (e.g., the x-axis direction and the
y-axis direction) of the expanded exit pupil. In addition, the PVH grating may diffract an image
light toward regions outside of the eyebox 760 with a relatively small (e.g., negligible)
diffraction efficiency, and diffract an image light toward regions inside the eyebox 760 with a
relatively large diffraction efficiency. Thus, the loss of the image light directed to regions
outside of the eyebox 760 may be reduced. As a result, the power consumption of the light
source assembly 705 may be significantly reduced, while the power efficiency of the waveguide
display system 700 may be significantly improved.

[0143] The waveguide 710 may include one or more materials configured to facilitate the
total internal reflection of the image light 730. The waveguide 710 may include, for example, a
plastic, a glass, and/or polymers. In some embodiments, the waveguide 710 may have a
relatively small form factor. For example, the waveguide 710 may be about 50 mm wide along
the x-dimension, 30 mm long along the y-dimension, and 0.5-1 mm thick along the z-dimension.
[0144] The controller 715 may be communicatively coupled with the light source assembly
705, and may control the operations of the light source assembly 705. In some embodiments, the
waveguide 710 may include additional elements configured to redirect, fold, and/or expand the
pupil of the light source assembly 705. For example, as shown in FIG. 7A, a directing element
740 may be coupled to the waveguide 710. The directing element 740 may be configured to
redirect the received input image light 730 to the out-coupling element 745, such that the

received input image light 730 is coupled out of the waveguide 710 via the out-coupling element
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745. In some embodiments, the directing element 740 may be arranged at a location of the
waveguide 710 opposing the location of the out-coupling element 745. In some embodiments,
the directing element 740 may be disposed at the second surface 710-2 of the waveguide 710.
For example, in some embodiments, the directing element 740 may be integrally formed as a part
of the waveguide 710 at the second surface 710-2. In some embodiments, the directing element
740 may be separately formed and disposed at (e.g., affixed to) the second surface 710-2 of the
waveguide 710. In some embodiments, the directing element 740 may be disposed at the first
surface 710-1 of the waveguide 710. For example, in some embodiments, the directing element
740 may be integrally formed as a part of the waveguide 710 at the first surface 710-1. In some
embodiments, the directing element 740 may be separately formed and disposed at (e.g., affixed
to) the first surface 710-1 of the waveguide 710.

[0145] In some embodiments, the directing element 740 and the out-coupling element 745
may have a similar structure. In some embodiments, the directing element 740 may include one
or more diffraction gratings, one or more cascaded reflectors, one or more prismatic surface
elements, and/or an array of holographic reflectors, or any combination thereof. In some
embodiments, the directing element 740 may include one or more diffraction gratings, such as a
surface relief grating, a volume hologram, a polarization selective grating, a polarization volume
hologram, a metasurface grating, another type of diffractive element, or any combination thereof.
The directing element 740 may also be referred to as a folding grating 740 or a directing grating
740. In some embodiments, the directing element 740 may include one or more polarization
selective gratings (e.g., PVH gratings) fabricated based on disclosed fabrication processes and
systems. The PVH grating included in the directing element 740 may provide a predetermined,
non-uniform diffraction efficiency profile in at least one dimension within a plane perpendicular
to a thickness direction of the PVH. For example, the PVH grating may include a slant angle
variation in one or more dimensions within the plane perpendicular to the thickness direction of
the PVH. In some embodiments, multiple functions, e.g., redirecting, folding, and/or expanding
the pupil of the light generated by the light source assembly 705 may be combined into a single
grating, e.g., the out-coupling grating 745. In such embodiments, the directing element 740 may
be omitted.

[0146] In some embodiments, the waveguide display system 700 may include a plurality of

waveguides 710 disposed in a stacked configuration (not shown in FIG. 7A). At least one (e.g.,
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each) of the plurality of waveguides 710 may be coupled with or include one or more diffractive
elements (e.g., in-coupling element, out-coupling element, and/or directing element), which may
be configured to direct the image light 730 toward the eye 760. In some embodiments, the
plurality of waveguides 710 disposed in the stacked configuration may be configured to output
an expanded polychromatic image light (e.g., a full-color image light). In some embodiments,
the waveguide display system 700 may include one or more light source assemblies 705 and/or
one or more waveguides 710. In some embodiments, at least one (e.g., each) of the light source
assemblies 705 may be configured to emit a monochromatic image light of a specific wavelength
band corresponding to a primary color (e.g., red, green, or blue) and a predetermined FOV (or a
predetermined portion of an FOV). In some embodiments, the waveguide display system 700
may include three different waveguides 710 configured to deliver component color images (e.g.,
primary color images) by in-coupling and subsequently out-coupling, e.g., red, green, and blue
lights, respectively, in any suitable order. In some embodiments, the waveguide display
assembly 700 may include two different waveguides configured to deliver component color
images (e.g., primary color images) by in-coupling and subsequently out-coupling, e.g., a
combination of red and green lights, and a combination of green and blue lights, respectively, in
any suitable order. In some embodiments, at least one (e.g., each) of the light source assemblies
705 may be configured to emit a polychromatic image light (e.g., a full-color image light).
[0147] FIG. 7B illustrates a conventional waveguide display system 700’ in which an out-
coupling element 745’ including one or more diffraction elements (e.g., one or more PVH
gratings) having a uniform diffraction efficiency in the x-axis direction. As shown in FIG. 7B,
when the image light 730 propagates inside and along the waveguide 710 through TIR, as
portions of the image light 730 are diffracted out of the waveguide 710 by the out-coupling
element 745 at different locations, the intensity of the image light 730 becomes lower in the
light propagating direction, as schematically indicated by the gradually reducing thickness of the
lines 730-1, 730-2, and 730-3. As a result, the intensity (or illuminance) of output lights 731-1,
731-2, and 731-3 output from the waveguide 710 gradually decreases. Thus, the conventional
waveguide display system 700’ with diffraction elements providing a uniform diffraction
efficiency in the x-axis direction may provide a non-uniform illuminance for the output lights (or
the replicated pupils).

[0148] According to an embodiment of the present disclosure, the PVH grating with a non-
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uniform diffraction efficiency fabricated based on the disclosed processes and systems may
improve the uniformity of the output illuminance of the output image light. FIG. 7C illustrates
the diffraction of the image light by the out-coupling element 745 including a PVH grating
having a non-uniform diffraction efficiency, according to an embodiment of the present
disclosure. FIG. 7C shows that in the disclosed waveguide display system 700 shown in FIG.
7A, the PVH grating included in the out-coupling element 745 may be configured to have a
gradually increasing diffraction efficiency along the x-axis direction. For example, at three
exemplary diffraction points A, B, and C, the diffraction efficiency of the PVH may gradually
increase. Thus, at point A where the intensity of the image light 730 is the largest, the diffraction
efficiency may be the smallest. At point B, the intensity of the image light 730 may be lower
than the intensity at point A. Hence, the diffraction efficiency at point B may be higher than the
diffraction efficiency at point A. At point C, the intensity of the image light 730 may be further
reduced. Thus, at point C, the diffraction efficiency may be further increased as compared to the
diffraction efficiency at point B. Thus, the diffraction efficiency at point C may be the highest.
As a result of the non-uniform diffraction efficiency provided at different portions of the PVH
grating, the illuminance (or intensity) of the image light 732-1, 732-2, and 732-3 output from the
waveguide 710 may become more uniform as compared with the conventional configuration
shown in FIG. 7B. For discussion purposes, in FIG. 7C, the diffraction efficiency of the PVH
grating is presumed to be non-uniform in one dimension. It is understood that the diffraction
efficiency of the PVH grating may be non-uniform in two dimensions, i.e., the x-axis direction
and the y-axis direction. The PVH grating may have any suitable diffraction efficiency
distribution profile(s) in one dimension or two dimensions.

[0149] FIG. 8A illustrates a schematic diagram of an optical system 800 according to an
embodiment of the present disclosure. For illustrative purposes, a near-eye display (“NED”) is
used as an example of the optical system 800, in which one or more PSOE (e.g., PVH gratings)
fabricated based on the disclosed processes and systems may be implemented. For the
convenience of discussion, the optical system 800 may also be referred to as the NED 800. In
some embodiments, the NED 800 may be referred to as a head-mounted display (“HMD”). The
NED 800 may present media content to a user, such as one or more images, videos, audios, or a
combination thereof. In some embodiments, an audio may be presented to the user via an

external device (e.g., a speaker and/or a headphone). The NED 800 may operate as a VR device,

-60 -

https://www.tdcommons.org/dpubs_series/6413

61



LEE et al.: SYSTEM AND METHOD FOR FABRICATING POLARIZATION SELECTIVE ELEMENT

an AR device, an MR device, or a combination thereof. In some embodiments, when the NED
800 operates as an AR and/or MR device, a portion of the NED 800 may be at least partially
transparent, and internal components of the NED 800 may be at least partially visible.

[0150] As shown in FIG. 8A, the NED 800 may include a frame 810, a right display system
820R, and a left display system 820L. In some embodiments, certain device(s) shown in FIG.

8 A may be omitted. In some embodiments, additional devices or components not shown in FIG.
8 A may also be included in the NED 800. The frame 810 may include a suitable mounting
structure configured to mount the right display system 820R and the left display system 820L to
a body part (e.g. a head) of the user (e.g., adjacent a user’s eyes). The frame 810 may be coupled
to one or more optical elements, which may be configured to display media to users. In some
embodiments, the frame 810 may represent a frame of eye-wear glasses. The right display
system 820R and the left display system 820L may be configured to enable the user to view
content presented by the NED 800 and/or to view images of real-world objects (e.g., each of the
right display system 820R and the left display system 820L may include a see-through optical
element). In some embodiments, the right display system 820R and the left display system 820L
may include any suitable display assembly (not shown) configured to generate a light (e.g., an
image light corresponding to a virtual image) and to direct the image light to an eye of the user.
In some embodiments, the NED 800 may include a projection system. For illustrative purposes,
FIG. 8 A shows the projection system may include a projector 835 coupled to the frame 810.
[0151] FIG. 8B is a cross-section view of half of the NED 800 shown in FIG. 8A in
accordance with an embodiment of the present disclosure. For the purposes of illustration, FIG.
8B shows the cross-sectional view associated with the left display system 820L. As shown in
FIG. 8B, the left display system 820L may include a waveguide display assembly 815 for an eye
860 of the user. The waveguide display assembly 815 may be an embodiment of the waveguide
display system 700 shown in FIG. 7A. That is, the waveguide display assembly 815 may include
one or more polarization selective gratings (e.g., PVH gratings) fabricated based on the disclosed
processes and systems. The PVH gratings may serve as or be included in an in-coupling element
and/or an out-coupling element. In some embodiments, the PVH grating may include a non-
uniform diffraction efficiency in at least one dimension of the PVH grating. The illuminance of
the image light diffracted out of a waveguide by the PVH at different locations (or pupils) may

have an improved uniformity. The waveguide display assembly 815 may include a waveguide or
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a stack of waveguides. An exit pupil 862 may be a location where an eye 860 may be positioned
in an eye-box 865 when the user wears the NED 800. Although one exit pupil 862 is shown for
illustrative purposes, the NED 800 may provide a plurality of exit pupils within the eyebox 865.
For the purposes of illustration, FIG. 8B shows the cross section view associated with a single
eye 860 and a single waveguide display assembly 815. In some embodiments, another
waveguide display assembly that is separate from and similar to the waveguide display assembly
815 shown in FIG. 8B may provide an image light to an eye-box located at an exit pupil of
another eye of the user.

[0152] The waveguide display assembly 815 may include one or more materials (e.g., a
plastic, a glass, etc.) with one or more refractive indices. In FIG. 8B, the waveguide display
assembly 815 is shown as a component of the NED 800. In some embodiments, the waveguide
display assembly 815 may be a component of some other NED or system that directs an image
light to a particular location. As shown in FIG. 8B, the waveguide display assembly 815 may be
provided for one eye 860 of the user. The waveguide display assembly 815 for one eye may be
at least partially separated from the waveguide display assembly 815 for the other eye. In some
embodiments, a single waveguide display assembly 815 may be included for both eyes 860 of
the user.

[0153] In some embodiments, the NED 800 may include one or more optical elements
disposed between the waveguide display assembly 815 and the eye 860. The optical elements
may be configured to, e.g., correct aberrations in an image light output from the waveguide
display assembly 815, magnify an image light output from the waveguide display assembly 815,
or perform another type of optical adjustment of an image light output from the waveguide
display assembly 815. Examples of the one or more optical elements may include an aperture, a
Fresnel lens, a convex lens, a concave lens, a filter, any other suitable optical element that affects
an image light, or a combination thereof. In some embodiments, the waveguide display
assembly 815 may include a stack of waveguide displays (each waveguide display may include a
waveguide, a light source assembly, an in-coupling element, and/or an out-coupling element). In
some embodiments, the stacked waveguide displays may include a polychromatic display (e.g., a
red-green-blue (“RGB”) display) formed by stacking waveguide displays whose respective
monochromatic light sources are configured to emit lights of different colors. For example, the

stacked waveguide displays may include a polychromatic display configured to project image
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lights onto multiple planes (e.g., multi-focus colored display). In some embodiments, the
stacked waveguide displays may include a monochromatic display configured to project image
lights onto multiple planes (e.g., multi-focus monochromatic display). In some embodiments,
the NED 800 may include an adaptive dimming element 830, which may dynamically adjust
(when controlled by a controller, such as controller 715) the transmittance of lights reflected by
real-world objects, thereby switching the NED 800 between a VR device and an AR device or
between a VR device and an MR device. In some embodiments, along with switching between
the AR/MR device and the VR device, the adaptive dimming element 830 may be used in the AR
and/MR device to mitigate differences in brightness of lights reflected by real-world objects and
virtual image lights.

[0154] The present disclosure also provides a method for fabricating a PSOE, such as a
polarization selective grating. FIG. 9 illustrates a flowchart showing a method 900 for
fabricating a PSOE, according to an embodiment of the present disclosure. As shown in FIG. 9,
the method 900 may include directing an input beam to an SRG (Step 910). In some
embodiments, the input beam may be an at least partially polarized input beam having a
wavelength and an incidence angle. The method 900 may include forwardly diffracting, by the
SRG, the input beam as two linearly polarized beams (Step 920). In some embodiments, the
SRG may function as an optically isotropic element. In some embodiments, the SRG may
function as an optically anisotropic element. In some embodiments, the SRG may be configured
to operate at the Littrow configuration for the input beam with the predetermined incidence angle
and the predetermined wavelength. In some embodiments, the two linearly polarized beams may
include a 0™ order diffracted beam and a —1%' order diffracted beam with orthogonal
polarizations. In some embodiments, the two linearly polarized beams may include a 0" order
diffracted beam and a —1* order diffracted beam with a substantially same polarization. The
diffraction angles of the 0™ order diffracted beam and —1% order diffracted beam may have a
substantially same value and opposite signs. In some embodiments, the 0 order diffracted beam
and —1* order diffracted beam may have a substantially same light intensity. The method 900
may include converting, by a waveplate, the two linearly polarized beams into two circularly
polarized beams having orthogonal circular polarizations, the two circularly polarized beams
interfering with one another to generate a polarization interference pattern (Step 930). In some

embodiments, the waveplate may be indirectly optically coupled to the SRG with an intermediate
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optical element disposed therebetween that may or may not change at least one of the
polarization or the propagating direction of the beams. In some embodiments, the waveplate
may be directly optically coupled to the SRG without an optical element disposed and/or a gap
therebetween. An angle formed between the two circularly polarized beams having orthogonal
circular polarizations may be substantially equal to the angle formed between the 0 order
diffracted beam and the —1* order diffracted beam output from the SRG. In some embodiments,
the two circularly polarized beams having orthogonal circular polarizations may have a
substantially equal light intensity. In some embodiments, the two circularly polarized beams
having orthogonal circular polarizations may have different light intensities.

[0155] In some embodiments, the method 900 may include additional steps that are not
shown in FIG. 9. In some embodiments, the method 900 may include directing the two
circularly polarized beams having orthogonal circular polarizations to a same surface of a
polarization sensitive recording medium layer. The two circularly polarized beams having
orthogonal circular polarizations may interfere with one another in a predetermined 3D space
within which the polarization sensitive recording medium layer is located. The polarization
sensitive recording medium layer may be exposed to the polarization interference pattern
generated by the interference of the two circularly polarized beams having orthogonal circular
polarizations. During the exposure process, the polarization interference pattern may be
recorded at (e.g., in or on) the polarization sensitive recording medium layer to define an
orientation pattern of an optic axis of the polarization sensitive recording medium layer. In some
embodiments, the orientation pattern of the optic axis of the polarization sensitive recording
medium layer may correspond to a grating pattern.

[0156] In some embodiments, the polarization sensitive recording medium layer may include
a photo-sensitive polymer (or photo-polymer), e.g., an amorphous polymer, an LC polymer, etc.
In some embodiments, after being exposed to the polarization interference pattern, the
polarization sensitive recording medium layer (also referred to as “exposed polarization sensitive
recording medium layer””) may function as a polarization selective grating, such as a PBP
grating, or a PVH grating, etc. In some embodiments, the method 900 may also include
annealing the exposed polarization sensitive recording medium layer in a predetermined
temperature range. For example, when the polarization sensitive recording medium layer

includes LC polymer, the predetermined temperature range may correspond to a liquid
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crystalline state of the LC polymer.

[0157] In some embodiments, the polarization sensitive recording medium layer may include
a photo-alignment material. The exposed polarization sensitive recording medium layer may
function as a surface alignment layer. The method 900 may also include forming a birefringent
medium layer on the polarization sensitive recording medium layer. In some embodiments, the
birefringent medium layer may include a birefringent medium with or without a chirality. For
example, the birefringent medium layer may include at least one of LCs or RMs with or without
a chirality. In some embodiments, the exposed polarization sensitive recording medium layer
may be annealed in a predetermined temperature range corresponding to a nematic phase of the
LCs or RMs. In some embodiments, the method 900 may also include polymerizing the
birefringent medium layer. In some embodiments, the polymerized birefringent medium layer
may function as a polarization selective grating, such as a PBP grating, or a PVH grating, etc.
[0158] In some embodiments, the method may include recording a plurality of polarization
interference patterns to a plurality of regions or portions in the polarization sensitive recording
medium layer. For example, a first polarization interference pattern may be generated using an
input beam having a first wavelength, incident onto a first SRG at a first incidence angle, which
diffracts the input beam into a first group of two linearly polarized beams (e.g., the 0™ order
diffracted beam and the —1* order diffracted beam). In some embodiments, the two linearly
polarized beams (e.g., the 0 order diffracted beam and the —1% order diffracted beam) of the first
group may have orthogonal linear polarizations. In some embodiments, the two linearly
polarized beams (e.g., the 0" order diffracted beam and the —1° order diffracted beam) of the first
group may have a substantially same linear polarization. A waveplate may convert the first
group of two linearly polarized beams into a first group of two circularly polarized beams having
orthogonal circular polarizations, which may interference with one another to generate a
polarization interference pattern. One or more first recording regions or portions of the
polarization sensitive recording medium layer may be exposed to the polarization interference
pattern, which may be recorded in the one or more first recording regions. In some
embodiments, a second polarization interference pattern may be recorded at one or more second
recording regions. The method may include replacing the first SRG with a second SRG, which
may be different from the first SRG. The method may include adjusting at least one of a

wavelength of the input beam, or a relative position or a relative orientation between the
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polarization sensitive recording medium layer and the input beam incident onto the second SRG.
The method may include forwardly diffracting, by the second SRG, the input beam as a second
group of two linearly polarized beams. In some embodiments, the two linearly polarized beams
(e.g., the 0™ order diffracted beam and the —1% order diffracted beam) of the second group may
have orthogonal linear polarizations. In some embodiments, the two linearly polarized beams
(e.g., the 0™ order diffracted beam and the —1% order diffracted beam) of the second group may
have a substantially same linear polarization. The method may include converting, by the
waveplate, the two linearly polarized beams into a second group of two circularly polarized
beams having orthogonal circular polarizations, the second group of two circularly polarized
beams interfering with one another to generate a second polarization interference pattern. The
method may also include recording the second polarization interference pattern in one or more
second regions or portions of the polarization sensitive recording medium layer.

[0159] Any of the steps, operations, or processes described herein may be performed or
implemented with one or more hardware and/or software modules, alone or in combination with
other devices. In one embodiment, a software module is implemented with a computer program
product including a computer-readable medium containing computer program code, which can
be executed by a computer processor for performing any or all of the steps, operations, or
processes described. In some embodiments, a hardware module may include hardware
components such as a device, a system, an optical element, a controller, an electrical circuit, a
logic gate, etc.

[0160] Further, when an embodiment illustrated in a drawing shows a single element, it is
understood that the embodiment or another embodiment not shown in the figures but within the
scope of the present disclosure may include a plurality of such elements. Likewise, when an
embodiment illustrated in a drawing shows a plurality of such elements, it is understood that the
embodiment or another embodiment not shown in the figures but within the scope of the present
disclosure may include only one such element. The number of elements illustrated in the
drawing is for illustration purposes only, and should not be construed as limiting the scope of the
embodiment. Moreover, unless otherwise noted, the embodiments shown in the drawings are not
mutually exclusive, and they may be combined in any suitable manner. For example, elements
shown in one figure/embodiment but not shown in another figure/embodiment may nevertheless

be included in the other figure/embodiment. In any optical device disclosed herein including one
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or more optical layers, films, plates, or elements, the numbers of the layers, films, plates, or
elements shown in the figures are for illustrative purposes only. In other embodiments not
shown in the figures, which are still within the scope of the present disclosure, the same or
different layers, films, plates, or elements shown in the same or different figures/embodiments
may be combined or repeated in various manners to form a stack.

[0161] Various embodiments have been described to illustrate the exemplary
implementations. Based on the disclosed embodiments, a person having ordinary skills in the art
may make various other changes, modifications, rearrangements, and substitutions without
departing from the scope of the present disclosure. Thus, while the present disclosure has been
described in detail with reference to the above embodiments, the present disclosure is not limited
to the above described embodiments. The present disclosure may be embodied in other
equivalent forms without departing from the scope of the present disclosure. The scope of the

present disclosure is defined in the appended claims.
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CLAIMS
WHAT IS CLAIMED IS:
1. A system, comprising:

a surface relief grating configured to forwardly diffract an input beam as two linearly

polarized beams; and

a waveplate optically coupled with the surface relief grating and configured to convert
the two linearly polarized beams into two circularly polarized beams having orthogonal circular

polarizations,

wherein the two circularly polarized beams having orthogonal circular polarizations

interfere with one another to generate a polarization interference pattern.

2. The system of claim 1, wherein the input beam is at least partially polarized.

3. The system of claim 1, wherein the two linearly polarized beams include a 0™ order

diffracted beam and a —1* order diffracted beam having orthogonal linear polarizations.

4. The system of claim 3, wherein diffraction angles of the 0 order diffracted beam and —

1*" order diffracted beam have a substantially same value and opposite signs.

5. The system of claim 4, wherein an incident angle of the input beam and a diffraction

angle of the —1% order diffracted beam have a substantially same value and opposite signs.

6. The system of claim 3, wherein the 0" order diffracted beam and —1°% order diffracted

beam have a substantially same light intensity.

7. The system of claim 1, wherein the surface relief grating includes an inorganic material.
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8. The system of claim 1, wherein the two linearly polarized beams include a 0™ order

diffracted beam and a —1* order diffracted beam having a substantially same linear polarization.

0. The system of claim 1, further comprising:
a light deflecting element configured to direct the input beam toward the surface relief
grating; and

a movable stage configured to support the light deflecting element, and adjust at least one
of an orientation or a position of the light deflecting element to change an incidence angle of the

input beam incident onto the surface relief grating.

10. The system of claim 1, further comprising:

a movable stage configured to support a polarization sensitive recoding medium layer,

the waveplate, and the surface relief grating,

wherein the movable stage is configured to be movable to adjust at least one of a position
or an orientation of the polarization sensitive recoding medium layer to position at least one
portion of the polarization sensitive recording medium layer under an exposure of the

polarization interference pattern.

11. A method, comprising:
directing an input beam to a surface relief grating;

forwardly diffracting, by the surface relief grating, the input beam as two linearly

polarized beams; and

converting, by a waveplate, the two linearly polarized beams into two circularly polarized
beams having orthogonal circular polarizations, the two circularly polarized beams interfering

with one another to generate a polarization interference pattern.
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12. The method of claim 11, further comprising exposing at least one portion of a
polarization sensitive recording medium layer to the polarization interference pattern to record

the polarization interference pattern in the at least one portion.

13. The method of claim 12, wherein the polarization interference pattern recorded in the at
least one portion of the polarization sensitive recording medium layer defines an orientation
pattern of an optic axis in the at least one portion of the polarization sensitive recording medium

layer.

14. The method of claim 12,

wherein the surface relief grating is a first surface relief grating, the two linearly
polarized beams form a first group of linearly polarized beams, the two circularly polarized
beams form a first group of circularly polarized beams, the polarization interference pattern is a
first polarization interference pattern, and the first polarization interference pattern is recorded in

a first portion of the polarization sensitive recording medium layer, and
wherein the method further comprises:
replacing the first surface relief grating with a second surface relief grating;

adjusting at least one of a wavelength of the input beam, or a relative position or a
relative orientation between the polarization sensitive recording medium layer and the

input beam incident onto the second surface relief grating;

forwardly diffracting, by the second surface relief grating, the input beam as a

second group of two linearly polarized beams;

converting, by the waveplate, the two linearly polarized beams into a second
group of two circularly polarized beams having orthogonal circular polarizations, the
second group of two circularly polarized beams interfering with one another to generate a

second polarization interference pattern; and

recording the second polarization interference pattern in a second portion of the

polarization sensitive recording medium layer.
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15. The method of claim 12, wherein

the polarization sensitive recording medium layer includes a photo-alignment material,

and

the method further comprises forming a birefringent medium layer on the polarization
sensitive recording medium layer after the polarization sensitive recording medium is recorded

with the polarization interference pattern.

16. The method of claim 11, wherein the input beam is at least partially polarized and has a

wavelength within an absorption band of the polarization sensitive recording medium layer.

17. The method of claim 11, wherein the two linearly polarized beams include a 0™ order
diffracted beam and a —1* order diffracted beam having orthogonal linear polarizations or a same

linear polarization.

18. The method of claim 17, wherein diffraction angles of the 0™ order diffracted beam and

the —1% order diffracted beam have a substantially same value and opposite signs.

19. The method of claim 18, wherein an incidence angle of the input beam and a diffraction

angle of the —1% order diffracted beam have a substantially same value and opposite signs.

20. The method of claim 11, wherein the surface relief grating includes an inorganic material.
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ABSTRACT

A system includes a surface relief grating configured to forwardly diffract an input beam
as two linearly polarized beams. The system also includes a waveplate optically coupled with
the surface relief grating and configured to convert the two linearly polarized beams into two
circularly polarized beams having orthogonal circular polarizations. The two circularly polarized
beams having orthogonal circular polarizations interfere with one another to generate a

polarization interference pattern.
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