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(57) Abstract: Examples of diffractive devices comprise a cholesteric liquid crystal (CLC) layer comprising a plurality of chiral stuc-
tures, wherein each chiral structure comprises a plurality of liquid crystal molecules that extend in a layer depth direction by at least a
helical pitch and are successively rotated in a first rotation direction. Arrangements of the liquid crystal molecules of the chiral structures
vary periodically in a lateral direction perpendicular to the layer depth direction to provide a diffraction grating. The diffractive devices
can be configured to reflect light having a particular wavelength range and sense of circular polarization. The diffractive devices can
be used in waveguides and imaging systems in augmented or virtual reality systems.
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DIFFRACTIVE DEVICES BASED ON CHOLESTERIC LIQUID CRYSTAL

CROSS-REFERENCE TO RELATED APPLICATIONS
{06001} This application claims the benefit of priority to U.S. Provisional Patent
Application Number 62/431,752, filed December 8, 2016, entitled “DIFFRACTIVE
DEVICES BASED ON CHOLESTERIC LIQUID CRYSTAL,” and to US. Provisional
Patent Application Number 62/431,745, filed December 8, 2016, entitled “DIFFRACTIVE
DEVICES BASED ON CHOLESTERIC LIQUID CRYSTAL,” the contents of which are

hereby incorporated by reference herein in their entireties.

BACKGROUND
Field

16001} The present disclosure relates to display systems and, more particularly, to
augmented reality display systems comprising diffractive devices based on cholesteric liquid

crystal.

Description of the Related Art

16002} Modern computing and display technologies have facilitated the
development of systems for so called “virtual reality” or “augmented reality” experiences,
wherein digitally reproduced images or portions thereof are presented to a user in a manner
wherein they seem to be, or may be perceived as, real A virtual reality, or “VR”, scenario
typically involves presentation of digital or virtual image information without transparency to
other actual real-world visual input; an augmented reality, or “AR”, scenario typically
involves presentation of digital or wirtual image information as an augmentation to
visualization of the actual world around the user. A mixed reality, or “MR”, scenario is a
type of AR scenario and typically involves virtual objects that are integrated into, and
responsive to, the natural world. For example, in an MR scenario, AR image content may be
blocked by or otherwise be perceived as interacting with objects in the real world.

[0003] Referring to Figure 1, an augmented reality scene 1 is depicted wherein a
user of an AR technology sees a real-world park-like setting 1100 featuring people, trees,

buildings in the background, and a concrete platform 1120, In addition to these items, the

-1-
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user of the AR technology also perceives that he “sees” “virtual content” such as a robot
statue 1110 standing upon the real-world platform 1120, and a cartoon-like avatar character
1130 flying by which seems to be a personification of a bumble bee, even though these
elements 1130, 1110 do not exast in the real world. Because the human visual perception
system is complex, it is challenging to produce an AR technology that facilitates a
comfortable, natural-feeling, rich presentation of virtual image elements amongst other
virtual or real-world 1magery elements.

16004} Systems and methods disclosed herein address various challenges related

to AR and VR technology.

SUMMARY

[0005] ln an aspect, a diffraction grating comprises a cholesteric liguid erystal
(CLC) layer comprising a plurality of chiral structures, wherein each chiral structure
comprises a plurality of liquid crystal molecules that extend 1n a layer depth direction by at
feast a helical pitch and are successively rotated in a first rotation direction. The helical pitch
is a length in the layer depth direction correspounding to a net rotation angle of the liquid
crystal molecules of the chiral structures by one full rotation in the first rotation direction.
The arrangements of the liquad crystal rolecules of the chiral structures vary periodically 1o
a lateral direction perpendicular to the layer depth direction.

[0006] In another aspect, a head-mounted display device (HMD) 1s configured to
project light to an eye of a user to display augmented reality image content. The HMD
comprises a head-mounted display device comprising a frame configured to be supported on
a head of the user. The HMD comprises a display disposed on the frame, where at least a
portion of the display comprises one or more waveguides. The one or more waveguides are
transparent and are disposed at a location in front of the user’s eye when the user wears the
head-mounted display device such that the transparent portion transmits light from a portion
of an environment in front of the user to the user’s eye to provide a view of the portion of the
environment in front of the user. The display further comprising one or more light sources
and at least one diffraction grating configured to couple light from the light sources into the

one or more waveguides or to couple light out of the one or more waveguides, wherein the at
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least one diffraction grating comprises a diffraction grating according to aspects described
elsewhere in the specification.

16007} in another aspect, a wave-guiding device comprises one of more
cholesteric ligmd crystal (CLC) layers each comprising a plurality of chiral structures,
wherein each chiral structure comprises a plurality of liquid crystal molecules that extend in a
layer depth direction and are successively rotated in a first rotation direction, and wherein
arrangements of the liquid crystal molecules of the chiral structures vary periodically in a
fateral direction perpendicular to the layer depth direction such that the one or more CLC
layers are configured to Bragg-reflect incident light. One or more waveguides are formed
over the one or more CLC layers and are contigured to optically couple Bragg-reflected light
such that the Bragg-reflected light travels in a lateral direction perpendicular to the layer
depth direction by total internal reflection (TIR). The one or more CLC lavers and the one or
more waveguides are configured to be in the same optical path.

[0008] In another aspect, a wavelength-selective cholesteric liquid crystal
reflector (CLCR) comprises one or more cholesteric liquid crystal (CLC) layers each
comprising a plurality of chiral structures, wherein each chiral structure comprises a plurality
of liquid crystal molecules that extend in a layer depth direction and are successively rotated
in a first rotation direction. Arrangements of the liquid crystal molecules of the chiral
structures vary periodically in a lateral direction perpendicular to the layer depth direction
such that the one or more CLC layers are configured to substantially Bragg-reflect a first
incident light having a first wavelength while substantially transmitting a second incident
light having a second wavelength.

[6609] In anocther aspect, a head mounted display (HMD} configured to be worn
on a head of a user comprises a frame comprising a pair of ear stems; a pair of optical
elements supported by the frame such that each of the pair of optical elements is capable of
being disposed torward of an eye of the user; a forward-facing imager mounted to one of the
pair of ear stems; and a cholesteric liquid crystal (CLC) off-axis mirror comprising one ot
more cholesteric liquid crystal (CLC) layers each comprising a plurality of chiral structures.
Each chiral structure comprises a plurality of liquid crystal molecules that extend in a layer
depth direction and are successively rotated in a first rotation direction, wherein

arrangements of the hiquid crystal molecules of the chiral structures vary periodically in a
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fateral direction perpendicular to the layer depth direction such that the one or more CLC
fayers are configured to Bragg-reflect incident light. The cholesteric liquid crystal (CLC)
off-axis mirror is disposed in or on one of the pair of optical elements and configured to
reflect infrared light toward the forward-facing imager that is configured to receive the
infrared light reflected by the reflective element.

06016} In another aspect, a wave-guiding device comprises one or more
cholesteric liquid crystal (CLC) layers each comprising a plurality of chiral structures,
wherein each chiral structure comprises a plurality of liquid crystal molecules that extend in a
layer depth direction and are successively rotated in a first rotation direction, wherein
arrangements of the liquid crystal molecules of the chiral structures vary periodically in a
lateral direction perpendicular to the layer depth direction such that the one or more CLC
layers are configured to Bragg-reflect incident light. The wave-guiding device additionally
includes one or more waveguides formed over the one or more CLC layers and configured to
optically couple Bragg-reflected light from the one or more CLC lavers such that the Bragg-
reflected light travels in a lateral direction perpendicular to the layer depth direction by total
internal reflection (TIR). The wave-guiding device is configured to have a field of view
(FOV), within which a diffraction efficiency is greater than 25%, which exceeds 20°.

[6011] In vet another aspect, a display device comprises a waveguide and an
incoupling optical element formed on the waveguide. The incoupling optical element is
configured to incouple light incident thereon into a first side of the waveguide, wherein the
incoupling optical element and the waveguide are configured such that light wn-coupled into
the waveguide propagates in the wave guide in an in-plane direction of the waveguide by
total internal reflection (TIR). The display device additionally comprises an outcoupling
optical element formed on the waveguide and configured to cutcouple light incident thereon
from the waveguide. The light out-coupling element coraprises a cholesteric liquid crystal
(CLC) layer comprising a plurality of chiral structures, wherein each of the chiral structures
comprises a plurality of liquid crystal molecules that extend in a layer depth direction of the
CLC layer and are successively rotated in a first rotation direction, wherein arrangements of
the liquid crystal molecules of the chiral structures vary periodically in a lateral direction
perpendicular to the layer depth direction such that the one or more CLC layers are

configured to Bragg-reflect light incident thereon from the waveguide towards the first side.
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[0011A] In one broad form, the present invention seeks to provide a diffraction
grating comprising: a cholesteric liquid crystal (CLC) layer comprising a plurality of chiral
structures, wherein each chiral structure comprises a plurality of liquid crystal molecules that
extend in a layer depth direction by at least a helical pitch and are successively rotated in a
first rotation direction, wherein the helical pitch is a length in the layer depth direction
corresponding to a net rotation angle of the liquid crystal molecules of the chiral structures
by one full rotation in the first rotation direction, and wherein arrangements of the liquid
crystal molecules of the chiral structures vary periodically in a lateral direction perpendicular
to the layer depth direction, and wherein the chiral structures comprise a plurality of first
liquid crystal molecules stacked over a plurality of second liquid crystal molecules, wherein
the first liquid crystal molecules and the second liquid crystal molecules extend in the layer
depth direction at different helical pitches.

[0011B] In one embodiment, each chiral structure comprises at least three
calamitic liquid crystal molecules that are elongated along different elongation directions.

[0011C] In one embodiment, the CLC layer is configured to substantially
Bragg-reflect elliptically or circularly polarized light having a handedness of polarization that
is matched to the first rotation direction, when viewed in the layer depth direction, while
being configured to substantially transmit elliptically or circularly polarized light having a
handedness of polarization that is opposite to the first rotation direction, when viewed in the
layer depth direction.

[0011D] In one embodiment, the arrangements of the liquid crystal molecules
varying periodically in the lateral direction are such that the liquid crystal molecules of
successively laterally adjacent chiral structures at about the same depth in the layer depth
direction are successively rotated in a second rotation direction by 360°n, where n is an
integer.

[0011E] In one embodiment, the arrangements of the liquid crystal molecules
varying periodically in the lateral direction are such that elliptically or circularly polarized
light that is Bragg-reflected by the laterally adjacent chiral structures is phase-shifted by an
angle that is proportional to the angle of rotation in a second rotation direction between the

laterally adjacent chiral structures.

4A-
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[0011F] In one embodiment, the chiral structures have substantially the same
helical pitch.
[0011G] In one embodiment, the chiral structures comprise: the plurality of first

liquid crystal molecules that extend in a layer depth direction by at least a first helical pitch
and are successively rotated in the first rotation direction; and the plurality of second liquid
crystal molecules that extend in the layer depth direction by at least a second helical pitch
and are successively rotated in the first rotation direction, wherein the first helical pitch and
the second helical pitch are such that the first chiral structures and the second chiral
structures are configured to Bragg-reflect light having different off-axis incident angles.

[0011H] In one embodiment, the first plurality of chiral structures are formed in
a first cholesteric liquid crystal (CLC) layer, and wherein the second plurality of chiral
structures are formed in a second cholesteric liquid crystal (CLC) layer formed over the first
CLC layer and stacked in the layer depth direction.

[00111] In one embodiment, the first plurality of chiral structures are formed in
a first region of the cholesteric liquid crystal (CLC) layer, and wherein the second plurality of
chiral structures are formed in a second region of the cholesteric liquid crystal (CLC) layer
formed over the first region in the layer depth direction.

[0011J] In one embodiment, the first plurality of chiral structures are formed in
a first region of the cholesteric liquid crystal (CLC) layer, and wherein the second plurality of
chiral structures are formed in a second region of the cholesteric liquid crystal (CLC) layer,
wherein the first and second regions are laterally adjacent regions in the lateral direction.

[0011K] In one ecmbodiment, the one or both of first and second chiral
structures form a gradient in the helical pitch in one or both of the layer depth direction and
the lateral direction.

[0011L] In another broad form, the present invention seeks to provide a wave-
guiding device, comprising: one or more cholesteric liquid crystal (CLC) layers each
comprising a plurality of chiral structures, wherein each chiral structure comprises a plurality
of liquid crystal molecules that extend in a layer depth direction and are successively rotated
in a first rotation direction, wherein arrangements of the liquid crystal molecules of the chiral

structures vary periodically in a lateral direction perpendicular to the layer depth direction

4B-
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such that the one or more CLC layers are configured to Bragg-reflect incident light; and one
or more waveguides formed over the one or more CLC layers and configured to optically
couple Bragg-reflected light from the one or more CLC layers such that the Bragg-reflected
light travels in a lateral direction perpendicular to the layer depth direction by total internal
reflection (TIR), wherein the one or more CLC layers and the one or more waveguides are
configured to be in the same optical path, and wherein the chiral structures comprise a
plurality of first liquid crystal molecules stacked over a plurality of second liquid crystal
molecules, wherein the first liquid crystal molecules and the second liquid crystal molecules
extend in the layer depth direction at different helical pitches.

[0011M] In one embodiment, each of the plurality of chiral structures extend in
a layer depth direction by at least a helical pitch, wherein the helical pitch is a length in the
layer depth direction corresponding to a net rotation angle of the liquid crystal molecules of
the chiral structures by one full rotation in the first rotation direction.

[0011N] In one embodiment, the wave-guiding device comprises a plurality of
CLC layers, wherein each one of the CLC layers has differently arranged chiral structures
that are configured to selectively Bragg-reflect incident light having a wavelength different
than the other ones of the CLC layers and at a Bragg-reflection angle different than the other
ones of the CLC layers.

[00110] In one embodiment, the wave-guiding device comprises a plurality of
CLC layers, wherein the periodically varying lateral arrangements of the liquid crystal layers
are characterized by a period, wherein each one of the CLC layers has a different period than
the other ones of the CLC layers.

[0011P] In one embodiment, each one of the CLC layers is configured to
selectively Bragg-reflect incident light having a wavelength in the visible spectrum.

[0011Q] In one embodiment, each one of the CLC layers is configured to
selectively Bragg-reflect incident light having a wavelength in the infrared spectrum while
transmitting light having wavelength in the visible spectrum.

[0011R] In one embodiment, the wave-guiding device comprises a plurality of
waveguides, wherein each waveguide is optically coupled to one of the CLC layer formed

thereon.

-4C-
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[0011S] In one embodiment, the plurality of CLC layers form a stack, and
wherein a single waveguide is optically coupled to each one of CLC layers in the stack.

[0011T] In one embodiment, the wave-guiding device further comprises a
polarizing reflector, wherein the one or more wave guides is interposed between the one or
more CLC layers and the polarizing reflector and is configured such that an elliptically or
circularly polarized incident light that transmits through the one or more CLC layers and
further through the waveguide is reflected by the polarizing reflector as a reflected light
having an opposite polarization handedness relative to the elliptically or circularly polarized
incident light.

[0011U] In one embodiment, the wave-guiding device comprises a first CLC
layer and a second CLC layer forming a stack with a waveguide, wherein chiral structures of
the first CLC layer and the second CLC layer are successively rotated in opposite rotation
directions.

[0011V] In one embodiment, the first and second CLC layers are stacked on the
waveguide.

[0011W] In one embodiment, the first and second CLC layers are interposed by

the waveguide.

AD-
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[6012] Details of one or more implementations of the subject matter described in
this specification are set forth in the accorpanying drawings and the description below.
Other features, aspects, and advantages will become apparent from the description, the
drawings, and the claims. Neither this summary nor the following detailed description

purports to define or limit the scope of the inventive subject matter.

BRIEF DESCRIPTION OF THE DRAWINGS

106013} Figure 1 illustrates a user’'s view of augmented reality (AR} through an
AR device.

[0014] Figure 2 illustrates an example of wearable display system.

[6015] Figure 3 illustrates a conventional display system for simulating three-
dimenstonal imagery for a user.

[06016] Figure 4 illustrates aspects of an approach for simulating three-
dimensional imagery using multiple depth planes.

0017} Figures SA-5C illustrate relationships between radius of curvature and
focal radius.

16018} Figure 6 illustrates an example of a waveguide stack for cutputting image
information to a user.

[0019] Figure 7 illustrates an example of exit beams outputted by a waveguide.

0026} Figure 8 illustrates an example of a stacked waveguide assembly in which
each depth plane includes umages formed using multiple different component colors.

[06021] Figure 9A illustrates a cross-sectional side view of an example of a set of
stacked waveguides that each includes an incoupling optical element.

[0022] Figure 9B illustrates a perspective view of an example of the plurality of
stacked waveguides of Figure 9A.

06023} Figure 9C illustrates a top-down plan view of an example of the plurality
of stacked waveguides of Figures 9A and 9B.

6624 Figure 10 illusirates a cross-sectional stde view of an example of a
cholesteric liguid crystal diffraction grating (CLCG) having a plurality of uniform chiral

structures.
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[0025] Figure 11 illustrates a cross-sectional side view of an example of a CLCG
having differently arranged chiral structures in a lateral direction.

106026] Figure 12 illustrates a cross-sectional side view of an example of a CLC
layer configured for Bragg reflection at an off-axis incident angle.

16627} Figure 13 A illustrates a cross-sectional side view of an example of a CLC
layer having a first helical pitch and configured for Bragg-retlection at a first off-axis
mcident angle.

6028} Figure 13B illustrates a cross-sectional side view of an example of a CLC
layer having a second helical pitch and configured for Bragg-reflection at a second off-axis
incident angle.

[06029] Figure 13C illustrates a cross-sectional side view of an example of a
CLCG inchuding CLC layers of Figures 13A and 13B having different helical pitches in a
stacked configuration for Bragg-reflection at a plurality of off-axis incident angles and high
diffraction bandwidth.

[0036] Figure 14 illustrates a cross-sectional side view of an example of a CLCG
including a CLC layer having vertical regions with different helical pitches along a depth
direction for Bragg-reflection at a plurality of off-axis incident angles and high diffraction
bandwidth.

10031} Figure 15 illustrates a cross-sectional side view of an example of a CLCG
including a CLC layer having lateral regions with different helical pitches along a lateral
direction for spatially varying Bragg-reflection.

[06032] Figure 16 illustrates an example of an optical wave-guiding device
comprising a waveguide coupled to a CLCG and configured to propagate light by total
internal reflection (TIR}).

{06033} Figure 17A illustrates an example of an optical wave-guiding device
comprising a waveguide coupled to a CLCG and configured to selectively propagate light
having a wavelength by total internal reflection (TIR).

[0034] Figure 17B ilustrates an example of a plurality of optical wave-guiding
devices in the same optical path, each comprising a waveguide coupled to a CLCG and
configured to selectively propagate light having a wavelength by total internal reflection

(TIR),
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[0035] Figure 17C iHustrates an example of a plurality of optical wave-guiding
devices in the same optical path, each comprising a waveguide coupled to a CLCG and
configured to selectively propagate light having a wavelength by total internal reflection
(TIR).

6036} Figure 18 illustrates an example of an optical wave-guiding device
comprising a common waveguide coupled to a plurality of CLCGs and configured to
selectively propagate light having a plurality of wavelengths by total internal reflection (TIR).

16037} Figure 19 illustrates an example of an optical wave-guiding device
comprising a waveguide coupled to a CLCG and configured to propagate light by total
internal reflection (TIR}).

[6038] Figure 20 illustrates an example of an optical wave-guiding device
comprising a waveguide coupled to a CLCG and a polarization converting reflector, where
the CLCG 1s configured to receive incident light and the waveguide is configured to
propagate light Bragg-reflected from the CLCG by total internal reflection (TIR).

[0039] Figure 21A illustrates the optical wave-guiding device of Figure 20, where
the CLCG is configured to receive incident light that 15 linearly polarized or vopolarized, and
where the waveguide is configured to propagate light Bragg-reflected from the CLLG and
light reflected by the retlector by total 1nternal reflection (TIR).

[0040] Figure 218 illustrates the optical wave-guiding device of Figure 20, where
the CLCG configured to receive incident light that is polarized into orthogonal elliptical or
circular polarized light beams, and where the waveguide is configured to propagate light
Bragg-reflected from the CLCG and light reflected by the reflector by total internal retlection
(TIR),

[0041] Figure 22A illustrates an example of an optical wave-guiding device
comprising a plurality of CLC layers coupled to a common waveguide, including a first CLC
layer having chiral structures having a first rotation direction and a second CLC layer having
chiral structures having a second rotation direction opposite to the first rotation direction,
under a condition in which the incident light beam is linearly polarized or unpolarized.

0042] Figure 22B illustrates the optical wave-guiding device of Figure 22A,
under a condition in which the incident light is polarized into orthogonal elliptical or circular

polarized light bears.
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[0043] Figure 22C illustrates an example of an optical wave-guiding device
comprising a plurality of CLC layers coupled to a common waveguide interposed between
two CLC layers, including a first CLC layer having chiral structures having a first rotation
direction and a second CLC layer having chiral structures having a second rotation direction
opposite to the first rotation direction, under a condition in which the incident light beam is
linearly polarized or unpolarized.

16044] Figure 23 illustrates an example of an imaging systemy comprising a
forward-facing camera configured to images a wearer’s eve using a cholesteric liquid crystal
(CLC) off-axis mirror.

[0045] Figures 24A-24F illustrate examples of imaging systems comprising a
forward-facing camera configured to images a wearer’s eye using a CLC off-axis mirror.

106046] Figures 24 and 24H illustrate examples of imaging systems comprising a
forward-facing camera configured to images a wearer’s eye using a diffractive optical
element comprising a plurality of segments including one more CLC off-axis mirrors, where
each of the segments can have different optical properties.

100471 Figure 25 illustrates an example optical wave-guiding device optirnized
for a wide range of field of view, comprising a waveguide coupled to a CLCG and
configured to propagate light by total internal reflection (TIR).

[0048] Figure 26 illustrates an example optical wave-guiding device configured
as an outcoupling optical element, comprising a waveguide coupled to a CLCG and
configured to propagate light by total internal reflection (TIR).

[0049] Throughout the drawings, reference numbers may be re-used to indicate
correspondence between referenced elements. The drawings are provided to illustrate

example embodiments described herein and are not intended to limit the scope of the

disclosure.
DETAILED DESCRIPTION
[0050] AR systems may display virtual content to a user, or viewer, while still

allowing the user to see the world around them Preferably, this content is displayed on a
head-mounted display, e.g., as part of eyewear, that projects image information to the user’s

eves. In addition, the display may also transmit light from the surrounding environment to
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the user’s eyes, to allow a view of that surrounding environment. As used herein, it will be
appreciated that a “head-mounted” display is a display that may be mounted on the head of a
viewer.

[06051] Figure 2 illustrates an example of wearable display system 80. The
display system 80 includes a display 62, and various mechanical and electronic modules and
systems to support the functioning of that display 62. The display 62 may be coupled to a
frame 04, which is wearable by a display system user or viewer 60 and which 1s configured
to position the display 62 in front of the eves of the user 60, The display 62 may be
considered eyewear in some embodiments. In some embodiments, a speaker 66 is coupled to
the frame 04 and positioned adjacent the ear canal of the user 60 (in some embodiments,
another speaker, not shown, is positioned adjacent the other ear canal of the user to provide
for stereo/shapeable sound control}. In some embodiments, the display system may also
include one or more microphones 67 or other devices to detect sound. In some embodiments,
the microphone is configured to allow the user to provide inputs or commands to the system
80 (e.g., the selection of voice menu commands, natural language guestions, etc.}, and/or
may allow audio communication with other persouns {e.g., with other users of similar display
systems The microphone may further be configured as a peripheral sensor to continuously
coliect audio data (e.g., to passively collect from the user and/or environment). Such audio
data may include user sounds such as heavy breathing, or environmental sounds, such as a
foud bang indicative of a nearby event. The display system may also include a peripheral
sensor 30a, which may be separate from the frame 64 and attached to the body of the user 60
(e.g., on the head, torso, an extremity, etc. of the user 60}. The peripheral sensor 30a may be
configured to acquire data characterizing the physiological state of the user 60 in some
embodiments, as described further herein. For example, the sensor 30a may be an electrode.

16052] With continued reference to Figure 2, the display 62 15 operatively coupled
by communications link 68, such as by a wired lead or wireless connectivity, to a local data
processing module 70 which may be mounted in a variety of configurations, such as fixedly
attached to the frame 64, fixedly attached to a helmet or hat worn by the user, embedded in
headphones, or otherwise removably attached to the user 60 (eg., in a backpack-style
configuration, in a belt-coupling style configuration). Similarly, the sensor 30a may be

g., a wired lead or wireless connectivity,
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operatively coupled by communications link 30b, e
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to the local processor and data module 70. The local processing and data module 70 may
comprise a hardware processor, as well as digital memory, such as noun-volatile memory
(e.g., flash memory or hard disk drives), both of which may be utilized to assist in the
processing, caching, and storage of data. The data include data a) captured from sensors
{which may be, e.g., operatively coupled to the frame 64 or otherwise attached to the user
60}, such as image capture devices (such as cameras), microphones, inertial measurement
units, accelerometers, compasses, GPS units, radio devices, gyros, and/or other sensors
disclosed herein; and/or b) acquired and/or processed using remote processing module 72
and/or remote data repository 74 (including data relating to virtual content), possibly for
passage to the display 62 after such processing or retrieval. The local processing and data
module 70 may be operatively coupled by communication links 76, 78, such as via a wired or
wireless communication links, to the remote processing module 72 and remote data
repository 74 such that these remote modules 72, 74 are operatively coupled to each other
and available as resources to the local processing and data module 70, In some
embodiments, the local processing and data module 70 may include one or more of the image
capture devices, microphones, inertial measurement units, accelerometers, compasses, GPS
units, radio devices, and/or gyros. In some other embodiments, one or more of these sensors
may be attached to the frame 64, or may be standalone structures that communicate with the
focal processing and data module 70 by wired or wireless communication pathways.

[0053] With continued reference to Figure 2, in some embodiments, the remote

,
processing module 72 may comprise one or more processors configured to analyze and
process data and/or image information. In some embodiments, the remote data repository 74
may comprise a digital data storage facility, which may be available through the internet or
other networking configuration in a “cloud” resource configuration. In some embodiments,
the remote data repository 74 may include one or more remote servers, which provide

information, e.g

b

information for generating augmented reality content, to the local
processing and data meodule 70 and/or the remote processing module 720 In some
embodiments, all data is stored and all computations are performed in the local processing
and data module, allowing fully autonomous use from a remote module.

10054 The perception of an image as being “three-dimensional” or “3-B” may be

achieved by providing slightly different presentations of the image to each eve of the viewer.
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Figure 3 tllustrates a conventional display system for simulating three-dimensional imagery
for a user. Two distinct images 5, 7—one for each eye 4, 6—are outputted to the user. The
images 5, 7 are spaced from the eyes 4, 6 by a distance 10 along an optical or z-axis parallel
to the line of sight of the viewer. The images S5, 7 are flat and the eves 4, 6 may focus on the
images by assuming a single accommodated state. Such systems rely on the human visual
system to combine the images S, 7 to provide a perception of depth and/or scale for the
combined image

[6055] It will be appreciated, however, that the human visual system is more
complicated and providing a realistic perception of depth is more challenging. For example,
many viewers of conventional “3-D” display systems find such systems to be uncomfortable
or may not perceive a sense of depth at all. Without being limited by theory, it is believed
that viewers of an object may perceive the object as being “three-dimensional” due to a
combination of vergence and accommodation. Vergence movements (i.e, rotation of the
eyes so that the pupils move toward or away from each other to converge the lines of sight of
the eyes to fixate upon an object) of the two eves relative to each other are closely associated
with focusing {(or “accommodation”} of the lenses and pupils of the eyes. Under normal
conditions, changing the focus of the lenses of the eyes, or accommeodating the eyes, to
change focus from one object to another object at a different distance will automatically
cause a matching change in vergence to the same distance, under a relationship known as the
“accommodation-vergence reflex,” as well as pupil dilation or constriction. Likewise, a
change in vergence will trigger a matching change in accommodation of lens shape and pupil
size, under normal conditions. As noted herein, many stereoscopic or “3-D display systems
display a scene using slightly different presentations {and, so, slightly different umages) to
each eve such that a three-dimensional perspective is perceived by the human visual system.
Such systems are uncomfortable for many viewers, however, since they, among other things,
simply provide a different presentation of a scene, but with the eyes viewing all the image
information at a single accommodated state, and work against the “accommodation-vergence
reflex.” Display systems that provide a better match between accommodation and vergence
may form more realistic and comfortable simulations of three-dimensional imagery
contributing to increased duration of wear and in turn compliance to diagnostic and therapy

protocols.
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[0056] Figure 4 illustrates aspects of an approach for simulating three-
dimensional imagery using multiple depth planes. With reference to Figure 4, objects at
vartous distances from eyes 4, 6 on the z-axis are accommodated by the eyes 4, 6 so that
those objects are in focus. The eyes (4 and 6) assume particular accommodated states to
bring i1nto focus objects at different distances along the z-axis. Consequently, a particular
accommodated state may be said to be associated with a particular one of depth planes 14,
with has an associated focal distance, such that objects or parts of objects in a particular
depth plane are in focus when the eye is in the accommodated state for that depth plane. In
some embodiments, three-dimensional imagery may be simulated by providing different
presentations of an image for each of the eyes 4, 6, and alse by providing different
presentations of the image corresponding to each of the depth planes. While shown as being
separate for clarity of illustration, 1t will be appreciated that the fields of view of the eyes 4, 6
may overlap, for example, as distance along the z-axis increases. In addition, while shown as
flat for ease of illustration, it will be appreciated that the contours of a depth plane may be
curved in physical space, such that all features in a depth plane are in focus with theeye in a
particular accommodated state.

16057} The distance between an object and the eye 4 or 6 may also change the
amount of divergence of hight from that object, as viewed by that eye. Figures 5A-5C
illustrates relationships between distance and the divergence of light rays. The distance
between the object and the eye 4 is represented by, in order of decreasing distance, R1, R2,
and R3. As shown in Figures SA-5C, the light rays become more divergent as distance to the
object decreases. As distance increases, the light rays become more collimated. Stated
another way, it may be said that the light field produced by a point {the object or a part of the
object} has a spherical wavefront curvature, which is a function of how far away the point is
from the eye of the user. The curvature increases with decreasing distance between the
object and the eve 4. Consequently, at different depth planes, the degree of divergence of
light rays is also different, with the degree of divergence increasing with decreasing distance
between depth planes and the viewer’'s eye 4. While only a single eye 4 is illustrated for
clarity of illustration in Figures SA-5C and other figures herein, it will be appreciated that the

discussions regarding eye 4 may be applied to both eyes 4 and 6 of a viewer.
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[0058] Without being limited by theory, it is believed that the human eye
typically can interpret a finite number of depth planes to provide depth perception.
Consequently, a highly believable simulation of perceived depth may be achieved by
providing, to the eye, different presentations of an image corresponding to each of these
Hmited number of depth planes. The different presentations may be separately focused by
the viewer's eyes, thereby helping to provide the user with depth cues based on the
accommodation of the eye required to bring into focus ditferent 1mage features for the scene
located on different depth plane and/or based on observing different image features on
different depth planes being out of focus.

[0059] Figure ¢ illustrates an example of a waveguide stack for outputting image
information to a user. A display systermn 1000 includes a stack of waveguides, or stacked
waveguide assembly, 1178 that may be utilized to provide three-dimensional perception to
the eye/brain using a plurality of waveguides 1182, 1184, 1186, 1188, 1190. In some
embodiments, the display system 1000 is the system 80 of Figure 2, with Figure 6
schematically showing some parts of that system 80 in greater detail. For example, the
waveguide assembly 1178 may be part of the display 62 of Figure 2. It will be appreciated
that the display system 1000 may be considered a light field display in some embodiments.

[6060] With continued reference to Figure 6, the waveguide assembly 1178 may
also include a plurality of features 1198, 1196, 1194, 1192 between the waveguides. In some
embodiments, the features 1198, 1196, 1194, 1192 may be one or more lenses. The
waveguides 1182, 1184, 1186, 1188, 1190 and/or the plurality of lenses 1198, 1196, 1194,
1192 may be configured to send image information to the eve with various levels of
wavefront curvature or light ray divergence. Each waveguide level may be associated with a
particular depth plane and may be configured to cutput image information corresponding to
that depth plane. Tmage injection devices 1200, 1202, 1204, 1206, 1208 may function as a
source of light for the waveguides and may be utilized to inject image information into the
waveguides 1182, 1184, 1186, 1188, 1190, each of which may be configured, as descrnibed
herein, to distribute incoming light across each respective waveguide, for output toward the
eye 4. Light exits an output surface 1300, 1302, 1304, 1306, 1308 of the image injection
devices 1200, 1202, 1204, 1206, 1208 and is injected into a corresponding input surface

1382, 1384, 1386, 1388, 1390 of the waveguides 1182, 1184, 1186, 1188, 1190, In some

k2
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embodiments, the each of the input surfaces 1382, 1384, 1386, 1388, 1390 may be an edge of
a corresponding waveguide, or may be part of a major surface of the corresponding
waveguide (that is, one of the waveguide surfaces directly facing the world 1144 or the
viewer’s eye 4). In some embodiments, a single beam of light (e.g. a collimated beam) may
be injected into each waveguide to output an entire field of cloned collimated beams that are
directed toward the eye 4 at particular angles {(and amounts of divergence) corresponding to
the depth plane associated with a particular waveguide. In some embodiments, a single one
of the image injection devices 1200, 1202, 1204, 1206, 1208 may be associated with and
inject light tnto a plurality {e.g., three) of the waveguides 1182, 1184, 1186, 1188, 1190,

[8061] In some embodiments, the image injection devices 1200, 1202, 1204,
1206, 1208 are discrete displays that each produce image information for injection into a
cotresponding waveguide 1182, 1184, 1186, 1188, 1190, respectively. In some other
embodiments, the image injection devices 1200, 1202, 1204, 1206, 1208 are the output ends
of a single multiplexed display which may, e.g., pipe tmage information via one or more
optical conduits (such as fiber optic cables) to each of the image injection devices 1200,
1202, 1204, 1206, 1208. Tt will be appreciated that the image information provided by the
image injection devices 1200, 1202, 1204, 1206, 1208 may include light of different
wavelengths, or colors {e.g., different component colors, as discussed herein).

[0062] In some embodiments, the light injected into the waveguides 1182, 1184,
1186, 1188, 1190 is provided by a light projector systern 2000, which comprises a light
module 2040, which may include a light emitter, such as a light emitting diode (LED). The
light from the light module 2040 may be directed to and modified by a light modulator 2030,
e.g., a spatial light modulator, via a beam splitter 2050, The light modulator 2030 may be
configured to change the perceived intensity of the light injected into the waveguides 1182,
1184, 1186, 1188, 1190, Examples of spatial light modulators include liquid crystal displays
(LCD) including a liquid crystal on silicon (LCOS) displays.

[0063] In some embodiments, the display system 1000 may be a scanning fiber
display comprising one or more scanning fibers configured to project light in vartous patterns
{e.g., raster scan, spiral scan, Lissajous patterns, etc.) into one or more waveguides 1182,
1184, 1186, 1188, 1190 and ultimately to the eye 4 of the viewer. In some embodiments, the

illustrated image injection devices 1200, 1202, 1204, 1206, 1208 may schematically
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represent a single scanning fiber or a bundles of scanning fibers configured to inject light into
one or a plurality of the waveguides 1182, 1184, 1186, 1188, 1190 In some other
embodiments, the illustrated image injection devices 1200, 1202, 1204, 1206, 1208 may
schematically represent a plurality of scanning fibers or a plurality of bundles of scanning,
fibers each of which are configured to inject light into an associated one of the waveguides
1182, 1184, 1186, 1188, 1190. It will be appreciated that the one or more optical fibers may
be configured to transmit hight from the light module 2040 to the one or more waveguides
1182, 1184, 1186, 1188, 1190 It will be appreciated that one or more intervening optical
structures may be provided between the scanning fiber, or fibers, and the one or more
waveguides 1182, 1184, 1186, 1188, 1190 to, e.g., redirect light exiting the scanning fiber
into the one or more waveguides 1182, 1184, 1186, 1188, 1190,

106064} A controller 1210 controls the operation of one or more of the stacked
waveguide assembly 1178, including operation of the image injection devices 1200, 1202,
1204, 1206, 1208, the light source 2040, and the light modulator 2030, In some
embodiments, the controlier 1210 is part of the local data processing module 70. The
controller 1210 includes programming {e.g., instructions in a non-transitory medium) that
regulates the timing and provision of image information to the waveguides 1182, 1184, 1186,
1188, 1190 according to, e.g, any of the various schemes disclosed herein.  In some
embodiments, the controller may be a single integral device, or a distributed system
connected by wired or wireless communication channels. The controlier 1210 may be part of
the processing modules 70 or 72 (Figure 1} in some embodiments.

[6065] With continued reference to Figure 6, the waveguides 1182, 1184, 1186,
1188, 1190 may be configured to propagate light within each respective waveguide by total
internal reflection (TIR). The waveguides 1182, 1184, 1186, 1188, 1190 may each be planar
or have another shape (e.g., curved), with major top and bottom surfaces and edges extending
between those major top and bottom surfaces. In the ilustrated configuration, the
waveguides 1182, 1184, 1186, 1188, 1190 may each include outcoupling optical elements
1282, 1284, 1286, 1288, 1290 that are configured to extract light out of a waveguide by
redirecting the hight, propagating within each respective waveguide, out of the waveguide to
output image information to the eye 4. Extracted light may also be referred to as outcoupled

light and the outcoupling optical elements light may also be referred to light extracting
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optical elements. An extracted beam of light is cutputted by the waveguide at locations at
which the light propagating in the waveguide strikes a light extracting optical element. The
outcoupling optical elements 1282, 1284, 1286, 1288, 1290 may, for example, be gratings,
including diffractive optical features, as discussed further herein. While tllustrated disposed
at the bottom major surfaces of the waveguides 1182, 1184, 1186, 1188, 1190 for ease of
description and drawing clarity, in some embodiments, the outcoupling optical elements
1282, 1284, 1286, 1288, 1290 may be disposed at the top and/or bottom major surfaces,
and/or may be disposed directly in the volume of the waveguides 1182, 1184, 1186, 1188,
1190, as discussed further herein. In some embodiments, the outcoupling optical elements
1282, 1284, 1286, 1288, 1290 may be formed in a layer of material that is attached to a
transparent substrate to form the waveguides 1182, 1184, 1186, 1188, 1190, In some other
embodiments, the waveguides 1182, 1184, 1186, 1188, 1190 may be a monolithic piece of
material and the outcoupling optical elements 1282, 1284, 1286, 1288, 1290 may be formed
on a surface and/or in the interior of that piece of material.

[0066] With continued reference to Figure 6, as discussed herein, each waveguide
1182, 1184, 1186, 1188, 1190 is configured to output light to form an image corresponding
to a particular depth plane. For example, the waveguide 1182 nearest the eye may be
configured to deliver collimated light, as injected into such waveguide 1182, to the eye 4.
The collimated light may be representative of the optical infinity focal plane. The next
waveguide up 1184 may be configured to send out collimated light which passes through the
first lens 1192 {e.g., a negative lens) before it can reach the eye 4; such first lens 1192 may
be configured to create a slight convex wavefront curvature so that the eye/brain interprets
fight coming from that next waveguide up 1184 as coming from a first focal plane closer
inward toward the eye 4 from optical infinity. Similarly, the third up waveguide 1186 passes
its output light through both the first 1192 and second 1194 lenses before reaching the eye 4;
the combined optical power of the first 1192 and second 1194 lenses may be configured to
create another incremental amount of wavefront curvature so that the eye/brain interprets
fight coming from the third waveguide 1186 as coming from a second focal plane that is even
closer inward toward the person from optical infinity than was light from the next waveguide

up 1134
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(80671 The other waveguide layers 1188, 1190 and lenses 1196, 1198 are
sirnilarly contigured, with the highest waveguide 1190 in the stack sending its output through
all of the lenses between it and the eye for an aggregate focal power representative of the
closest focal plane to the person. To compensate for the stack of lenses 1198, 1196, 1194,
1192 when viewing/interpreting light coming from the world 1144 on the other side of the
stacked waveguide assembly 1178, a compensating lens layer 1180 may be disposed at the
top of the stack to compensate for the aggregate power of the lens stack 1198, 1196, 1194,
1192 below. Such a configuration provides as many perceived focal planes as there are
available waveguide/lens pairings. Both the outcoupling optical elements of the waveguides
and the focusing aspects of the lenses may be static (i.e., not dynamic or electro-active}. In
some alternative embodiments, either or both may be dynamic using electro-active features.

{6063] in some embodiments, two or more of the waveguides 1182, 1184, 1186,
1188, 1190 may have the same associated depth plane. For example, multiple waveguides
1182, 1184, 1186, 1188, 1190 may be configured to output images set to the same depth
plane, or multiple subsets of the waveguides 1182, 1184, 1186, 1188, 1190 may be
configured to output images set to the same plurality of depth planes, with one set for each
depth plane. This can provide advantages for forming a tiled image to provide an expanded
field of view at those depth planes.

0069] With continued reference to Figure 0, the outcoupling optical elements
1282, 1284, 1286, 1288, 1290 may be configured to both redirect light out of their respective
waveguides and to cutput this light with the appropriate amount of divergence or collimation
for a particular depth plane associated with the waveguide. As a result, waveguides having
different associated depth planes may have different configurations of outcoupling optical
elements 1282, 1284, 1286, 1288, 1290, which output light with a different amount of
divergence depending on the associated depth plane. In some embeodiments, the light
extracting optical elements 1282, 1284, 1286, 1288, 1290 may be volumetric or surface
features, which may be configured to output hight at specific angles. For example, the light
extracting optical elements 1282, 1284, 1286, 1288, 1290 may be volume holograms, surface
holograms, and/or diffraction gratings. In some embodiments, the features 1198, 1196, 1194,
1192 may not be lenses; rather, they may simply be spacers {e.g., cladding lavers and/or

structures for forming air gaps).
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[6676] In some embodiments, the outcoupling optical elements 1282, 1284, 1286,
1288, 1290 are diffractive features that form a diffraction pattern, or “diffractive optical
element” (also referred to herein as a “DOE”). Preferably, the DOE’s have a sufficiently low
diffraction efficiency (a ratio of diffracted beam intensity to the incident beam intensity} so
that only a portion of the light of the beam is deflected away toward the eyve 4 with each
mtersection of the DOE, while the rest continues to move through a waveguide via total
internal reflection. The light carrying the image information is thus divided into a number of
related exit beams that exit the waveguide at a multiplicity of locations and the result is a
fairly uniform pattern of exit emission toward the eye 4 for this particular collimated bearm
bouncing around within a waveguide.

6071} In some embodiments, one or more DOEs may be switchable between
“on” states in which they actively diffract, and “oft” states in which they do not significantly
diffract. For instance, a switchable DOE may comprise a layer of polymer dispersed hiquid
crystal, in which microdroplets comprise a diffraction pattern in a host medium, and the
refractive index of the microdroplets may be switched to substantially match the refractive
mdex of the host material (in which case the pattern does not appreciably diffract incident
light) or the microdroplet may be switched to an index that does not match that of the host
medium (in which case the pattern actively diffracts incident light).

10072} In some embodiments, a camera assembly 500 (e.g, a digital camera,
including visible light and infrared light cameras) may be provided to capture images of the
eve 4 and/or tissue around the eve 4 tfo, e.g, detect user inputs and/or to montfor the
physiclogical state of the user. As used herein, a camera may be any tmage capture device.
In some embodiments, the camera assembly 500 may include an image capture device and a
light source to project light (e.g., infrared light} to the eye, which may then be reflected by
the eye and detected by the image capture device. Io some embodiments, the camera
assembly 500 may be attached to the frame 64 (Figure 2) and may be in electrical
communication with the processing modules 70 and/or 72, which may process image
information from the camera assembly 500 to make various determinations regarding, e.g.,
the physiological state of the user, as discussed herein. It will be appreciated that
information regarding the physiological state of user may be used to determine the bebavioral

or emotional state of the user. Examples of such information include movements of the user
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and/or facial expressions of the user. The behavioral or emotional state of the user may then
be triangulated with collected environmental and/or virtual content data so as to determine
relationships between the behavioral or emotional state, physiological state, and
environmental or virtual content data. In some embodiments, one camera assembly 500 may
be utilized for each eye, to separately monitor each eye.

[6073] With reference now to Figure 7, an example of exit beams outputted by a
waveguide is shown. Oune waveguide 15 illustrated, but it will be appreciated that other
waveguides in the waveguide assembly 1178 (Figure 6) may function similarly, where the
waveguide assembly 1178 includes multiple waveguides.  Light 400 is 1njected into the
waveguide 1182 at the input surface 1382 of the waveguide 1182 and propagates within the
waveguide 1182 by TIR. At points where the light 400 irmpinges on the DOE 1282, a portion
of the light exits the waveguide as exit beams 402, The exit beams 402 are illustrated as
substantially parallel but, as discussed herein, they may also be redirected to propagate to the
eye 4 at an angle (e.g., forming divergent exit beams), depending on the depth plane
associated with the waveguide 1182, It will be appreciated that substantially parallel exit
beams may be indicative of a waveguide with outcoupling optical elements that outcouple
light to form images that appear to be set on a depth plane at a large distance {e.g., optical
infiruty) from the eye 4. Other waveguides or other sets of outcoupling optical elements may
output an exit beam pattern that is more divergent, which would require the eve 4 to
accommodate to a closer distance to bring it into focus on the retina and would be interpreted
by the brain as light from a distance closer to the eye 4 than optical infinity.

[0074] In some embodiments, a full color image may be formed at each depth
plane by overlaying images in each of the component colors, e.g., three or more component
colors. Figure & illustrates an example of a stacked waveguide assembly in which each depth
plane includes images tormed using multiple different component colors. The illustrated
embodiment shows depth planes 14a — 14f, although more or fewer depths are also
contemplated. Each depth plane may have three component color images associated with it
a first image of a first color, ) a second image of a second color, R; and a third image of a
third color, B. Different depth planes are indicated in the figure by different numbers for
diopters {dpt) following the letters G, R, and B. Just as examples, the numbers following

each of these letters indicate diopters (1/m), or inverse distance of the depth plane from a

-19-



WO 2018/106963 PCT/US2017/065182

viewer, and each box in the figures represents an individual component color image. In some
embodiments, to account for differences v the eye’s focusing of light of different
wavelengths, the exact placement of the depth planes for different component colors may
vary. For example, different component color images for a given depth plane may be placed
on depth planes corresponding to different distances from the user. Such an arrangement
may increase visual acuity and user comfort and/or may decrease chromatic aberrations.

[6075] In some embodiments, light of each compounent color may be outputted by
a single dedicated waveguide and, consequently, each depth plane may have multiple
waveguides associated with 1t In such embodiments, each box in the figures including the
fetters G, R, or B may be understood to represent an individual waveguide, and three
waveguides may be provided per depth plane where three component color images are
provided per depth plane. While the waveguides associated with each depth plane are shown
adjacent to one another in this drawing for ease of description, it will be appreciated that, in a
physical device, the waveguides may all be arranged in a stack with one waveguide per level.
in some other embodiments, multiple component colors may be outputted by the same
waveguide, such that, e.g., only a single waveguide may be provided per depth plane.

16076} With continued reference to Figure 8, in some embodiments, (5 is the color
green, R 1s the color red, and B 13 the color blue. In some other embodiments, other colors
assoctated with other wavelengths of light, including magenta and cyan, may be used in
addition to or may replace one or more of red, green, or blue. In some embodiments, features
198, 196, 194, and 192 may be active or passive optical filters configured to block or
selectively light from the ambient environment to the viewer’s eyes.

16677} It will be appreciated that references to a given color of light throughout
this disclosure will be understood to encompass light of one or more wavelengths within a
range of wavelengths of light that are perceived by a viewer as being of that given color. For
example, red light may include light of one or more wavelengths in the range of about 620~
780 nm, green light may include light of one or more wavelengths in the range of about 492—
577 nm, and blue light may include light of one or more wavelengths in the range of about
435-493 nm.

16078} n some embodiments, the light source 2040 (Figure 6) may be configured

to emit hight of one or more wavelengths outside the visual perception range of the viewer,
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for example, infrared and/or ultraviolet wavelengths. In addition, the incoupling,
outcoupling, and other light redirecting structures of the waveguides of the display 1000 may
be configured to direct and emit this light out of the display towards the user’s eye 4, e g, for
imaging and/or user stimulation applications.

[6079] With reference now to Figure 94, in some embodiments, light impinging
on a waveguide may need to be redirected to incouple that light into the waveguide. An
incoupling optical element may be used to redirect and incouple the light into its
corresponding waveguide. Figure 9A illustrates a cross-sectional side view of an example of
a plurality or set 1200 of stacked waveguides that each includes an ncoupling optical
element. The waveguides may each be configured to cutput light of one or more different
wavelengths, or one or more different ranges of wavelengths. It will be appreciated that the
stack 1200 may correspond to the stack 1178 (Figure 6) and the illustrated waveguides of the
stack 1200 may correspond to part of the plurality of waveguides 1182, 1184, 1186, 1188,
1190, except that light from one or more of the image injection devices 1200, 1202, 1204,
1206, 1208 is injected into the waveguides from a position that requires light to be redirected
for incoupling.

{6080} The iHustrated set 1200 of stacked waveguides includes waveguides 1210,
1220, and 1230. Each waveguide includes an associated incoupling optical element {which
may also be referred to as a light input area on the waveguide}, with, e.g., incoupling optical
element 1212 disposed on a major surface {e.g, an upper major surface) of waveguide 1210,
incoupling optical element 1224 disposed on a major surface (e.g., an upper major surface) of
waveguide 1220, and incoupling optical element 1232 disposed on a major surface {e.g., an
upper major surface) of waveguide 1230, In some embodiments, one or more of the
incoupling optical elements 1212, 1222, 1232 may be disposed on the bottom major surface
of the respective waveguide 1210, 1220, 1230 (particularly where the one or more incoupling
optical elements are reflective, deflecting optical elements). As illustrated, the incoupling
optical elements 1212, 1222, 1232 may be disposed on the upper major surface of their
respective waveguide 1210, 1220, 1230 (or the top of the next lower waveguide), particularly
where those incoupling optical elements are transmissive, deflecting optical elements. In
some embodiments, the incoupling optical elements 1212, 1222, 1232 may be disposed in the

body of the respective waveguide 1210, 1220, 1230. In some embodiments, as discussed
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herein, the incoupling optical elements 1212, 1222, 1232 are wavelength selective, such that
they selectively redirect one or more wavelengths of light, while transmitting other
wavelengths of light. While illustrated on one side or corner of their respective waveguide
1210, 1220, 1230, 1t will be appreciated that the mcoupling optical elements 1212, 1222,
1232 may be disposed in other areas of their respective waveguide 1210, 1220, 1230 in some
embodiments.

10081} As illustrated, the incoupling optical elements 1212, 1222, 1232 may be
laterally offset from one ancther. In some embodiments, each incoupling optical element
may be offset such that it receives light without that light passing through another incoupling
optical element. For example, each incoupling optical element 1212, 1222, 1232 may be
configured to receive light from a different image injection device 1200, 1202, 1204, 1206,
and 1208 as shown in Figure 6, and may be separated (e.g., laterally spaced apart) from other
incoupling optical elements 1212, 1222, 1232 such that it substantially does not receive hight
from the other ones of the incoupling optical elements 1212, 1222, 1232

[0082] Each waveguide also includes associated light distnibuting elements, with,
e.g., light distributing elements 1214 disposed on a major surface {e.g., a top major surface)
of waveguide 1210, light distributing elements 1224 disposed on a major surface (e.g., a top
major surface) of waveguide 1220, and hight distriibuting elements 1234 disposed on a major
surface {(e.g., a top major surface) of waveguide 1230. In some other embodiments, the light
distributing elements 1214, 1224, 1234, may be disposed on a bottom major surface of
associated waveguides 1210, 1220, 1230, respectively. In some other embodiments, the light
distributing elements 1214, 1224, 1234, may be disposed on both top and bottom major
surface of associated waveguides 1210, 1220, 1230, respectively; or the light distributing
elements 1214, 1224, 1234, may be disposed on different ones of the top and bottom major
surfaces 1o different associated waveguides 1210, 1220, 1230, respectively.

16083} The waveguides 1210, 1220, 1230 may be spaced apart and separated by,
e.g., gas, liquid, and/or solid layers of material. For example, as llustrated, layer 1218a may
separate waveguides 1210 and 1220; and layver 1218b may separate waveguides 1220 and
1230, In some embodiments, the layers 1218a and 1218b are formed of low refractive index
materials {that is, materials having a lower refractive index than the material forming the

immediately adjacent one of waveguides 1210, 1220, 1230). Preferably, the refractive index
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of the material forming the layers 1218a, 1218b 15 0.05 or more, or 0.10 or more less than the
refractive index of the material forming the waveguides 1210, 1220, 1230, Advantageously,
the lower refractive index layers 1218a, 1218b may function as cladding layers that facilitate
total internal reflection (TIR) of light through the waveguides 1210, 1220, 1230 {(e.g, TIR
between the top and bottom major surfaces of each waveguide}. In some embodiments, the
fayers 1218a, 1218b are formed of air. While not illustrated, it will be appreciated that the
top and bottom of the illustrated set 1200 of waveguides rmay include immediately
neighboring cladding layers.

10084] Preferably, for ease of manufacturing and other considerations, the
material forming the waveguides 1210, 1220, 1230 are similar or the same, and the material
forming the layers 1218a, 1218b are similar or the same. In some embodiments, the material
forming the waveguides 1210, 1220, 1230 may be different between one or more
waveguides, and/or the material forming the layers 1218a, 1218b may be different, while still
holding to the various refractive index refationships noted above.

[6085] With continued reference to Figure 9A, light rays 1240, 1242, 1244 are
incident on the set 1200 of waveguides. It will be appreciated that the light rays 1240, 1242,
1244 may be injected into the waveguides 1210, 1220, 1230 by one or more image injection
devices 1200, 1202, 1204, 1206, 1208 (Figure 6).

[6086] In some embodiments, the light rays 1240, 1242, 1244 have different
properties, e.g., different wavelengths or different ranges of wavelengths, which may
cotrespond to different colors. The incoupling optical elements 1212, 122, 1232 each deflect
the incident light such that the light propagates through a respective one of the waveguides
1210, 1220, 1230 by TIR.

[0087] For example, incoupling optical element 1212 may be configured to
deflect ray 1240, which has a first wavelength or range of wavelengths.  Similarly, the
transmitted ray 1242 impinges on and is deflected by the incoupling optical element 1222,
which 1s configured to deflect light of a second wavelength or range of wavelengths.
Likewise, the ray 1244 is deflected by the incoupling optical element 1232, which is
configured to selectively deflect light of third wavelength or range of wavelengths.

{6083] With continued reference to Figure 94, the deflected light rays 1240,

1242, 1244 are deflected so that they propagate through a corresponding waveguide 1210,
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1220, 1230; that is, the incoupling optical elements 1212, 1222, 1232 of each waveguide
deflects light into that corresponding waveguide 1210, 1220, 1230 to incouple light into that
corresponding waveguide. The light rays 1240, 1242, 1244 are deflected at angles that cause
the light to propagate through the respective waveguide 1210, 1220, 1230 by TIR. The hight
rays 1240, 1242, 1244 propagate through the respective waveguide 1210, 1220, 1230 by TIR
until impinging on the waveguide’s corresponding light distributing elements 1214, 1224,
1234,

[6089] With reference now to Figure 9B, a perspective view of an example of the
plurality of stacked waveguides of Figure 9A 15 illustrated. As noted above, the incoupled
light rays 1240, 1242, 1244, are deflected by the incoupling optical elements 1212, 1222
1232, respectively, and then propagate by TIR within the waveguides 1210, 1220, 1230,
respectively. The light rays 1240, 1242, 1244 then impinge on the light distributing elements
1214, 1224, 1234, respectively. The light distributing elements 1214, 1224, 1234 deflect the
fight rays 1240, 1242, 1244 so that they propagate towards the outcoupling optical elements
1250, 1252, 1254, respectively.

[6090] In some embodiments, the hight distributing elements 1214, 1224, 1234
are orthogonal pupil expanders (OPE’s}. In some embodiments, the OPE’s both deflect or
distribute light to the outcoupling optical elements 1250, 1252, 1254 and also increase the
beam or spot size of this light as it propagates to the outcoupling optical elements. In some
embodiments, e.g., where the beam size is already of a desired size, the hight distributing
elements 1214, 1224, 1234 may be omtited and the incoupling optical elements 1212, 1222,
1232 may be configured to deflect light directly to the outcoupling optical elements 1250,
1252, 1254, For example, with reference to Figure 9A, the light distributing elements 1214,
1224, 1234 may be replaced with outcoupling optical elements 1250, 1252, 1254,
respectively. In some embodiments, the outcoupling optical elements 1250, 1252, 1254 are
exit pupils (EP’s} or exit pupil expanders (EPE’s) that direct light in a viewer’s eye 4
(Figure 7).

[0091] Accordingly, with reference to Figures 9A and 9B, in some embodiments,
the set 1200 of waveguides includes waveguides 1210, 1220, 1230; incoupling optical
elements 1212, 1222, 1232; light distributing elements {e.g., OPE’s) 1214, 1224, 1234; and

outcoupling optical elements (e g, EP’s} 1250, 1252, 1254 for each component color. The
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waveguides 1210, 1220, 1230 may be stacked with an air gap/cladding layer between each
one. The incoupling optical elements 1212, 1222, 1232 redirect or deflect incident light
(with different incoupling optical elements receiving light of different wavelengths) into its
waveguide. The light then propagates at an angle which will result in TIR within the
respective waveguide 1210, 1220, 1230, In the example shown, light ray 1240 (e.g., blue
light} is deflected by the first incoupling optical element 1212, and then continues to bounce
down the waveguide, interacting with the light distributing element (e.g, OPE’s) 1214 and
then the outcoupling optical element (e.g., EPs} 1250, in a manner described earlier. The
Hight rays 1242 and 1244 {e.g, green and red light, respectively) will pass through the
waveguide 1210, with light rav 1242 impinging on and being deflected by incoupling optical
element 1222 The hight ray 1242 then bounces down the waveguide 1220 via TIR,
proceeding on to its hight distributing element {e.g., OPEs) 1224 and then the ocutcoupling
optical element {(e.g, EP’s) 1252. Finally, light ray 1244 (e.g, red light) passes through the
wavegutde 1220 to impinge on the light incoupling optical elements 1232 of the waveguide
1230, The light incoupling optical elements 1232 deflect the light ray 1244 such that the
light ray propagates to light distributing element (e.g., OPEs) 1234 by TIR, and then to the
outcoupling optical element (e.g, EPs) 1254 by TIR. The cutcoupling optical element 1254
then finally outcouples the light ray 1244 to the viewer, who also receives the outcoupled
fight from the other waveguides 1210, 1220.

[06092] Figure 9C illustrates a top-down plan view of an example of the plurality
of stacked waveguides of Figures 9A and 9B. As illustrated, the waveguides 1210, 1220,
1230, along with each waveguide’s associated light distributing element 1214, 1224, 1234
and associated outcoupling optical element 1250, 1252, 1254, may be vertically aligned.
However, as discussed herein, the incoupling optical elements 1212, 1222 1232 are not
vertically aligned; rather, the incoupling optical elements are preferably non-overlapping
(e.g., laterally spaced apart as seen in the top-down view). As discussed further herein, this
nonoverlapping spatial arrangement facilitates the injection of light from different resources
into different waveguides on a one-to-one basis, thereby allowing a specific light source to be
uniquely coupled to a specitic waveguide. In some embodiments, arrangements including

nonoverlapping spatially-separated incoupling optical elements may be referred to as a
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shifted pupil system, and the in coupling optical elements within these arrangements may

correspond to sub pupils.

Bragg-Reflective or Diffractive Structures Based on Liguid Crystals

160693} Generally, liquid crystals possess physical properties that may be
mtermediate between conventional thuids and solids. While liquid crystals are fluid-like in
some aspects, unltke most fluids, the arrangement of molecules within liquid crystals exhibits
some structural order. Different types of liquid crystals include thermotropic, lyotropic, and
polymeric hquid crystals. Thermotropic liquid crystals disclosed herein can be implemented
in varigus physical states, e.g., phases, including a nematic state/phase, a smectic state/phase,
a chiral nematic state/phase or a chiral smectic state/phase.

106094} As described herein, liquid crystals in a nematic state or phase can have
calamitic (rod-shaped) or discotic {disc-shaped) organic molecules that have relatively little
positional order, while having a long-range directional order with their long axes being
roughly parallel. Thus, the organic molecules may be free to flow with their center of mass
positions being randorly distributed as in a liquid, while still maintaining their long-range
directional order. In some implementations, liquid crystals in a nematic phase can be
uniaxial; 1.e, the liquid crystals have one axis that is longer and preferred, with the other two
being roughly equivalent. In other implementations, liquid crystals can be biaxial; ie, in
addition to orienting their long axis, the hquid crystals may also orient along a secondary
axis.

[6095] As described herein, hiquid crystals in a smectic state or phase can have
the organtc molecules that form relatively well-defined layers that can slide over one another.
In some implementations, liquid crystals in a smectic phase can be positionally ordered along
one direction. In some implementations, the long axes of the molecules can be oriented
along a direction substantially normal to the plane of the liquid crystal layer, while in other
implementations, the long axes of the molecules may be tilted with respect to the direction
normal to the plane of the layer.

[0096] Herein and throughout the disclosure, nematic liquid crystals are
compuosed of rod-like molecules with the long axes of neighboring molecules approximately

aligned to one another. To describe this anisotropic structure, a dimensionless unit vector n
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called the director, may be used to describe the direction of preferred orientation of the liqud
crystal molecules.

16097} Herein and throughout the disclosure, a tilt angle or a pre-tilt angle P can
refer to an angle measured 1n a plane perpendicular to a major surface {(in an x-y plane) of the
figuid crystal layers or of the substrate, e.g, the x-z plane, and measured between an
alignment direction and the major surface or a direction parallel to the major surface, e.g., the
x-direction.

6098} Herein and throughout the disclosure, an azimuthal angle or a rotation
angle ¢ 15 used to describe an angle of rotation about a layer normal direction, or an axis
normal to a major surface of a liquid crystal layer, which is measured in a plane parallel to a
major surface of the liquid crystal layers or of the substrate, e.g., the x-y plane, and measured
between an alignment direction, e.g., an elongation direction or the direction of the director,
and a direction parallel to the major surface, e.g., the y-direction.

[6699] Herein and throughout the disclosure, when an angle such as the rotation
angle ¢ or a pre-tilt angle @ are referred to as being substantially the same between different
regions, it will be understood that an average alignment angles can, for example, be within
about 1%, about 5% or about 10% of each other although the average alignment can be larger
in some cases.

[0106] Herein and throughout the specification, a duty cycle can, for example,
refers to a ratio between a first lateral dimension of a first region having liquid crystal
molecules aligned in a first alignment direction, and the grating period of the zone having the
first region. Where applicable, the first region corresponds to the region in which the
alignment of the liquid crystals does not vary between different zones.

[0101] As describe herein, liquid crystals in a nematic state or a smectic state can
also exhibit chirality. Such ligquid crystals are referred to as being in a chiral phase or a
cholesteric phase. In a chiral phase or a cholesteric phase, the liquid crystals can exhibit a
twisting of the molecules perpendicular to the director, with the molecular axis parallel to the
director. The finite twist angle between adjacent molecules is due to their asymmetric
packing, which results in longer-range chiral order.

[0102] As described herein, liquid crystals in a chiral smectic state or phase can

be configured such that the liquid crystal molecules have positional ordering in a layered
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structure, with the molecules tilted by a finite angle with respect to the laver normal. In
addition, chirality can induce successive azimuthal twists of the liquid crystal molecules with
respect to a direction perpendicular to the layer normal from one liquid crystal molecule to
the next hiquid crystal molecule in the layer normal direction, thereby producing a spiral
twisting of the molecular axis along the layer normal.

[0103] As described herein and throughout the disclosure, a chiral structure refers
to a plurality of liquid crystal molecules in a cholesteric phase that extend in a direction, e.g.,
a direction perpendicular to the director such as a layer depth direction, and are successively
rotated or twisted in a rotation direction, e.g., clockwise or counterclockwise. In one aspect,
the directors of the liquid crystal molecules in a chiral structure can be characterized as a
helix having a helical pitch.

[0104] As described herein, liquid crystals in a cholesteric phase displaying
chirality can be described as having a chiral pitch, or a helical pitch (p), which corresponds to
a length in the layer depth direction corresponding to a net rotation angle of the liquid crystal
molecules of the chiral structures by one full rotation in the first rotation direction. 1n other
words, the helical pitch refers to the distance over which the hiquid crystal molecules undergo
a full 360° twist. The helical pitch {(p) can change, e.g., when the temperature is altered or
when other molecules are added to a hiquid crystal host (an achiral hiquid host material can
form a chiral phase if doped with a chiral material), allowing the helical pitch (p) of a given
material to be tuned accordingly. In some liquid crystal systems, the helical pitch 1s of the
same order as the wavelength of visible light. As described herein, liquid crystals displaying
chirality can also be described as having a twist angle, or a rotation angle (¢), which can refer
to, for example, the relative azimuthal angular rotation between successive liquid crystal
molecules in the layer normal direction, and as having a net twist angle, or a net rotation
angle, which can refer to, for example, the relative azimuthal angular rotation between an
uppermost liquid crystal molecule and a lowermost liquid crystal molecule across a specified
length, e.g., the length of a chiral structure or the thickness of the liquid crystal layer.

[0105] According to various embodiments descrnibed herein, hiquid crystals
having various states or phases as described above can be configured to offer various
desirable matenial properties, including, eg, birefringence, optical anisotropy, and

manufacturability using thin-film processes. For example, by changing surface conditions of
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fiquid crystal layers and/or mixing different liquid crystal materials, grating structures that
exhibit spatially varying diffraction properties, e.g., gradient diffraction efficiencies, can be
fabricated.

[0106] As described herein, “polymerizable liquid crystals” may refer to liquid
crystal materials that can be polymerized, e.g., in-situ photopolymerized, and may also be
described herein as reactive mesogens (RM).

[6107] It will be appreciated that the hqguid crystal molecules may be
polymerizable in some embodiments and, once polymerized, may form a large network with
other liquid crystal molecules. For example, the liquid crystal molecules may be linked by
chemical bonds or linking chemical species to other liquid crystal molecules. Once joined
together, the liquid crystal molecules may form liquid crystal domains having substantially
the same orientations and locations as before being linked together. For ease of description,
the term “liquid crystal molecule” 15 used herein to refer to both the liquid crystal molecules
before polymerization and to the liquid crystal domains formed by these molecules after
polymerization.

[6108] According to particular embodiments described herein, photo-
polvmerizable liquid crystal materials can be configured to form Bragg-reflective or
diffractive structures, e.g., a diffraction grating, whose material properties, including
birefringence, chirality, and ease for multiple-coating, can be utilized to create diffraction
gratings with different material properties, e.g., birefringence, chirality, and thickness, which
can result in different optical properties, e.g., diffraction efficiency, wavelength selectivity
and off-axis diffraction angle selectivity, to name a tew.

{0109] It will be appreciated that, as described herein, a “transmissive” or
“transparent” structure, e.g., a transparent substrate, may allow at least some, e.g., at least 20,
30 or 50%, of an incident light, to pass therethrough. Accordingly, a transparent substrate
may be a glass, sapphire or a polymeric substrate in some embodiments. In contrast, a
“reflective” structure, e.g., a reflective subsirate, may reflect at least some, e.g., at least 20,
30, 50, 70, 90% or more of the incident light, to reflect therefrom.

j0116] Optical properties of a grating are determined by the physical structures of
the grating {e.g., the periodicity, the depth, and the duty cycle), as well as material properties

of the grating {e.g., refractive index, absorption, and birefringence). When liquid crystals are
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used, optical properties of the grating can be controlled by controlling, e.g, molecular

orientation or distribution of the liquid crystal materials. For example, by varying molecular
orientation or distribution of the liquid crystal material across the grating area, the grating
may exhibit graded diffraction efficiencies. Such approaches are described in the following,

in reference to the figures.

Cholesteric Liauid Crystal Diffraction Grating {CLCG)

{0111} As described supra in reference to Figures 6 and 7, display systems
according to various embodiments described herein may include optical elements, eg.,
mncoupling optical elements, outcoupling optical elements, and light distributing elements,
which may include diffraction gratings. For example, as described above in reference to
Figure 7, light 400 that is injected into the waveguide 1182 at the input surface 1382 of the
waveguide 1182 propagates within the waveguide 1182 by total internal reflection (TIR). At
points where the light 400 impinges on the out-coupling optical element 1282, a portion of
the light exits the waveguide as exit beams 402, In some implementations, any of the optical
elements 1182, 1282, or 1382 can be configured as a diffraction grating.

[0112] Efficient light in-coupling into {or out-coupling from) the waveguide 1182
can be a challenge in designing a waveguide-based see-through displays, e.g, for
virtual/augmented/mixed display applications. For these and other applications, it is
desirable to have the diffraction grating formed of a material whose structure is configurable
to optimize various optical properties, including diffraction properties. The desirable
diffraction properties include, among other properties, polarization selectivity, spectral
selectivity, angular selectivity, high speciral bandwidth and high diffraction efficiencies,
among other properties. To address these and other needs, in various embodiments disclosed
herein, the optical element 1282 is configured as a cholesteric liquid erystal diffraction
grating (CLCG).  As described infra, CLCGs according to various embodiments can be
configured to optimize, among other things, polarization selectivity, bandwidth, phase
protile, spatial variation of diffraction properties, spectral selectivity and high diffraction
efficiencies.

[0113] In the following, various embodiments of CLCGs configured as a

reflective liquid crystal diffraction grating comprising cholesteric liquid crystals (CLC)
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optimized for various optical properties are described. Generally, diffraction gratings have a
periodic structure, which splits and diffracts light into several bearms travelling in different
directions. The directions of these beams depend, among other things, on the period of the
periodic structure and the wavelength of the light. To optimize certain optical properties, e g.,
diffraction efficiencies, for certain applications such as outcoupling optical element 1282
(Figures 6, 7), various material properties of the CLC can be optimized as described infra.

[6114] As described supra, liquid crystal molecules of a cholestenic liquad crystal
(CLC) layer in a chiral (nematic}) phase or a cholesteric phase is characterized by a plurality
of liquid crystal molecules that are arranged to have successive azirouthal twists of the
director as a function of position in the film in a normal direction, or a depth direction, of the
figuid crystal layer. As described herein, the hiquid crystal molecules that arranged to have
the successive azimuthal twists are collectively referred to herein as a chiral structure. As
described herein, an angle (¢) of azimuthal twist or rotation is described as the angle between
the directors the liqgud crystal molecules, as described supra, relative to a direction paraliel to
the layer normal. The spatially varying director of the liquid crystal molecules of a chiral
structure can be described as forming a helical patiern in which the helical pitch (p) is
defined as the distance {e.g., in the layer normal direction of the liquid crystal layer) over
which the director has rotated by 360° as described above. As described herein, a CLC layer
configured as a diffraction grating has a lateral dimension by which the molecular structures
of the liquid crystals periodically repeat in a lateral direction normal to the depth direction.
This periodicity in the lateral direction is referred to as a grating period (A).

[0115] According to various embodiments described herein, a diffraction grating
comprises a cholesteric liguid crystal (CLC) layer comprising a plurality of chiral structures,
wherein each chiral structure comprises a plurality of liquid crystal molecules that extend in a
fayer depth direction by at least a helical pitch and are successively rotated in a first rotation
direction. The helical piich is a length in the layer depth direction corresponding to a net
rotation angle of the liquid crystal molecules of the chiral structures by one full rotation in
the first rotation direction. The arrangements of the liquid crystal molecules of the chiral
structures vary periodically in a lateral direction perpendicular to the layer depth direction

[0116] Figure 10 illustrates a cross-sectional side view of a cholesteric liquid

crystal (CLC) layer 1004 comprising a plurality of uniform chiral structures, according to
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embodiments. The CLC 1004 comprises a CLC layer 1008 comprising liquid crystal
molecules arranged as a plurality of chiral structures 1012-1, 1012-2,...1012+1, wherein each
chiral structure comprises a plurality of liquid crystal molecules, where is any suitable integer
greater than 2. For example, the chiral structure 1012-1 comprises a plurality of liquid
crystal molecules 1012-1-1, 1012-1-2,...1012-14 that are arranged to extend in a layer
normal direction, ¢.g., the z-direction in the illustrated embodiment, where i 15 any suitable
integer greater than 2. The hquid crystal molecules of each chiral structure are successively
rotated in a first rotation direction. In the illustrated embodiment, the liquid crystal
molecules are successively rotated 1in a clockwise direction when viewing in a positive
direction of the z-axis (i.e., the direction of the axis arrow), or the direction of propagation of
the incident light beams 1016-L, 1016-R. For example, in the illustrated embodiment, the
fiquid crystal molecules 1012-1-1, 1012-1-2,...1012-1+ of the chiral structure 1012-1 are
successively rotated by rotation angles ¢, ¢2,... 4, relative to, e g., the positive x-direction.
In the iHustrated embodiment, for illustrative purposes, the plurality of liquid crystal
molecules of each of the chiral structures 1012-1, 1012-2,... 1012 between opposing ends in
the z-direction are rotated by one tull rotation or turn, such that the net rotation angle of the
Hguid crystal molecules is about 360°  As a result, the chiral structures 1012-1, 1012-
2,...1012-1 have a length L in the z-direction that is the same as the helical pitch p. However,
embodiments are not so limited, and the chiral structures 1012-1, 1012-2,. .. 1012+ can have
any number of full rotations greater than or less than 1, any suitable net rotation angle that is
lower or higher than 360°, and/or any suitable length L in the z-direction that is shorter or
jonger than the helical pitch p. For example, in various embodiments described herein, the
number of full turns of the chiral structures can be between 1 and 3, between 2 and 4,
between 3 and 5, between 4 and 6, between 5 and 7, between 6 and &, between 7 and 9, or
between 8 and 10, among other numbers.

[6117] Sull referring to Figure 10, the successive rotation angles between
adjacent liquid crystal molecules in the z-direction, ¢1, §2,...¢;, can be the same according to
some embodiments, or be different according to some other embodiments. By way of
iltustration, 1n the illustrated embodiment, the length of the chiral structures 1012-1, 1012-
2,...1012-1 is about p and the net rotation angle is 360° such that adjacent hiquid crystal

molecules in the z-direction are rotated by about 360°/(m-1), where m is the number of liguid
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crystal molecules in a chiral structure. For example, for illustrative purposes, each of the
chiral structure 1012-1, 1012-2,. 1012+ has 13 liquad crystal molecules, such that adjacent
fiquid crystal molecules in the z-direction are rotated with respect to each other by about 30°,
Of course, chiral structures in various embodiments can have any suitable number of liquid
crystal molecules.

[0118] Thus, still referring to Figure 10, the chiral structures that are adjacent in a
fateral direction, e.g, x-direction, have similarly arranged liquid crystal molecules. In the

dlustrated embodiment, the chiral structures 1012-1, 1012-2,...1012-1 are similarly

configured such that liquid crystal molecules of the different chiral structures that are at
about the same depth, e g, the liquid crystal molecules closest to the light-incident surface
1004S, have the same rotation angle, as well as successive rotation angles of successive
liquid crystal molecules at about the same depth, as well as the net rotation angle of the liquid
crystal molecules of each chiral structure.

[0119] In the following, the CLC layer 1004 illustrated in Figure 10 is further
described in operation, according to embodiments. As described, the CLC layer 1004
comprises the chiral structures 1012-1, 1012-2, . 1012-1 having a uniform arrangement in a
fateral direction, e.g., x-direction. In operation, when incident light having a combination of
light beams having left-handed circular polarization and light beams having right-handed
circular polarization are incident on the surface 10048 of the CLC layer 1008, by Bragg-
reflection or diffraction, light with one of the circular polarization handedness is reflected by
the CLC layer 1004, while light with the opposite polarization handedness is transmitted
through the CLC layer 1008 without substantial interference. As described herein and
throughout the disclosure, the handedness is defined as viewed in the direction of
propagation.  According to embodiments, when the direction of polarization, or handedness
of the polarization, of the hight beams 1016-1, 1016-R 1s matched such that it and has the
same direction of rotation as the liquid crystal molecules of the chiral structures 1012-1,
1012-2,...1012-1, the incident light 1s reflected.  As illustrated, incident on the surface 10048
are light beams 1016-L having left-handed circular polarization and light beams 1016-R
having a right-handed circular polarization. In the illustrated embodiment, the liquid crystal
molecules of the chiral structures 1012-1, 1012-2,...1012-i are rotated in a clockwise

direction successively in the direction in which incident light beams 1016-L, 1016-R travel,
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i.e., positive x-direction, which is the same rotation direction as the light teams 1016-R
having right-handed circular polarization. As a result, the hight beams 1016-R having right-
handed circular polarization are substantially reflected, whereas the light beams 1016-L
having left-handed circular polarization are substantially transmitted through the CLC layer
1004,

[0126] Without being bound to any theory, under a Bragg-reflection or diffraction
condition, the wavelength of the incident light (A) may be proportional to the mean or
average refractive index {(n) of a CLC layer and to the helical pitch (p), and can be expressed
as satisfying the following condition under some circumstances:

Aznp [1]

0121} ln addition, the bandwidth (AL) of Bragg-reflecting or diffracting
wavelengths may be proportional to the birefringence An (e.g., the difference in refractive
index between different polarizations of light) of CLC layer 1004 and to the helical pitch (p),
and can be expressed as satisfving the following condition under some circumstances:

A= Anp 21

0122} In various embodiments described herein, the bandwidth AX is about 60
nm, about 8¢ nm or about 100 nm.

16123 According to various embodiments, a peak reflected intensity within a
visible wavelength range between, e.g., about 390 nm and about 700 am, or within a near
infrared wavelength range between, e.g., about 700 nm and about 2500 nm, can exceed about
60%, about 70%, about 80% or about 90%. In addition, according to various embodiments,
the full width at half maximum (FWHM) can be less than about 100 nm, less than about 70
nm, less than about 50 nm or less than about 20 nm.

[0124] Figure 11 illustrates a cross-sectional side view of a CLC grating (CLCG)
1150 having differently arranged chiral structures in a lateral divection, e.g., varying twist
angles in a lateral direction, according to embodiments. Similar to the CLC layer 1004 of
Figure 10, the diffraction grating 1150 comprises a cholesteric liquid crystal (CLC) layer
1158 comprising hiquid crystal molecules arranged as a plurality of chiral structures 1162-1,
1162-2,...1162-1, wherein each chiral structure comprises a plurality of liquid crystal
molecules. For example, the chiral structure 1162-1 comprises a plurality of hiquid crystal

molecules 1162-1-1, 1162-1-2, . 1162-1- that are arranged to extend in a layer normal
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direction, represented as z-direction in the illustrated embodiment The liquid crystal
molecules of each chiral structure are successively rotated in a first rotation direction in a
simtlar manner as described with respect to Figure 10, In addition, various other parameters
of the chiral structures including the length L, the number of full rotations made by the liquid
crystal molecules and the number of liquid crystal molecules per chiral structure are similar
to the chiral structures described above with respect to Figure 10.

[0125] In contrast to the illustrated embodiment of Figure 10, however, in the
dlustrated embodiment of Figure 11, the chiral structures that are adjacent in a lateral
direction, e.g., x-~direction, have differently arranged liquid crystal molecules. The chiral
structures 1162-1, 1162-2,.. 11621 are differently configured in the x-direction such that the
figuid crystal molecules of the different chiral structures at about the same depth have
different rotation angles. For example, in the illustrated embodiment, the liquid ecrystal
molecules 1162-1-1, 1162-2-1,...1162-i-1, that are closest to the incident surface 1158, of
the chiral structures 1162-1, 1162-2,.. 1162+, respectively, are successively rotated by
rotation angles &1, 02, ¢t in the positive x-axis direction relative to, e.g, positive x-
direction. In the illustrated embodiment, the net rotation angle of the hiquid crystal molecules
1162-1-1, 1162-2-1,...1162-1-1, that are closest to the incident surface 11588 across a lateral
fength A, which corresponds to a period of the diffraction grating 1150, is a rotation angle of
about 180° In addition, liquid crystal molecules of different chiral structures that are
disposed at about the same depth level are rotated by about the same rotation angle relative to
respective surface-most liquid crystal molecules..

[0126] Stll referring to Figure 11, the successive rotation angles @1, ¢2,...¢1 of
fiquid crystal molecules that are at the same depth level across the period A in the x-direction
can be the same according to some embodiments, or be different according to some other
embodiments. In the illustrated embodiment, for the period A, when the net rotation angle is
360° as in the illustrated embodiment, adjacent liquid crystal molecules in the x-direction are
rotated by about 360%(m-1), where m 1s the number of liquid crystal molecules spanned by a
period A in the x-direction. For example, for illustrative purposes, there are 7 liquid crystal
molecules that span across the period A, such that adjacent liquid crystal molecules at the

same vertical level in the x-direction are rotated with respect to each other by about 30°. Of
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course, chiral structures in varicus embodiments can have any suitable number of liqgud
crystal molecules.

[0127] it will be appreciated that, for tllustrating purposes, the CLC layer 1158 is
dlustrated to have only one period A. Of course, embodiments are not so limited, and the
CLC layer 1158 can have any suitable number of periods that is determined by the lateral
dimension of the CLCG in the x-direction.

[0128] As illustrated by the CLCG 1150, when the chiral structures in a lateral
direction, eg., x-direction, are differently arranged, eg., successively rotated, the
successively rotated chiral structures induce shifts in the relative phases of the reflected light
along the x-direction. This is illustrated with respect to graph 1170, which plots the phase
change ¢ resulting from the chiral structures that are successively rotated by rotation angles
@1, ¢n,... 01 in the x-axis direction in one period A, Without being bound to any theory, the
relative phase difference (Ad) of reflected light 1018 can be expressed as Ad(x) = (2ux/A),
where x is the position along the lateral direction and A is the period. The bandwidth can be
expressed as AL = Anep.

[0129] Referring back to Figures 10-11 and Eqs. {1] and [2], according to various
embodiments, the Bragg-refiected wavelength can be varied by varying the helical pitch p of
the chiral structures. In various embodiments, without being bound to any theory, the helical
pitch p can be varied by increasing or decreasing helical twisting power (HTP), which refers
to the ability of a chiral compound to induce the rotation or twist angles as described above.
The HTP can in turn be varied by changing the amount of chiral compound relative to the
amount of non-chiral compound. In various embodiments, by mixing a chiral compound
chemically and/or mechanically with a non-chiral compound, e.g., a nematic compound, the
Bragg-reflection wavelength and thus the color can be varied based on an inverse
relationship between the relative fraction of the chiral compound and the helical pitch. In
various embodiments disclosed herein, the ratio of the amount of chiral compound to the
amount of nonchiral compound can be about 20:1, 10:1, 5:1, 4:1, 3:1, 2.1, 111, 122, 1:3) 1.4,
1.5, 1:10 or about 1:20 by weight.

0130} In the description supra with respect to Figures 10 and 11, the incident
fight beams 1016-L, 1016-R are illustrated as being propagating in a direction parallel to the

fayer normal, e.g., in the z-direction. For various applications, however, e.g., as described
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above with respect to Figures 6 and 7, light propagating within the waveguide 1182, eg.,
propagating by total internal reflection {(TIR), impinges on the outcoupling optical elements
1282, 1284, 1286, 1288, 1290, e g, diffraction gratings, at an off-axis angle. The diffraction
gratings described herein can be configured to maximize bandwidth and diffraction
effictency for such configurations, as described below.

0131} In the description supra with respect to Figures 10 and 11, the ligmd
crystal mwolecules are illustrated to not be pre-tilted. Embodiment are wnot so hmited,
however, and the liquid crystal molecules can have a pre-tilt angle @, relative to a direction
parallel to a major surface of the CLCG, e.g., relative to the x~y plane that 15 between about
+/-60 degrees and about +/-90 degrees or between about +/-65 degrees and about +/-85
degrees, for instance about +/-75 degree; between about +/-35 degrees and about +/-65
degrees or between about +/-40 degrees and about +/-60 degrees, for instance about +/-50
degrees; between about +/-10 degrees and about +/-40 degrees or between about +/-15
degrees and about +/-35 degrees, for instance about +/-25 degrees, according to some
embodiments. According to some other embodiments, the pre-tilt angle © can be between

about +15 degrees or between about +10 degrees or between about +5, e.g., 0 degrees.

C1LCGs Configured for Hich Bandwidth Reflection at Off-Axis Incident Angle

[0132] Figure 12 tllustrates a cross-sectional side view of a CLC layer 1158
configured for high bandwidth of reflection at an off-axis incident angle, according to
embodiments.  As described herein, an off-axis incident angle refers an angle of incidence
Ome of an incident beam 1216 with respect to the direction of layer normal {e.g., z-direction in
Figure 12) that has a non-zero value, resulting in a Bragg-reflected beam 1220 at a reflection
angle 8. Under some circumstances, the reflection angle can be varied to a limited extent by
varying a A/A. Without being limited by any theory, under some circumstances, off-axis
reflection can be described based on the following relationship:

nsin(9) = MA + sin{Binc), (3]
where Binc 13 the incident angle relative to the direction of layer normal, 6 is the reflection
angle relative to the direction of layer normal and n i3 a reflective index of a medium in
which the reflected beam propagates. When the CLC laver 1158 is illuminated with the

incident beam 1216 at an off-axas angle, the reflection spectrum may be shifted toward
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shorter wavelengths. According to various embodiments disclosed herein, the ratio AA can
have a value between 0.5 and 0.8, between 0.6 and 0.9, between 0.7 and 1.0, between 0.8 and
1.1, between 0.9 and 1.2, between 1 O and 1.6, between 1.1 and 1.5, or between 1.2 and 1.4

[0133] Without being bound to any theory, the off-axis angle at which the CLC
fayer 1158 is contfigured to Bragg-reflect with high efficiency can also depend on the helical
pitch p of the chiral structures.

[6134] Figures 13A and 13B illustrate cross-sectional side views of CLC layers
configured for reflection at off-axis incident angles, according to embodiments. Referring to
Figure 13 A, a first cholesteric liquid crystal (CLC) layer 1358A comprises a first plurality of
chiral structures having a first helical pitch (pi1). The first CLC layer 1358A has a first helical
pitch pl such that Bragg-reflection 1s at a maximum when a first incident light beam 1316A
is directed to an incident surface of the CLC layer 1358Aat a first off-axis angle G, which
results in a first reflected light beam 1320A at a first reflection angle 61, As illustrated, the
CLC layer 1358A is further configured to have a first range 1324A of off-axis incident
angles in which relatively high diffraction efficiency can be obtained. The first range 1324A
can correspond to a range of off-axis incident angles outside of which the intensity of the first
reflected light beam 1320A falls off by more than, eg., 1/e. For example, the first range
1324 A can have values of, Qe 7% 3%, Ome, 1% 5°, Bines® 7°, Bimer £ 10° 01 Bjne 7 £ 20°

[0135] Referring to Figure 13B, a second cholesteric liquid crystal (CLC) layer
13588 different from the first CLC layer 1358A comprising a second plurality of chiral
structures having a second helical pitch (p2) different from the first helical pitch p1 of the first
CLC layer 1358A of Figure 13A.

[0136] As tlustrated, the second CLC laver 13588 13 configured such that when a
second incident light beam 1316B is directed to an incident surface of the CLC layer 13588
at a second off-axis angle iz different from the first off-axis angle Oines, a second reflected
light beam 1320B having a second reflection angle 02 different from the first reflection angle
01 is generated  As illustrated, the CLC layer 1358B 1s further configured to have a second
range 13248 of off-axis angles, similar to the first range 1324 A described above with respect
to Figurel3A.

{8137] Figure 13C illustrates a cross-sectional side view of a CLCG 1358

including a plurality of CLC layers having different helical pitches in a stacked configuration
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for Bragg-reflection at a plurality of off-axis incident angles and high diffraction bandwidth,
according to embodiments. The CLCG 1358 includes CLC layers 1358A, 1358B described
above with respect to Figures 13A and 13B, respectively, that are formed over one another,
e.g., in a stacked configuration and/or in contact with each other, according to embodiments.
Yarious parameters of the plurality of CLC layers 1358A, 13588 including the different
helical pitches can be improved or optimized such that the CLCG 1358 is configured for
etficient reflection at a plurality of off-axis incident angles and for high diffraction efficiency
over a wider range of off-axis angles than can be obtained using only one CLC.  For
example, in the illustrated embodiments, pr and p2 can be selected such that the resulting first
and second ranges 1324A and 1324B at least partially overlap to provide high diffraction
efficiency over a contiguous range of wavelength that includes the first and second ranges
1324A and 1324B. However, in other embodiments, p1 and p2 can be selected such that the
first and second ranges 1324A and 13248 do not overlap.

[0138] In operation, the first and second CLC layers 1358A, 1358B are formed
over one another such that when first and second incident light beams 1316A, 13168 at first
and second off-axis angles 8incs, Bimcz, are directed to an incident surface of the first CLC
fayer 1358A, the first incident light beam 1316A is substantially reflected by the first CLC
layer 1358A at a first reflection angle 61, while the second incident light beam 1358B
substantially transmits through the first CLC layer 1358A towards an incident surface of the
second CLC layer 1358B, and substantially reflected by the second CLC layer 13588 at the
second reflection angle 62, It will be appreciated that, while not shown for clarity, the
concepts described above can be extended to any suitable number of CLC layers.

[0139] As described herein and throughout the specification, a light beam that
“substantially transmits” through a layer may refer to the light having at least 20%, 30%,
S50%, 70% or 90%, of an incident hight iutensity remaining as the light exits the layer,
Similarly, a light beam that is “substantially reflected” by a layer may refer to the light
having at least 20, 30 , 50%, 70% or 90%, of an incident light intensity remaining in the
reflected light.

[0146] still referring to Figure 13C, in various embodiments, the liquid crystal
molecules of the first and second CLC layers 1358A, 1358B can include the same chiral

compound at different amounts, such that CLC lavers 1358A, 13588 have different helical
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twisting power (HTP)}, as described supra. For example, the second CLC layer 13588 may
have a higher relative amount of the same chiral compound compared to the first CLC layer
I358A. In some embodiments, the pitch p may be inversely proportional to the fraction of
the chiral compound relative to the total liquid crystal compound which includes chiral and
nonchiral compounds. However, embodiments are not so limited, and the first and second
CLC layers 1358A, 1358B can have different chiral compounds.

10141} In addition, in various embodiments, the liqgud crystal molecules of the
first and second CLC layers 1358A, 1358B can include the same or different chiral
compounds, such that the CLC layers 1358A, 1358B have different ratios AA1 and MAg,
respectively, such that the CLC layers 1358A, 13588 can be configured for high diffraction
efficiencies at different incident angles 8incs, Binc2, €.2., according to Eq. {3].

B142] Still referring to Figure 13C, first and second CLC layers 1358A, 1358B
can be fabricated directly on the top of each other, according to some embodiments. For
exampie, the first CLC layer 1358A can be deposited on an alignment layer that provides
alignment conditions for the first CLC layer 1358A and subsequently, the second CLC layer
1358B can be deposited on the first CLC layer 1358B. Under these fabrication conditions,
the surface of the first CLC layer 1358A can provide alignment conditions for the second
CLC layer 1358B. In some other embodiments, each of the CLC layers 1358A, 1358B can
be fabricated with separate alignment lavers. For example, the first CLC layer 1358A can be
formed on a first alignment layer and, a second alignment layer can be formed on the first
CLC layer 1358A, and the second CLC laver 1358B on the second alignment layer. An
isolation layer, e.g, a thin oxide layer, may be formed on the first CLC layer 13584,
according to some embodiments, prior to forming the second alignment layer and/or the
second CLC laver 1358B. In yet other embodiments, the two CLC layers 1358A, 1358B can
be fabricated individually on different substrates and subsequently stacked.  In various
embodiments, an intermediate layer can be formed between the two CLC layers 1358A,
1338B, e.g, to enhance adhesion.

[0143] The concepts described above with respect to CLCGs having a plurality of
CLC layers optimized for optimum diffraction efficiency at different off-axis angles can be

extended to other alternative embodiments. In particular, in some embodiments, instead of
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forming a plurality of layers, a single CLC layer can be configured to have different regions
that are optimized for optimum diffraction efficiency at different off-axis angles.

[0144] Figure 14 illustrates a cross-sectional side view of a CLCG 1400 including
a single CLC layer 1404 having vertical regions with different helical pitches along a depth
direction for Bragg-reflection at a plurality of off-axis incident angles at different vertical
regions with high diffraction bandwidth, according to embodiments. The CLC layer 1404
has a plurality of vertical regions having difterent parameters, e.g., different helical pitches,
that are optimized such that high diffraction efficiency can be obtained over a wider range of
off-axis angles than can be obtained using only one CLC layer having a uniform pitch in the
depth direction. In the illustrated embodiment, the single CLC laver 1404 includes a
plurality of vertical regions 1404A, 14048, 1404C and 1404D, which can have different
helical pitches p1, p2, ps and ps, respectively. Similar to as described above with respect to
Figures 13C, the helical pitches pi, p2, p3 and ps can be selected such that the plurality of
vertical regions 1404A, 14048, 1404C and 1404D are configured for optimum diffraction
efficiency at incident angles Binea, Binca, Bince and Gmen, respectively, which results in reflected
light beams at different vertical depths at corresponding reflection angles 84, 8s, 8¢, and 6,
respectively. Furthermore, as described above with respect to Figure 13C, the CLC layer
1404 is further configured to have respective ranges of off-axis angles in which relatively
high diffraction efficiency can be obtained. Of course, while four vertical regions are
tlustrated for clarity, any suitable number of regions can be included in the CLC layer 1404
In addition, different variations described above with respect to the CLCG 1358 of Figure
13C having a plurality of CLC layers can be applicable to the CLCG 1400

[0145] In the illustrated embodiment of Figure 14, the values of the helical
pitches pl, p2, p3 and p4 decrease with increasing depth from an incident surface 140485,
such that a decreasing gradient 1o helical pitch is created in the depth direction (negative z-
direction). When the rate of decrease of the helical pitch as a function of layer depth in the z-
direction 1s uniform across the thickness of the CLC layer 1404, a graph 1408 representing a
finear relationship between the depth and the helical piich can be obtained. However,
embodiments are not so linuted. For example, the helical pitches pi, p2, p3 and ps can
increase or decrease at any depth and can change at different rates as a function of layer

depth, according to some other embodiments.
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[0146] The CLC layer 1404 having a gradient in helical pitch can be fabricated,
by varying, e.g, increasing ot decreasing, the helical twisting power (HTP) of the liqguid
crystal molecules at different depths of the CLC layer. The HTP can in turn be spatially
varied by changing the relative amount of chiral compound. In various embodiments, by
mixing a chiral compound chemically and/or mechanically with a non-chiral compound, e g,
a nematic compound, at different vertical depths, the helical pitches of the vertical regions
1404A, 14048, 1404C and 1404D can be configured for optimum ditfraction efficiency at
different incident angles Oincd, Gincr, Omcc and BGumen, respectively, based on an inverse
relationship between the relative fraction of the chiral corpound and the helical pitch. For
example, a mixture of difterent chemical components (e.g., chiral di-acrylate monomers and
nematic/non-chiral mono-acrylate monomers) that undergo polymerization process at
different reaction rates under UV irradiation can be used. Additionally or alternatively, the
HTP can be spatially varied by changing irradiation conditions, including exposure intensity
and/or exposure time, of UV irradiation at different depths of the CLC layer. The HTP can
also be spatially varied by varying the pre-/post-processing of UV polymerization process
including thermal treatments before, after and/or during UV irradiation. For example, when
a UV absorbing dye is added to a mixture, an intensity gradient of the UV light at different
depth of the CLC layer can be created. For example, due to the UV intensity gradient, the
polymerization near the surface may proceed at a faster rate compared to the bottom region
of the CLC layer. For example, when the cholesteric component is a di-acrylate, the
probability of being incorporated into the resulting polymer can be much higher, e.g., twice
as high, as the probability of nematic monoc-acrylate being incorporated in the polymer.
Under some circumstances, if the overall polymerization rate is controlled such that a
depletion of the chiral diacrylate near surface region of the CLC layer generates a di-acrylate
concentration gradient in the depth direction of the CLC layer. This in turn starts diffusion of
the di-acrylate towards the surface region of the CLC layer. The result after complete photo-
polymerization can be that the surface region of the CLC layer contains more chiral material
and thus has a shorter helical pitch compared to the bottom region of the C1.C layer, which
contains a relatively higher amount of non-chiral compound.  Under some other
circumstances, thermal treatment before/after or during UV irradiation can be added in the

polymerization process to control the helical pitch gradient.  Thus, by controlling the ratio
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between two different liquid crystal monomers and/or the dose of UV irradiation at different
depths with or without thermal treatment, a helical pitch gradient can be achieved along the
depth direction of the CLC laver.

[0147] For some applications, it may be desirable to have certain optical
characteristics of a diffraction grating, such as off-angle diffraction efficiency, refractive
index, wavelength selectivity, polarization selectivity and phase selectivity, among other
parameters, to vary along a lateral direction orthogonal to the layer normal direction. The
lateral variation be desired, for example, when the grating is stacked with a waveguide, e.g.,
as illustrated above with respect to Figures 6 and 7, such that the light propagates in the
fateral direction. Under such configuration, however, the intensity of light may attenuate as
it propagates within the waveguide (e.g., 1182 in Figure 7). Such configurations may also be
desirable, for example, to intentionally skew the light intensity across the grating {(e.g., 1282
in Figure 7) to adapt to spatial and/or angular variation of sensing efficiencies associated with
the human eve to maximize the user experience. Thus, there is a need for optical elements,
e.g., diffraction gratings, having spatially varying optical characteristics.

[3148] Figure 15 illustrates a cross-sectional side view of a CLCG including a
CLC layer having lateral regions with different helical pitches along a lateral direction for
spatially varying Bragg-reflection, according to embodiments. The CLC layer 1424 has a
plurality of lateral regions having different liquid crystal material parameters, e.g., helical
pitches, such that laterally varying properties, e.g., laterally varying off-axis incident angles
for Bragg reflection, can be obtained. In the tllustrated embodiment, the CLC laver 1424
includes a plurality of lateral regions 1424A, 1424B and 1424C each having a period A and
having respective helical pitches pi, p2 and ps. The helical pitches pi, p2 and p3 can be
selected such that the plurality of vertical regions 1424A, 14248 and 1404C are configured
for optimum diffraction efficiency at different off-axis incident angles Qincd, Bimcs and Bincc
respectively, which results in reflected light beams at corresponding reflection angles 64, s,
and B¢, respectively. Furthermore, as described above with respect to Figure 13C, different
fateral regions of the CLC layer 1424 are further configured to have similar respective ranges
of off-axis angles in which relatively high diffraction efficiency can be obtained. Of course,
while three vertical regions are tllustrated for clarity, any suitable number of regions can be

included in the CLC layer 1424,
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[0149] In the illustrated embodiment of Figure 15, the magnitudes of helical
pitches pi, p2 and p3 can change monotonically in a lateral direction, such that a gradient in
helical pitch is created. When the rate of change of the helical pitch in the x-direction is
uniform across a width or a length of the CLC layer 1424, a linear relationship between the
jength or width and the helical pitch can be obtained, as illustrated in graph 1428
representing a. However, embodiments are not so limited. For example, the helical pitches
p1, p2 and ps can increase or decrease at any lateral position and can change at different rates
in the x-direction along the length or width, according to various other embodiments.

[0130] According to various embodiments, CLC layers can be fabricated to have
faterally wvarying diffraction characteristics by, eg., spatially varying alignment
characteristics or other material properties of the liquid crystal molecules. For example, in a
simtlar manner as described supra with respect to Figure 14, e.g., by controlling the ratio
between two different liquid crystal monomers and/or the dose of UV irradiation in different

jateral regions, a lateral helical pitch gradient can be achieved along a lateral dimension.

Waveguides Coupled With CLCG for Wavelength-Selective Light Coupling

{0151} As described supra, for various applications including incoupling and
outcoupling of light, a wave guide device can be configured to propagate light by total
internal reflection (TIR). Figure 106 illustrates an example of an optical wave-guiding device
1600 comprising a waveguide 1604 coupled to a CLCG 1150, The CLCG 1150 comprises
fiquid crystal molecules arranged as a plurality of chiral structures in a similar manner to
chiral structures 1162-1, 1162-2,.. 11621 described supra with respect to Figure 11, The
wavegutde 1604 is disposed over the CLCG 1150 and optically coupled to the CLCG 1150,
When elliptically/circularly polarized incident light 1016-R/L has a polarization handedness
which maiches the direction of rotation of the liquid crystal molecules of the chiral structures,
the incident light 1016-R/L is Bragg-reflected by the CLCG 1150 and coupled into the
waveguide 1604 at an angle such that the coupled light travels in a lateral divection (e.g., x-
direction), by total internal reflection (TIR). Without being bound to any theory, the TIR
condition can be satisfied when the diffraction angle 8 1s greater than the critical angle, 8¢, of
the waveguide. Under some circumstances, the TIR condition can be expressed as:

sin{Bc) = Vny [4]
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where #: 1s the refractive index of the waveguide 1604, According to various embodiments,
nemay be between about 1 and about 2 between about 1.4 and about 1.8 or between about 1.5
and about 1.7, For example, the waveguide may comprise a polymer such as polycarbonate
or a glass.

{0152] Figure 17A illustrates a first optical wave-guiding device 1700A
comprising a first waveguide 1704A coupled to a first CLCG 1750A and configured to
propagate light having a third wavelength A5 by total internal reflection (TIR) when 6>0c.
The first CLCG 1750A has a first period A1 and a first helical pitch p1. According to some
embodiments, the first wave-guiding device 1700A may be configured for propagating light
by TIR in the visible spectrum (e.g., with wavelengths between about 400 nm and 700 nm).
According to some other embodiments, the first wave-guiding device 1700A may be
configured for propagating light by TIR in the infrared spectrum {(e.g., in the near-infrared
portion of the spectrum with wavelengths between about 700 nm and 1400 nm).  As
described above with respect to Figures 10 and 11, Bragg-reflection occurs at a wavelength
expressed by Eq. [1] supra and within a bandwidth of wavelength Al expressed by Eq. [2]
supra. For example, the first CLCG 1750A may be designed for coupling by TIR third
incident light 1736 having a third wavelength A3 in one of blue color {e.g., about 450 nm),
green color {e.g., about 550 nm), red color {(e.g, about 650 nm) or in the infrared. As
illustrated, when AR is about 60 nm, about 80 nm or about 100 nm, as described supra, first
and second light 1716 and 1726 having first and second wavelengths A1, A2 are substantially
transmitted because Eq. [1] is not satisfied for these colors, which are not coupled into the
first waveguide 1704 because Eq. [4] 18 not satisfied.

[0153] Figure 17B illustrates a second optical wave-guiding device 1700B
combined with the first optical wave-guiding device 1700A illustrated above with respect to
Figure 17A.  The optical wave-guiding device 1700B is disposed in the optical path
subsequent to the optical wave-guiding device 1700A, and comprises a second waveguide
17048 coupled to a second CLCG 1750B and configured to propagate second light 1726
having a second wavelength A, by total internal reflection (TIR) when 6>8c;. The second
CLCG 1750B has a second period Az and a second helical pitch p2. As described above with
respect to Figure 17A, first and second light 1716 and 1726 having first and second

wavelengths of A1, A2 are substantially transmitted through the first optical wave-guiding
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device 1700A. Of the transmitted first and second light 1716 and 1726, the second CLCG
1750B may be designed for coupling by TIR the second incident light 1726 having the
second wavelength A2 in transmitted one of biue color (e.g., about 450 nm), green color (e.g.,
about 550 nm), red color {e.g., about 650 nm) or intrared, when 9>8.. Thus, as iHustrated,
when AA is about 60 nm, about 80 nm or about 100 nm, as described supra, first light 1716
having the first wavelength A1 is substantially transmitted further through the second wave-
guiding device 1700B.

10154] Figure 17C illustrates a third optical wave-guiding device 1700C
combined the first and second optical wave-guiding devices 1700A and 1700B illustrated
above with respect to Figure 17B. The third optical wave-guiding device 1700C is disposed
in the optical path subsequent to the first and second optical wave-guiding devices 1700A
and 17008, and comprises a third waveguide 1704C coupled to a third CLCG 1750C and
configured to propagate first light 1716 having a first wavelength A2 by total internal
reflection (TIR) when 6>8c:. The third CLCG 1750C has a third period As and a third helical
pitch ps.  As described above with respect to Figure 17B, first light 1716 having first
wavelength A1 is substantially is transmitted through the first and second wave-guiding
devices 1700A and 1700B. The third CLCG 1750C may be designed for coupling by TIR
the first incident light 1716 having the first wavelength A1 in transmitted one of blue color
{e.g., about 450 nm}, green color (e.g., about 550 nm), red color {e.g., about 650 nm} or
infrared when 8>8:1. Thus, as illustrated, when AR 18 about 60 nm, about 80 nm or about 100
nm, as described supra, first light 1716 having the first wavelength A1 is substantially
coupled into the third waveguide 1704C because Eq. [4] 15 satisfied.

[0155] Thus, as described above with respect to Figures 17A-17C, by placing one
or more of the first, second and third optical wave-guiding devices 17004, 1700B and 1700C
in the same optical path, one or more of first, second and third light 1716, 1726 and 1736
having different wavelengths A1, A2 and A3 can be coupled to propagate by TIR in one of first,
second and third waveguides 1704A, 17048 and 1704C, respectively. While in each of
Figures 17A-17C, each of the first to third optical wave-guiding devices 1704A, 17048 and
1704C has a dedicated first to third waveguides 1704A, 1704B and 1704C, respectively, and

a dedicated first to third CLCGs 1750A, 1750B and 1750C, embodiments are not so limited.
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For example, a single waveguide can couple by TIR Bragg-reflected light from a stack of a
plurality of CLCGs, as Hustrated infra with respect to Figure 18 In addition, any suitable
number of optical wave-guiding devices greater than three {or less than three) can also be
combined for further selective coupling by Bragg-reflection.

[0156] Figure 18 illustrates an optical wave-guiding device 1800 comprising a
common waveguide 1704 coupled to a plurality of CLCGs 1750, The plurality of CLCGs
1750 is configured as a stack comprising the first to third CLCGs 1750A-1750C and
configured to propagate third, second and first light 1736, 1726 and 1716 having third,
second and first wavelengths As, A2 and Ay, respectively, by total internal reflection (TIR),
The TIR occurs when one or more of third, second and first lights 1736, 1726 and 1716,
respectively, satisfies the condition 8>8c3 6>8:2 and 8>8q1, respectively, in a similar manner
as described above with respect to Figures 17A-17C. Also in a similar manner, first, second
and third CLCGs 1750A, 1750B and 1750C are configured to selectively Bragg-reflect third,
second and first light 1736, 1726 and 1716, respectively, when 8>8¢; 0>8. and 8>8.. Of
course, any suitable number CLCGs less than or greater than three {or less than three) can be
stacked for further selective coupling by Bragg-reflection.  Thus, compared to the
embodiments described above with respect to Figures 17B and 17C, a more compact wave-
guiding device 1800 can be obtained by emploving a common waveguide 1704, Also,
instead of three distinct CLCG layers (as shown in Figure 18), the stack of CLCG lavers
could be arranged as a single (or multiple} layers having a helical pitch gradient comprising
the range from p1 to ps.

10157} As described above with respect to Figures 17A-18, first to third CLCGs
1750, 17508, 1750C have first to third periods A1, A2 and As, respectively and first to third
helical piiches p1, p2 and ps, respectively. In various embodiments, each of the CLCGs can
be configured such that the wavelength/period ratio A/A is between about 0.3 and 2.3,
between about 0.8 and 1.8 or between about 1.1 and about 1.5, for instance about 1.3.
Alternatively, the period {A) can be configured to be between about 1 om and 250 o
smaller, between about 50 nm and 200 nm smaller or between about 80 nm and 170 nm
smaller, than the respective wavelength (A} that the CLCGs are configured for Bragg
reflection. For example, when A1, Az and A3 are within the visible range, e.g., about 620 nm

to about 780 nm, for instance about 650 nm (red), about 492 nm to about 577 nm, for
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instance 550 nm (green}, and about 435 nm to about 493 nm, for instance about 450 nm
{blue), respectively, the corresponding periods As, Az and Az can be about 450 nm to about

ng
I
i

550 nm, for instance about 500 nm, about 373 nm to about 473 nm, for instance about 423

nm, and about 296 nm to about 396 nm, for instance about 346 nm, respectively.

Alternatively, when A1, Az and As are in the infrared range, e.g., in the near infrared range
between about 750 nm to about 1400 nm, for instance about 850 nm, the corresponding
periods Ay, A2 and A3 can be about 975 nm to about 1820 nm, for instance about 1105 nm.
In addition, varicus embodiments, each of the CLCGs can be configured such that the
wavelength/helical pitch ratio A/p is between about 0.6 and 2.6, between about 1.1 and 2.1 or
between about 1.4 and about 1.8, for instance about 1.6. Alternatively, the helical pitch (p)
can be configured to be between about 50 nm and 350 nm smaller, between about 100 nm
and 300 nm smaller or between about 140 nm and 280 nm smaller, than the respective
wavelength (A) that the CLCGs are configured for Bragg reflection.  For example, when A,
Az and A3 are about 620 nm to about 780 nm, for instance about 650 nm {red), about 492 nm
to about 577 nm, for instance 550 nm {green), and about 435 nm to about 493 om, for
mstance about 450 nm (blue), respectively, the corresponding helical pitches pi, p2 and p3
can be about 350 nim to about 450 nm, for instance about 400 nm, about 290 nm to about 390
nm, for instance about 340nm and about 230 nm to about 330 nm, for instance about 280 nim,
respectively.  Alternatively, when Ay, A2 and Az are in the infrared range, e.g., in the near
infrared range between about 750 nm to about 1400 nm, for instance about 830 nm, the
corresponding periods A1, Az and Az can be about 1200 nm to about 2240 nm, for instance

about 1360 nm.

Wavecuides Coupled With CLCG and a Mirror for Wavelength-Selective Licht Coupline

101 38] Figure 19 illustrates an optical wave-guiding device 1900 comprising a
waveguide 1604 coupled to a CLCG 1150, similar to the optical wave-guiding device
described supra with respect to Figure 16, As described supra with respect to Figures 10 and
t1, in operation, when the handedness of polarization of the elliptical/circularly polarized
incident light has the same direction of rotation as the liquid crystal molecules of the chiral
structures of the CLCG 1150, the CLCG 1150 substantially reflects the incident light. As

tllustrated, incident on the surface 1050S are light beams 1016-L having a lefi-handed
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circular polarization and light beams 1016-R having a right-handed circular polarization. In
the lustrated embodiment, the liquid crystal molecules of the chiral structures are
successively rotated in a clockwise direction when viewing the direction in which incident
light beams 1016-L, 1016-R travel, 1.e, the negative z-direction, such that the rotation
direction of the liquid crystal molecules match the handedness of the light teams 1016-R
having a right-handed circular polarization. As a result, the light beams 1016-R having a
right-handed circular polarization are substantially reflected by the CLCG 1150, whereas the
light beams 1016-L having a left-handed circular polarization are substantially transmitted
through the CLCG 1150,

[0159] For some applications, it may desirable to flip the polarization handedness
of an elliptical or circular polarized light prior to coupling into a wave-guding device similar
to that described above with respect to Figure 19, Such may the case, eg., when the
polarization handedness of the incident elliptical or circular polarized light does not match
the rotation direction of the chiral structures in the CLCG such that the CLCG is not
configured to be Bragg-refiect the light for coupling into the waveguide, as discussed supra.
For some other applications, it may be desirable to recycle light that is transmitted through
the CLCG due to a lack of match between the polarization handedness of the incident
elliptical or circular polarized light and the rotation direction of the chiral structures in the
CLCG. To address these and other needs, in the following, various embodiments of wave-
guiding devices employing a polarization converting reflector to address these needs are
disclosed.

[0160] Figure 20 illustrates an optical wave-guiding device 2000 comprising a
wavegutde 1150 coupled to a CLCG 1604 and a polarization converting reflector 2004,
where the CLCG 1604 s configured to receive incident light and the waveguide 1150 is
configured to propagate light Bragg-reflected from the CLCG by total internal reflection
(TIR), according to embodiments. The polarization converting reflector 2004 is configured
such that, upon reflection therefrom, the polarization handedness of an incideunt elliptically or
circularly polarized light is flipped to an opposite polarization handedness (e.g., left-handed
to right-handed, or right-handed to left-handed}. The wave-guiding device 2000 1s similar to
the wave-guiding device 1900 described above with respect to Figure 19 except, instead of

being configured to first receive an incident hight beam through the waveguide 1150, the
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wave-guiding device 2000 is configured to first receive an incident light beam 2016-L having,
¢.g., a lefi-handed circular polarization, through the CLCG 1604, The incident light beam
2016-L has a polarization handeduness that does not match the rotation direction of the chiral
structures in the CLCG 1604 when viewed in the propagation direction (negative z-direction)
of the incident light beam 2016-L., such that it is not Bragg-reflected by the CLCG 1604, As
a result, the mcident light beam 2016-L 1s substantially transmitted through the CLCG 1604
and subsequeuntly reflected by the polarization converting reflector 2004, The reflected light
beam 2016-R having, e.g., a right-handed circular polarization, thereby becomes an incident
Hght beam on the surface 11508 of the waveguide 1150, Because of the flipped polarization
handedness, the reflected light beam 2016-R now incident on surface 11508 of the
waveguide 1150 has a polarization handedness that matches the rotation direction of the
chiral structures in the CLCG 1604 when viewed in the propagation direction of reflected
light beam 2016-R (positive z-direction), such that it is Bragg-reflected by the CLCG 1604.
The reflected light beam 2016-R that is reflected as further reflected beam 2018 reflected at
an angle 8>8. relative to the layer normal direction (z-axis) couples to and travels through the
waveguide 1150 in a lateral direction {(e.g., x-direction).

[0161] Figure 21A illustrates the optical wave-guiding device 2000 described
above with respect to Figure 20 under a condition in which the incident light beam 2116 is
finearly polarized or unpolarized, each of which can be treated as comprising both left-
handed and right-handed circular polarization components.  Under such conditions, the
incident light beam 2116 can be coupled into a waveguide by TIR in opposing lateral
directions. For example, similar to as described above with respect to Figure 20, the
component of the incident light beam 2116 that has a polarization handedness, e.g., left-
handedness, that does not match the rotation direction of the chiral structures in the CLCG
1604 is substantially transmitted through the CLCG 1604 and subsequently reflected by the
polarization converting reflector 2004, to be flipped 1n polarization handedness, e.g., flipped
to right-handedness, and coupled into and travels through the waveguide 1150 in a first
fateral direction (e.g., positive x~-direction). On the other hand, similar to as described above
with respect to Figure 19, the component of the incident light beam 2116 that has a
polarization handedness, e.g, right-handedness, that matches the rotation direction of the

chiral structures in the CLCG 1604, is substantially directly reflected by the CLCG 1604 and
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subsequently coupled into and travels through the waveguide 1150 in a second lateral
direction opposite the first lateral direction {e.g., negative x-~direction},

10162} Figure 21B illustrates the optical wave-guiding device 2000 described
above with respect to Figure 21 A under a condition in which the incident light 1s polarized
into two orthogonal elliptical or circular polarized light beams, e.g, light beams 1016-L
having left-handed circular polarization and light beams 1016-R having right-handed circular
polatization.  Under such conditions, the incident light beams 1016-L, 1016-R can be
coupled into a waveguide by TIR to propagate in opposing lateral directions, in a similar
manner as described with respect to Figure 21A, supra. For example, the light beams 1016-1L
that has a polarization handedness, e.g, left-handedness, that does not match the rotation
direction of the chiral structures in the CLCG 1604 is substantially transmitted through the
CLCG 1604 and subsequently reflected by the polarization converting reflector 2004, to be
flipped in polarization handedness, ¢.g., flipped to right-handedness, and coupled into and
travels through the waveguide 1150 in a first lateral direction {(e.g., positive x-direction}. On
the other hand, the incident light beam 1016-R that has a polarization handedness, e.g., right-
handedness, that matches the rotation direction of the chiral structures in the CLCG 1604, i3
substantially directly reflected by the CLCG 1604 and subsequently coupled into and travels
through the waveguide 1150 in a second lateral direction opposite the first lateral direction
{e.g., negative x-direction}.

[0163] Figure 22A illustrates an optical wave-guiding device 2200 comprising a
common waveguide 2204 coupled to a plurality of CLCGs that are, e.g., arranged as a stack,
including a first CLCG 2204 having chiral structures having a first rotation direction and a
second CLCG 2208 having chiral structures having a second rotation direction opposite to
the first rotation direction, according to embodiments. As described supra with respect to
various embodiments, in operation, when the direction of polarization direction of an incident
light beam is matched to the direction of rotation of the liquid crystal molecules of chiral
structures of a CLCG, the imncident light is reflected. The lustrated optical wave-guiding
device 2200 is under a condition in which the 1ncident light beam 2116 is linearly polarized
or unpolarized.  Under such conditions, the incident light beam 2116 can be coupled into a
waveguide by TIR in both of opposing lateral directions (positive and negative x directions).

In the illustrated embodiment, when viewing in the direction in which incident hight 2116
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travels, 1.e., the negative z-direction, the liquid crystal molecules of the chiral structures of
the first CLCG 2204 are successively rotated in a clockwise direction, while the higuid crystal
molecules of the chiral structures of the second CLCG 2204 are successively rotated in the
opposite counterclockwise direction.

[0164] Still referring to Figure 22A, the component of the elliptical or circular
incident light beam 2116 that has a first polarization handedness, e.g., right-handed polarized
component, that matches the rotation direction of the chiral structures of the first CLCG
2204, e.g., clockwise direction, is substantially reflected by the first CLCG 2204, thereby
resulting in a first reflected beam 2118A at an angle 8>0q relative to the layer normal
direction {z-axis), and couples to and travels through the common waveguide 2204 in a first
lateral direction {e.g., positive x-direction}.

10165] Sull referring to Figure 22A, on the other hand, the component of the
elliptical or circular incident light beam 2116 that has a second polarization handedness, e.g,,
left-handed polarized component, that does not match the rotation direction of the chiral
structures of the furst CLLCG 2204, is substantially transmitted through the first CLCG 2204,
After being transnutted through the first CLCG 2204, the elliptical or circular incident hight
beam 2116 that has the second polarization handedness 2116 that does match the rotation
direction of the chiral structures of the second CLCG 2208, e g, counter-clockwise direction,
is substantially reflected by the second CLCG 2208, thereby resulting in a second reflected
beam 2118B at an angle 89>8 relative to the layer normal direction {z-axis), and couples to
and travels through the common waveguide 2204 in a second lateral direction (e.g., negative
x-direction).

10166} Figure 22B illustrates the optical wave-guiding device 2000 described
above with respect to Figure 22A under a different condition in which the incident light is
polarized into two orthogonal elliptical or circular polarized light beams, e.g., light beams
1016-L having, e.g., a left-handed elliptical/circular polarization and light beams 1016-R
having, e.g, a nght-handed elliptical/circular polarization.  Under such condition, the
incident light beams 1016-L, 1016-R can be coupled into the common waveguide 2204 by
TIR in opposing lateral directions, in a similar manner as described with respect to Figure
22A, supra, for coupling the incident light beams 1016-L, 1016-R having first and second

polarization handedness, e.g., left-handedness and night-handedness.
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[6167] The embodiments described above with respect to Figures 218 and 22B
can be particularly advantageous in certain applications, e.g, where different hight signals
{t.e., images) are encoded in orthogonal circular polarizations. Under such circumstances,
light can be coupled into the opposite directions {e.g., positive and negative x-directions)
depending on the polarization handedness.

[0168] Figure 22C illustrates an optical wave-guiding device 2220 comprising a
common waveguide 2250 coupled to a plurality of CLCGs, eg, arranged as a stack,
including a first CLCG 2204 having chiral structures having a first rotation direction and a
second CLCG 2208 having chiral structures having a second rotation direction opposite to
the first rotation direction, according to embodiments. Unlike the embodiments described
with respect to Figures 22A and 22B, in the wave-guiding device 2220, the common
waveguide 2250 is interposed between the first and second CLCG layers 2204, 2208, For
illustrative purposes, the illustrated optical wave-guiding device 2220 1s under a condition in
which the incident light beam 2116 is linearly polarized or unpolarized. Under such
conditions, the incident light beam 2116 can be coupled into a waveguide by TIR in opposing
fateral directions. In the illustrated embodiment, when viewing the direction in which
incident light 2116 travels, i.e., the negative z-direction, the liquid crystal molecules of the
chiral structures of the first CLCG 2204 are successively rotated in a clockwise direction,
while the liguid crystal molecules of the chiral structures of the second CLCG 2204 are
successively rotated in the opposite counterclockwise direction.  Of course, opposite
arrangement is possible.

01691 Still referring to Figure 22C, the component of the elliptical or circular
incident light beam 2116 that has a first polarization handedness, e.g., right-banded polarized
component, that matches the rotation direction of the chiral structures of the first CLCG
2204, e.g., clockwise direction, 15 substantially reflected by the first CLCG 2204, thereby
resulting in a first reflected beam 2Z118A at an angle 0>8q1 relative to the layer normal
direction (z-axis), which in turn reflects off of the outer surface of the first CLCG 2204,
before coupling into and traveling through the common waveguide 2250 in a first lateral
direction {e.g., negative x-direction} by TIR.

[0170] Sull referring to Figure 22C, on the other hand, the component of the

elliptical or circular incident light beam 2116 that has a second polarization handedness, e.g,,
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fefi-handed polarized component, that does not match the rotation direction of the chiral
structures of the first CLCG 2204, eg., clockwise direction, is substantially transmitted
through the first CLCG 2204 and further through the common waveguide 2204, and
thereafter substantially reflected by the second CLCG 2208, thereby resulting in a second
reflected beam 22188 at an angle 8>0c¢2 relative to the laver normal direction (z-axis), and
coupies to and travels through the common waveguide 2250 in a second lateral direction

(e.g., positive x-~direction) by TIR.

Cholesteric Liguid Crystal Off-Axis Mirror

[0171] As described supra with respect to various embodiments, by matching the
handedness of polarization of incident elliptically or circularly polarized light with the
direction of rotation as the hiquid crystal molecules of the chiral structures of a CLC layer,
the CLC layer can be configured as a Bragg reflector. Furthermore, one or more CLC layers
having different helical pitches can be configured as a wave-length selective Bragg reflector
with high bandwidth. Based on the concepts described herein with respect to various
embodiments, the CLC layers can be configured as an off-axis mirror configured to
selectively reflect a first range of wavelengths, for example, infrared wavelengths (e.g., the
near infrared), while transmitting another range of wavelengths, e.g., visible wavelengths. In
the following, applications of various embodiments of CLC off-axis mirrors implemented in
eve-tracking systems are disclosed, according to embodiments.

6172} Figure 23 illustrates an example of an eye-tracking system 2300
employing a cholesteric hiquid crystal reflector (CLCR), e.g, a wavelength-selective CLLR
1150 configured to image an eye 302 of a viewer, according to various embodiments. Eve
tracking can be a key feature in interactive vision or control systems including wearable
displays, e.g., the wearable display system 200 in Figure 2 or the systems 700 described in
Figures 24A-24H, for virtual/augmented/roixed reality display applications, among other
applications. To achieve good eye tracking, it may desirable to obtain images of the eye 302
at low perspective angles, for which it may in turn be desirable to dispose an eye-tracking
camera 702b near a central position of viewer’s eyes. However, such position of the camera
702b may interfere with user’s view. Alternatively, the eye-tracking camera 702b may be

disposed to a lower position or a stde. However, such position of the camera may increase
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the difficulty of obtaining robust and accurate eye tracking since the eye images are captured
at a steeper angle. By configuring the CLCR 1150 to selectively reflect infrared (IR) light
2308 (e.g., having a wavelength of 850 nm) from the eye 302 while transmitting visible light
2304 from the world as shown in Figure 4, the camera 702b can be placed away from the
user’s view while capturing eye images at normal or low perspective angles. Such
configuration does not interfere with user’s view since visible light is not reflected. The
sarne CLCR 1150 can also be configured as an IR illunmination source 2320, as illustrated. A
low perspective angle of IR illuminator can results in less occlusions, e.g., from eve lashes,
which configuration allows more robust detection of specular reflections, which can be key
feature in modern eye-tracking systems.

[0173] sull referring to Figure 23, according to various embodiments, the CLCR
1150 comprises one or more cholesteric liquid crystal (CLC) layers each comprising a
plurality of chiral structures, wherein each chiral structure comprises a plurality of liquid
crystal molecules that extend in a layer depth direction (e.g., z-direction) and are successively
rotated in a first rotation direction, as described supra. The arrangements of the hiquid crystal
molecules of the chiral structures vary periodically in a lateral direction perpendicular to the
layer depth direction such that the one or more CLC layers are configured to substantially
Bragg-reflect a first incident light having a first wavelength (A1) while substantially
ransmitting a second incident light having a second wavelength (A2). As described
elsewhere in the specification, each of the one or more CLC layers are configured to
substantially Bragg-reflect elliptically or circularly polarized first and second incident light
having a handedness of polarization that is matched to the first rotation direction, when
viewed in the layer depth direction, while being configured to substantially transmit
elliptically or circularly polarized first and second incident light having a handedness of
polarization that is opposite to the first rotation direction, when viewed in the layer depth
direction. According embodiments, the arrangements of the liquid crystal molecules varying
periodically in the lateral direction are arranged to have a period in the lateral direction such
that a ratio between the first wavelength and the period is between about 0.5 and about 2.0,
According to embodiments, the first wavelength i3 in the near infrared range between about
600 nm and about 1.4 pm, for instance about 850 nm and the second wavelength in is in the

visibie range having one or more colors as described elsewhere in the specification.
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According to embodiments, the liquid crystal molecules of the chiral structures are pre-tilted
relative to a direction normal to the layer depth direction.  As configured, the one or more
CLC layers are configured such that the first incident light is reflected at an angle (8r)
relative to the layer depth direction (z-direction) exceeding about 50°, about 60°, about 70° or
about 80° degrees relative to the layer depth direction based on, e.g., Eq. [3] described supra.

[0174] Referring back to Figure 2, the eyes of the wearer of a head mounted
display (HMD) (e g, the wearable display system 200 in Figure 2) can be imaged using a
reflective off-axis Diffractive Optical Element (DOE), which may be for example, a
Holographic Optical Element (HOE). The resulting images can be used to track an eye or
eyes, image the retina, reconstruct the eye shape in three dimensions, extract biometric
imformation from the eye (e.g,, iris identification), etc.

[0175] There are a varniety of reasons why a head mounted display (HMD) maght
use information about the state of the eyes of the wearer. For example, this information can
be used for estimating the gaze direction of the wearer or for biometric identification. This
problem: is challenging, however, because of the short distance between the HMID and the
wearer’s eves. It is further complicated by the fact that gaze tracking requires a larger field of
view, while biometric identification requires a relatively high number of pixels on target on
the iris. For an imaging system which will attempt to accomplish both of these objectives, the
requitements of the two tasks are largely at odds. Finally, both problems are further
complicated by occlusion by the evelids and evelashes. Embodiments of the imaging systems
described herein address some or all of these problems. The various embodiments of the
imaging systems 700 described herein with reference to Figures 24A-24F can be used with
HMD including the display devices described herein (e.g., the wearable display system 200
shown in Figure 2 and/or the display system 1000 shown in Figure 0).

[6176] Figure 24A schematically illustrates an example of an imaging system 700
that comprises an imager 702b which is used to view the eye 304, and which is mounted o
proximity to the wearer’s temple {e.g., on a frame 64 of the wearable display system 200,
Figure 2, for example, an car stem). In other embodiments, a second imager 1s used for the
wearet’s other eve 302 so that each eye is separately imaged. The imager 702b can include
an infrared digital camera that is sensitive to infrared radiation. The tmager \702b 1s mounted

so that it is facing forward (in the direction of the wearer’'s vision), rather than facing
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backward and directed at the eye 304 (as with the camera 500 shown in Figure 6). By
disposing the imager 702b nearer the ear of the wearer, the weight of the imager 702b is also
nearer the ear, and the HMD may be easier to wear as compared to an HMD where the
imager is backward facing and disposed nearer to the front of the HMD (e.g, close to the
display 62, Figure 2} Additionally, by placing the forward-facing imager 702b near the

o]
3

wearer’s temple, the distance from the wearer’s eye 304 to the imager is roughly twice as
farge as compared to a backward-facing imager disposed near the front of the HMD (e g.,
compare with the camera 500 shown in Figure 4}. Since the depth of field of an image is
roughly proportional to this distance, the depth of field for the forward-facing imager 702b is
roughly twice as large as compared to a backward-facing imager. A larger depth of field for
the 1mager 702b can be advantageous for imaging the eye region of wearers having large or
protruding noses, brow ridges, etc.

6177 The imager 702b is positioned to view an inside surface 704 of an
otherwise transparent optical element 706, The optical element 706 can be a portion of the
display 708 of an HMD (or a lens in a pair of eyeglasses). The optical element 706 can be
fransmissive to at least 10%, 20%. 30%, 40%, 50%, ar more of visible light incident on the
optical element. In other embodiments, the optical element 706 need not be transparent {e.g.,
in a virtual reality display). The optical element 706 can comprise a CLC off-axis mirror 708,
The CLC off-axis mirror 708 can be a surface reflecting a first range of wavelengths while
being substantially transmissive to a second range of wavelengths (that is different from the
first range of wavelengths). The first range of wavelengths can be in the infrared, and the
second range of wavelengths can be in the visible. For example, the CLC off-axis mirror 708
can comprise a hot mirror, which reflects infrared light while transmitting visible light. In
such embodiments, infrared light 710a, 712a, 714a from the wearer propagates to and retlects
from the optical element 706, resulting 1o reflected infrared light 710b, 712b, 714b which can
be imaged by the imager 702b. In some embodiments, the imager 702b can be sensitive to or
able to capture at least a subset (such as a non-empty subset and/or a subset of less than all)
of the first range of wavelengths reflected by the CLC off-axis mirror 708. For example, the
CLC off-axis mirror 708 may reflect infrared light in the a range of 700 nm to 1.5 pm, and
the imager 702b may be sensitive to or able to capture near infrared light at wavelengths

from 700 nm to 900 nm. As another example, the CLC off-axis mirror 708 may reflect
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infrared light in the a range of 700 nm to 1.5 um, and the imager 702b may include a filter
that filters out infrared light in the range of 900 nm to 1.5 um such that the imager 702b can
capture near infrared light at wavelengths from 700 nm to 900 nm.

[0178] Visible light from the outside world (1144, Figure 6} is transmitied
through the optical element 706 and can be perceived by the wearer. In effect, the imaging
system 700 shown in Figure 24A acts as if there were a virtual imager 702¢ directed back
toward the wearer’s eye 304, The virtual imager 702¢ can image virtual infrared light 710¢,
712¢, 714c (shown as dotted lines) propagated from the wearer’s eye 704 through the optical
element 706, Although the hot mirror (or other DOE described herein) can be disposed on
the inside surface 704 of the optical element 706, this 15 not a limitation. In other
embodiments, the hot mirror or DOE can be disposed on an outside surface of the optical
element 706 or within the optical element 706 {e.g., a volume HOE).

[6179] Figure 24B schematically illustrates another example of the imaging
system 700. In this embodiment, perspective distortions may be reduced or eliminated by the
use of a perspective control lens assembly 716b {(e.g., a shift lens assembly, a tilt lens
assembly, or a tilt-shift lens assembly) with the irager 702b. In some embodiments, the
perspective control fens assembly 716b may be part of the lens of the imager 702b. The
perspective control lens 716b can be configured such that a normal to the imager 702b is
substantially parallel to a normal to the region of the surface 704 that includes the DOE {or
HOE) or hot mirror. In effect, the imaging systern 700 shown in Figure 24B acts as if there
were a virtual imager 702¢ with a virtual perspective control jens assembly 716¢ directed
back toward the wearer’s eye 304

[0180] Additionally or alternatively, as schematically shown in Figure 24C, the
CLC off-axis mirror 708 of the optical element 706 may have, on its surface 704, an off axis
holographic mirror (OAHM), which is used to reflect light 710a, 712a, 714a to facilitate
viewing of the eve 304 by the camera imager 702b which captures reflected light 710b, 712b,
714b. The OAHM 708 may have optical power as well, in which case it can be an off-axis
volumetric diffractive optical element (OAVDOE), as schematically shown in Figure 24D, In
the example shown in Figure 24D, the effective location of the virtual camera 702¢ is at

infinity {and is not shown in Figure 24D).
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[0181] In some embeodiments, the HOE (e.g., the CAHM or CAVDOE) can be
divided into a plurality of segments. Each of these segments can have different optical
properties or characteristics, including, for example, reflection angles at which the segments
reflect the incoming (infrared} light or optical power. The segments can be configured so that
Hight is reflected from each segment toward the imager 702b. As a result, the image acquired
by the imager 702b will also be divided into a corresponding number of segments, each
etfectively viewing the eye from a different angle. Figure 24E schematically llustrates an
example of the display system 700 having an OAHM with three segments 718al, 718aZ,
718a3, each of which acts as a respective virtual camera 702¢1, 702¢2, 702¢3 imaging the
eye 304 at a different angular location.

[0182] Figure 24F schematically illustrates another example of the display system
700 having an OAHM with three segments 718a1, 718a2, 718a3, each having optical power

(e.g., a segmented OAVDOE), with each segment generating a virtual camera at infinty
schematically illustrated in Figures 24EF and 24F this is for illustration and not imitation. In
other embodiments, two, four, five, six, seven, eight, nine, or more segments can be utilized.
None, some, or all of these segments of the HOE can have optical power.

[0183] The three segments 718al, 718a2, 71843 are shown as spaced horizontally
across the optical element 706 in Figures 24E and 24F. In other embodiments, the segments
can be spaced vertically on the optical element 706. For example, Figure 24G schematically
shows a DOE 718 having two vertically spaced segments 718al and 718a2, with the segment
718al comprising a CLC off-axis mirror contigured to retlect light back toward the imager
702b {which may be in the same general horizontal plane as the segment 718al), and the
segment 718a2 configured to reflect light upwards toward the imager 702b.  Simular to
bitocal lenses, the arrangement shown in Figure 24G can be advantageous in allowing the
imaging system 700 to use reflection imagery acquired by the imager 702b from the upper
segment 718al when the wearer is looking forward through the upper portion of the HMD
{schematically shown via the solid arrowed line} and to use reflection imagery from the
lower segment 718a2 when the wearer is looking downward through the lower portion of the

HMD (schematically shown via the dashed arrowed line).
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[0184] A mix of horizontally spaced and vertically spaced segments can be used
in other ernbodiments. For example, Figure 24H shows another example of the HOE 718
with a 3x3 array of segments each comprising a CLC off-axis mirror. The tmager 702b can
acquire retlection data from each of these nine segments, which represent light rays coming
from different areas of and angular directions from the eye region. Two example light rays
propagating from the eye region to the HOE 718 and reflecting back to the imager 702b are
shown as solid and dashed lines. The itmaging system 700 {or processing module 224 or 228)
can analyze the reflection data trom the plurality of segments to multiscopically calculate the
three-dimensional shape of the eye or the gaze direction {e.g., eve pose) of the eve.

[6185] Embodiments of the optical system 700 utilizing segments may have
multiple benefits. For example, the segments can be used individually, by selecting the
particular segments which best suit a particular task, or they can be used collectively to
multiscopically estimate the three-dimensional shape or pose of the eye. In the former case,
this selectivity can be used to, for example, select the tmage of the wearer’s iris which has
the least occlusion by eyelids or eyelashes. In the latter case, the three dimensional
reconstruction of the eye can be used to estimate orientation (by estimation of, for example,
the location of the bulge of the cornea) or accommeodation state (by estimation of, for

example, the lens induced distortion on the apparent location of the pupil).

Waveguides Counled With CLCG Optimized for Field of View

[0186] A medium having a refractive index that depends on the polarization and
propagation direction of light is referred to as being birefringent (or birefractive). As
described throughout the specification and understood in the relevant industry, light whose
polarization 1s perpendicular to the optic axis of a birefringent medium is described as being
affected by an ordinary refractive index {no), light whose polarization is parallel to the optic
axis of the birefringent medium is described as being affected by an extraordinary refractive
mdex (ne), and a difference of the refractive indices, ne — no, observed 1n the birefringent
medium material is described as having a birefringence An. As described herein, an average
refractive index n,. of a birefringent CLCG can be expressed as:

1

e = E(Qno + ne) = Mg+ An/z‘ [5]
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[0187] According to various embodiments described herein, cholesteric liquid
crystal (CLC) layers can have an average, a local, a mean, a median, a maximum or a
minimum birefringence (An) of 0.05-0.10, 0.15-0.20, 0.20-0.25, 0.25-0.30, 0.30-0.35, 0.35-
0.40, 0.40-0.45, 0.45-0.50, 0.50-0.55, 0.55-0.60, 0.60-0.65, 0.65-0.70, or a value within a
range defined by any of these values.

[0188] As described herein, the phase retardation (I} of light in a material
medium having birefringence An can be expressed as I’ = 2mAnd/A, where A is the
wavelength of light and d is the thickness of the medium. In addition, diffraction efficiency
{n) of a birefringent medium such as a layer having liquid crystals can be expressed as
1 = sin’(nAnd/A), where An is birefringence, A is wavelength and d is the thickness of the
medium. Because the phase retardation of light propagating through the diffractive
components varies with the wavelength for conventional birefringent media, some diftractive
components including diffraction gratings may show a limited range of wavelengths, or
bandwidth, within the visible spectrum in which diffraction efficiency is relatively high.

[3189] According to various embodiments, various CLC layers and CLCGs
described herein may be configured such that they diffract light incident thereon with
relatively high efficiency within a particular range of angles of incidence, sometimes referred
to as a range of angle of acceptance or a field-of-view (FOV). As described herein, the FOV
may include a range of angles spanning negative and positive values of angles of incidence
relative to a centerline wavelength of the FOV, outside of which the diffraction efficiency
falls off by more than 10%, more than 25%, more than 50%, more than 75%, or by a value
within a range defined by any of these values, relative to the diffraction efficiency at the
centerline wavelength of the FOV, or relative to the diffraction efficiency at a wavelength
corresponding to a peak efficiency within the FOV. Otherwise stated, inside the FOV, the
CLC layers and CLCGs are configured such that the diffraction efficiency is greater than
25%, greater than 50%, greater than 75%, greater than 90%, or a value in a range defined by
any of these values, relative to the diffraction efficiency at the centerline wavelength of the
FOV, or relative to the diffraction efficiency at a wavelength corresponding to a peak
efficiency within the FOV. Having the FOV within which the diffraction efficiency is
relatively constant may be desirable, e.g, where uniform intensity of diffracted light is

desired within the FOV,
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[0196] Applicant has recognized that the FOV of the CLC layers and CLCGs can
be increased or optimized for various embodiments of waveguides coupled with the CLC
fayers and CLCGs as described above, by selecting the CLC layers and CLCGs with an
appropriate birefringence (see, e.g., Eq. [6]). Figure 25 illustrates an example optical wave-
guiding device 2500 optimized for relatively high FOV, according to embodiments. The
optical wave-guiding device 2500 comprises a waveguide 1604 coupled to a CLCG 1150,
Similar to various embodiments described herein, the CLCG 1150 comprises liguid erystal
molecules arranged as a plurality of chiral structures in a similar manner to chiral structures
1162-1, 1162-2, . 11621 described supra, e.g.. with respect to Figure 11. The waveguide
1604 is disposed over the CLCG 1150 and optically coupled thereto.

[0191] When elliptically/circularly polarized incident light 2504 having a
right/left (R/1) handeduness is incident on the waveguide 1604 at an angle 8w relative to a
jayer normal of the waveguide 1604, the incident light 2504 1s coupled into the waveguide
1604 as light 2508, which becomes incident on the CLCG 1150 at an angle Oinc wa relative to
the layer normal. The light 2508 coupled into the waveguide 1604, when it has a polarization
handedness (R/L) which matches the direction of rotation of the liquid crystal molecules of
the chiral structures in the CLCG 1150, the light 2508 is Bragg-reflected by the CLCG 1150
into light 2512 having an angle Ouc relative to the layer normal. The reflected light 2512 is
subsequently coupled back into the waveguide 1604 as light 2516 at an angle Bwa relative to

the layer normal, such that the light 2516 travels in a lateral direction (e.g., x-~direction),

under total internal reflection (TIR). Without being bound to any theory, the TIR condition
can be satisfied when the angle Bwg 1s greater than a critical angle.
[0192] Without being bound to any theory, the range of propagation angles may
be limited by the matenial index of the propagating medium as:
I- z < sinfy,. <n-—-—

/
1"{ i

When the incident angle is symmetric [sin 8y, < (n — 1)/2, and the minimum refractive
index for a given FOV satisfies n > 2sin 8, + 1. This condition may also be valid in a
CLCG layer as light diffracts and propagates through the layer. Since the CLCG layers is

birefringent, the propagating light experiences the average index of the LC matenal, ny.
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Assuming (without requiring) n, to be tixed, the minimum birefringence An is refated to the
angle of incidence of the FOV as .
An > 2(2sin 6y, —n, + 1) {6}
[0193] The LC material of the CLCG layer can be selected based on Eqg. [6] to
provide a desired FOV. The FOV may have angular ranges exceeding 20° 30°, 36°, 40°, 44°,
50° or an angular range in a range of angles defined by any of these values, when the liquid

crystal molecules within the CLCG 1150 are configured according to Eq. [6] For example,

N
(

the following FOV incident angles can be associated with average indices as: 10° nge
1.35, 15% n o 2 .52, 18% n;r = 1.62, 20 n, = 1.68, 22° nye = 175, and 25° n, 2
1.85. As another example, when n ;. is between about 1.35 and about 1.85, the full FOV
may be between about 20° and about 50°, or may exceed 50°.

[0194] in various embodiments, the above disclosed values of FOV can be
obtained when the waveguide 1604 is formed of a suitable material having an index of
refraction n:between about 1 and about 2 between about 1.4 and about 1.8 or between about
1.5 and about 1.7. For example, the waveguide may comprise a polymer such as

polycarbonate or a glass.

Waveguides Coupled With CLCG Configured as Outcoupling Optical Elements

[0195] As described above with respect to Figures 9B and 9C, various
embodiments of display devices disclosed herein include outcoupling optical elements 1250,
1252, 1254, which may be configured as exit pupil expanders (EPE’s) that durect light in a
viewer’s eye 4 (Figure 7). In various embodiments described herein, various optical
components such as lenses, mirrors and gratings may be configured to be specific to a certain
light propagation direction and or to certain polarization of light, e.g, right-handed or left-
handed circular polarized light. As described herein, in various embodiments, CLC layers
and CLLCGs comprise a plurality of chiral structures, where each chiral structure comprises a
plurality of liquid crystal molecules that extend in a layer depth direction by at least a helical
pitch and are successively rotated in a rotation direction. The CLC layers or CLCGs can
advantageously be configured to substantially Bragg-refiect elliptically or circularly
polarized light having a bandedness of polarization that 1s matched to the rotation direction of

the liquid crystal molecules, while being configured to substantially transmit elliptically or

~H3-



WO 2018/106963 PCT/US2017/065182

circularly polarized light having a handedness of polarization that is opposite to the rotation
direction of the liquid crystal molecules. Based on these properties of the CLC layers and
CLCGs, various embodiments of display devices disclosed herein have optical elements
1250, 1252, 1254 comprising one or more CLC lavers or CLCGs.

[0196] Figure 26 illustrates an example optical wave-guiding device 2600
configured as an outcoupling optical element, such as an EPE, according to embodiments.
The wave-guiding device 2600 comprises a waveguide 1604 coupled to a CLCG 1150 and
configured to propagate light by total internal reflection (TIR})  Similar to various
embodiments described herein, the CLCG 1150 comprises liquid crystal molecules arranged
as a plurality of chiral structures in a similar manner to chiral structures 1162-1, 1162-
2,...1162-1 described supra with respect to, e.g., Figure 11

[0197] Sull referring to Figure 26, the CLCG 1150 coupled to the waveguide
1604 may represent any one of the outcoupling optical elements 1250, 1252, 1254 coupled to
a respective one of the waveguides 1210, 1220, 1230, as tllustrated in Figures 98, 9C except,
unlike the ocutcoupling optical elements 1250, 1252, 1254 that are formed on light-exiting
sides of the respective waveguides 1210, 1220, 1230, the CLCG 1150 15 formed on the side
opposite to the light exiting side of the waveguide 1604, Thus, according to some
embodiments, each of the outcoupling optical elements 1250, 1252, 1254 and a

corresponding one of the incoupling optical elements 1212, 1222, 1232 are formed on

opposite sides of a corresponding one of the waveguides 1210, 1220, 1230, In operation,
light in-coupled by, e.g., the incoupling optical elements 1212, 1222, 1232 (Figures 9A-9C),
propagate in a laver in-plane direction, by TIR within the waveguides 1210, 1220, 1230
{Figures 9A-9C), respectively. The incoupled light may then impinge on the light
distributing elements 1214, 1224, 1234 (Figures 9A-9C) when present, which may deflect the
fight so that 1t propagates towards the outcoupling optical elements 1250, 1252, 1254, The
light approaching the outcoupling optical elements 1250, 1252, 1254 may be represented by
light 2604 1n in Figure 26. Upon rapinging on the CLCG 1150, at least some of the hight
2604 may be diffracted by the CLCG 1150 as diffracted light 2608 which may be, eg,
directed into a viewer’s eye 4 (Figure 7).

10198} Stll referring to Figure 26, the liquid crystal molecules of the iltustrated

CLCG 1150 are successively rotated in a rotation direction, and arrangements of the liquid
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crystal molecules of the chiral structures vary pericdically in a lateral direction perpendicular
to the layer depth direction. Because of the rotational arrangement of the hquid crystal
molecules, when the light 2604 is an elliptically/circularly polarized light having a
polarization handedness, e.g., one of left-handedness or right-handedness, which matches the
direction of rotation of the Hquid crystal molecules of the chiral structures, the light 2604 is
Bragg-reflected by the CLCG 1150, That is, the rotational arrangement of the liquid crystal
molecules in the CLCG 1150 15 such that, the CLCG 1150 selectively Bragg reflects light
having one handedness while non-Bragg reflecting or transmitting light having the opposite
handedness. In addition, because Bragg reflection occurs under the diffraction condition, the
Bragg reflected light 2608 is unidirectional (e.g., most of the light is directed toward one
direction at outcoupling, such as the direction indicated by the arrows 2608 in Fig. 26). The
outcoupled light can preserve a uniform polarization state, which corresponds to the chirality
of the CLC material. Thus, when configured as an optical ocutcoupling element, the CLCG
1150 serves as a polarizer and a unidirectional reflector, which allows for efficient
integration with other optical components within various the display systems described
herein. For example, the optical element 2600 can be used as an exit-pupil expander in
waveguide-based AR displays to project virtual images with a controlled polarization state in

a single direction.

Additional Aspects

[0199] In a 1¥ aspect, a diffraction grating comprises a cholesteric liquid crystal
(CLC) layer comprising a plurality of chiral structures, wherein each chiral structure
comprises a plurality of liquid crystal molecules that extend in a layer depth direction by at
least a helical pitch and are successively rotated in a first rotation direction. The helical pitch
is a length in the layer depth direction corresponding to a net rotation angle of the liqud
crystal molecules of the chiral structures by one full rotation in the first rotation direction.
Arrangements of the liquid crystal molecules of the chiral structures vary periodically in a
lateral direction perpendicular to the layer depth direction.

[0200] In a 2" aspect, in the diffraction grating of the 1% aspect, each chiral
structure comprises at least three calamitic liquid crystal molecules that are elongated along

different elongation directions.
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[0201] In a 3" aspect, in the diffraction grating of any one of the 1% to 2™ aspects,

the CLC layer is configured to substantially Bragg-reflect elliptically or circularly polarized
light having a handedness of polarization that is maiched to the first rotation direction, when
viewed in the layer normal direction, while being configured to substantially transmit
elliptically or circularly polarized light having a handedness of polarization that is opposite to
the first rotation direction, when viewed in the layer depth direction,

10202] Inad4%aspect,  in the diffraction grating of any one of the 1% to 3%
aspects, the arrangements of the liquid crystal molecules varying periodically in the lateral
direction are such that the liquid crystal rolecules of successively laterally adjacent chiral
structures at about the same depth in the layer depth direction are successively rotated in a
second rotation direction by 360%n, where n 1s an integer.

[0203] Inas™aspect, in the diffraction grating of any one of the 1% to 4%
aspects, the arrangements of the liquid crystal molecules varying periodically in the lateral
direction are such that elliptically or circularly polarized light that is Bragg-reflected by the
faterally adjacent chiral structures is phase-shifted by an angle that is proportional to the
angle of rotation in the second rotation direction between the laterally adjacent chiral
structures.

10204] Ina6Maspect,  in the diffraction grating of any one of 1% to S aspects,
the chiral structures have substantially the same helical pitch.

[0205]  Ina7%aspect,  in the diffraction grating of any of the 1% to 4 aspects,
the chiral structures comprise a first plurality of chiral structures each comprising a plurality
of first liquid crystal molecules that extend in a layer depth direction by at least a first helical
pitch and are successively rotated in the first rotation direction, and a second plurality of
chiral structures each comprising a plurality of second liquid crystal molecules that extend in
the layer depth direction by at least a second helical pitch and are successively rotated in the
first rotation direction. The first helical pitch and the second helical pitch are such that the
first chiral structures and the second chiral structures are configured to Bragg-reflect hight
having different off-axis incident angles.

[0206] In an 8% aspect, in the diffraction grating of the 7% aspect, the first

plurality of chiral structures are formed in a first cholesteric liguid crystal (CLC) layer, and
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wherein the second plurality of chiral structures are formed in a second cholesteric liquid
crystal (CLC) layer formed over the first CLC layer and stacked in the layer depth direction.

[0207] Ina%Maspect, in the diffraction grating of the 7 aspect, the first
plurality of chiral structures are formed in a first region of the cholesteric liquid crystal
(CLC) layer, and wherein the second plurality of chiral structures are formed in a second
region of the cholesteric liquid crystal (CLC) layer formed over the first region in the layer
depth direction.

(6208} In a 10" aspect, in the diffraction grating of the 7% aspect, the first
plurality of chiral structures are formed in a first region of the cholesteric liquid crystal
{CLC) layer, and the second plurality of chiral structures are formed in a second region of the
cholesteric hquid crystal (CLC) layer, wherein the first and second regions are laterally
adjacent regions in the lateral direction.

[0209]  Inan 11 aspect, in the diffraction grating of any of the 7% to 10" aspects,
the one or both of first and second chiral structures form a gradient in the helical pitch in one
or both of the layer depth direction and the lateral direction.

[06210] In a 12% aspect, a wave-guiding device comprises one or more cholesteric
liquid crystal {CLC) layers each comprising a plurality of chiral structures, wherein each
chiral structure comprises a plurality of liquid crystal molecules that extend 1o a layer depth
direction and are successively rotated in a first rotation direction. Arrangements of the liqgud
crystal molecules of the chiral structures vary periodically in a lateral direction perpendicular
to the layer depth direction such that the one or more CLC lavers are configured to Bragg-
reflect incident lightt The wave-guiding device additionally comprises one or more
wavegutdes formed over the one or more CLC layers and configured to optically couple
Bragg-reflected light from the one or more CLC layers such that the Bragg-reflected light
travels in a lateral direction perpendicular to the layer depth direction by total internal
reflection (TIR). The one or more CLC layers and the one or more waveguides are
configured to be 1o the same optical path.

0211} In a 13™ aspect, in the wave-guiding device of the 12% aspect, each of the
plurality of chiral structures extend in a layer depth direction by at least a helical pitch,

wherein the helical pitch is a length in the layer depth direction corresponding to a net
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rotation angle of the liquid crystal molecules of the chiral structures by one full rotation in
the first rotation direction.

[8212]  In a 14" aspect, the wave-guiding device of any one of the 12" 1o 13%
aspects comprises a plurality of CLC layers, wherein each one of the CLC layers has
differently arranged chiral structures that are configured to selectively Bragg-reflect incident
light having a wavelength different than the other ones of the CLC layers and at a Bragg-
reflection angle different than the other ones of the CLC layers.

[0213]  In a 15" aspect, in the wave-guiding device of any one of the 12 to 14™
aspects, the periodically varying lateral arrangements of the hqguid crystal layers are
characterized by a period, wherein each one of the CLC layers has a different period than the
other ones of the CLC layers.

[8214]  In a 16™ aspect, in the wave-gniding device of any one of the 12" to 15%
aspects, each one of the CLC layers is configured to selectively Bragg-reflect incident light
having a wavelength in the visible spectrum.

[6215]  In a 17" aspect, in the wave-guiding device of any one of the 12" to 15%
aspects, each one of the CLC layers 15 configured to selectively Bragg-reflect incident light
having a wavelength in the infrared spectrum while transmitting light having wavelength in
the visible spectrum.

[6216]  In an 18" aspect, the wave-guiding device of any one of the 12% to 17t
aspects comprises a plurality of waveguides, wherein each waveguide is optically coupled to
one of the CLC layer formed thereon.

[0217]  In 19" aspect, in the wave-guiding device of any one of the 12% to 18%
aspects, the plurality of CLC layers form a stack, and a single waveguide is optically coupled
to each one of CLC layers in the stack,

[6218]  In a 20" aspect, the wave-guiding device of any one of the 12% 1o 19%
aspects further comprises a polarizing reflector, wherein the one or more wave guides is
interposed between the one or more CLC layers and the polarizing reflector and 1s configured
such that an elliptically or circularly polarized incident light that transmits through the one or
more CLC layers and further through the waveguide is reflected by the polarizing reflector as
a reflected light having an opposite polarization handedness relative to the elliptically or

circularly polarized incident light.
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[6219]  In a 21% aspect, the wave-guiding device of any one of the 12% to 20"
aspects comprises a first CLC layer and a second CLC layer forming a stack with a
waveguide, wherein chiral structures of the first CLC layer and the second CLC laver are
successively rotated in opposite rotation directions.

[0226] In a 22" aspect, in the wave-guiding device of the 21% aspect, the first and
second CLC layers are stacked on the waveguide.

10221} In a 23" aspect, in the wave-guiding device of the 21% aspect, the first and
second CLC layers are interposed by the waveguide.

16222] In a 24" aspect, in the wave-guiding device of any one of the 12 1o 23%
aspects, each of the one or more CLC layers has an average refractive index (nuc) exceeding
1.35, wherein the nuc has a value that 1s an average of an ordinary refractive index (1o} and
an extraordinary refractive index (ne).

[0223] In a 25% aspect, in the wave-guiding device of the 24™ aspect, the one or
more waveguides are configured to optically couple Bragg-reflected light from the one or
more CLC lavers when the incident light is incident on the one or more CLC laver at an
incident angle relative to the layer depth direction, wherein the incident angle 15 within a field
of view (FOV), within which a diffraction efficiency is greater than 25%, spanning at least

0°.

[N

[0224]  In a 26" aspect, in the wave-guiding device of any one of 24" or 25"
aspects, each of the one or more CLC layers has a birefringence (An) between about 0.05 and
0.70. In any of the 24™ to 26" aspects, any of the one or more CLC layers may have a
birefringence An greater than 2(2sin#,, —n, + 1), where 8;,,. 1s an incident angle of a
field of view (FOV) of the wave-guiding device and n, is the ordinary refractive index of the
one or more CLC layers.

[0225] In a 27" aspect, a head-mounted display device is configured to project
light to an eve of a user to display augmented reality image content. The head-mounted
display device comprises a frame configured to be supported on a head of the user. The
head~mounted display device additionally comprises a display disposed on the frame, where
at least a portion of the display comprises one or more waveguides. The one or more
waveguides are transparent and disposed at a location in front of the user’s eye when the user

wears the head-mounted display device, such that the transparent portion transmits light from

~HG-



WO 2018/106963 PCT/US2017/065182

a portion of an environment in front of the user to the user’s eye to provide a view of the
portion of the environruent in front of the user. The display further comprises one or more
light sources and at least one diffraction grating configured to couple light from the light
sources into the one or more waveguides or to couple light out of the one or more
wavegutdes, wherein the at least one diffraction grating comprises a diffraction grating
according to any one of the 1% to 11" aspects.

[0226] In a 28" aspect, in the head-mounted device of the 27" aspect, the one or
more light sources comprise a fiber scanning projector.

{0227} In a 29 aspect, the head-mounted device of any one of the 27% to 281
aspects is configured to project light into the user’s eye so as to present image content {0 the
user on a plurality of depth planes.

[0228] In a 30" aspect, a wavelength-selective cholesteric liquid crystal reflector
(CLCR), comprises one or more cholesteric hquid crystal (CLC) layers each comprising a
plurality of chiral structures, wherein each chiral structure comprises a plurality of hquid
crystal molecules that extend in a layer depth direction and are successively rotated in a first
rotation direction.  Arrangements of the hiquid crystal molecules of the chiral structures vary
periodically in a lateral direction perpendicular to the layer depth direction such that the one
or more CLC layers are configured to substantially Bragg-reflect a first incident light having
a first wavelength while substantially transmitting a second incident light having a second
wavelength,

[0229] In a 31% aspect, in the wavelength-selective CLCR of the 30% aspect, each
of the one or more CLC layers are configured to substantially Bragg-reflect elliptically or
circularly polarized first or second incident light baving a handedness of polarization that is
matched to the first rotation direction, when viewed in the layer depth direction, while being
configured to substantially transmit elliptically or circularly polarized first or second incident
light having a handedness of polarization that is opposite to the first rotation direction, when
viewed o the layer depth direction.

[0236] In a 32 aspect, in the wavelength-selective CLCR of any one of the 30
to 31% aspects, the arrangements of the liquid crystal molecules varying periodically in the
lateral direction are arranged to have a period in the lateral direction such that a ratio between

the first wavelength and the period is between about 1.1 and about 1.5.
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[0231] In a 33" aspect, in the wavelength-selective CLCR of any one of the 30
to 32 aspects, the first wavelength is in the near infrared range between about 750 nm and
about 1400 nm and the second wavelength tn is in the visible range.

[0232] In a 34" aspect, in the wavelength-selective CLCR of any of one of the
301 10 32 aspects, the one or more CLC layers are configured such that the first incident
light is reflected at an angle exceeding 60 degrees relative to the layer depth direction.

[6233]  In a 35% aspect, in the wavelength-selective CLCR of any one of the 30%
to 32" aspects, the plurality of liquid crystal molecules of the chiral structures are pre-tilted
relative to a direction normal to the layer depth direction.

[0234] In a 36" aspect, a head mounted display (HMD) configured to be worn on
a head of a user comprises a frame comprising a pair of ear stems. The HMD additionally
comprises a pair of optical elements supported by the frame such that each of the pair of
optical elements is capable of being disposed forward of an eye of the user. The HMD
additionally comprises a forward-facing imager mounted to one of the pair of ear stems. The
HMD further comprises a cholesteric liquid crystal (CLC) off-axis mirror according to any
one of 301 10 35" aspects. The cholesteric liquid erystal (CLC) off-axis mirror is disposed in
or on one of the pair of optical elements and configured to reflect infrared light toward the
forward-facing imager that is configured to receive the iofrared light reflected by the
reflective element.

[0235]  In a 37" aspect, in the HMD of the 36% aspect, the CLC off-axis mirror
arranged chiral structures that are configured to selectively Bragg-reflect incident light
having a wavelength different than the other ones of the CLC layers and at a Bragg-reflection
angle different than the other ones of the CLC layers.

[6236]  In a 38" aspect, in the HMD of any one of the 36" to 37% aspects, the
periodically varying lateral arrangements of the liquid crystal layers are characterized by a
period, wherein each one of the CLC layers has a different period than the other ones of the
CLC layers.

[6237]  In a 39" aspect, in the HMD of any one of the 36™ to 38" aspects, each

one of the CLC layers is configured to selectively Bragg-reflect incident light having a
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wavelength in the infrared spectrum while transmitting incident light having a wavelength in
the visible spectrum.

[0238]  In a 40" aspect, in the HMD of any one of the 36" to 39" aspects, each of
the pair of optical elements is transparent to visible light.

[6239]  In a 41% aspect, in the HMD of any one of the 36™ to 40" aspects, each of
the pair of optical elements is configured to display an image to the user.

[6240] In a 42" aspect, a wave-guiding device comprises one or more cholesteric
liquid crystal {CLC) layers each comprising a plurality of chiral structures, wherein each
chiral structure comprises a plurality of liquid crystal molecules that extend 1o a layer depth
direction and are successively rotated in a first rotation direction, wherein arrangements of
the liquid crystal molecules of the chiral structures vary periodically in a lateral direction
perpendicular to the layer depth direction such that the one or more CLC layers are
configured to Bragg-reflect incident light. The wave-guiding device additionally includes
one or more waveguides formed over the one or more CLC layers and configured to optically
couple Bragg-reflected light from the one or more CLC layers such that the Bragg-reflected
fight travels in a lateral direction perpendicular to the layer depth direction by total internal
reflection {(TIR). The wave-guiding device is configured to have a field of view (FOV),
within which a diffraction ethiciency is greater than 25%, which exceeds 20°.

[0241] In a 43" aspect, in the wave-guiding device of the 427 aspect, each of the
one or more CLC lavers has an average refractive index {(nLc) exceeding 1.35, wherein the
nLc has a value that is an average of an ordinary refractive index (no) and an extraordinary
refractive index (ne).

[0242]  In a 44" aspect, in wave-guiding device of any one of the 42% o 43¢
aspects, each of the one or more CLC layers has a birefringence (An) between about 0.05 and
0.70.

[0243] In a 45% aspect, a display device comprises a waveguide and an incoupling
optical element formed on the waveguide and configured to incouple light incident thereon
mto a first side of the waveguide, wherein the incoupling optical element and the waveguide
are configured such that light in-coupled into the waveguide propagates in the wave guide in
an in-plane direction of the wavegude by total internal reflection (TIR). The display device

additionally comprises an outcoupling optical element formed on the waveguide and
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configured to cutcouple light incident thereon from the waveguide. The light out-coupling
element comprises a cholesteric hiquid crystal (CLC) layer comprising a plurality of chiral
structures, wherein each of the chiral structures comprises a plurality of liquid crystal
molecules that extend in a layer depth direction of the CLC layer and are successively rotated
in a first rotation direction, wheretin arrangements of the liquid crystal molecules of the chiral
structures vary periodically in a lateral direction perpendicular to the layer depth direction
such that the one or more CLC layers are configured to Bragg-retlect light incident thereon
from the waveguide towards the first side.

[0244] In a 46™ aspect, in the display device of the 45" aspect, the outcoupling
optical element and the incoupling optical element are formed on opposite sides of the
waveguide.

[8245]  In a 47" aspect, in the display device of the 45%

aspect, the light
outcoupling optical element is configured to selectively Bragg-reflect light having one of
right-handed circular polarization or left-handed circular polarization.

[0246] In a 48" aspect, in the display device of the 45™ aspect, wherein the light
outcoupling optical element is configured to selectively Bragg-reflect light having a
polarization direction that is the same direction as the first rotation direction.

[0247] In a 49" aspect, in the display device of the 45" aspect, the light
incoupling optical element comprises a liquid crystal layer.

[0248] In a 50" aspect, in the display device of the 49 aspect, wherein the liquid
crystal layer comprises a second CLC layer comprising a plurality of chiral structures,
wherein each of the chiral structures comprises a plurality of liquid crystal molecules that
extend 0 a layer depth direction of the second CLC layer and are successively rotated in the
first rotation direction, wherein arrangements of the liquid crystal molecules of the chiral

structures vary periodically in the lateral direction.

Additional Considerations

[0249] In the embodiments described above, augmented reality display systems
and, more particularly, spatially varying diffraction gratings are described in connection with
particular embodiments. 1t will be understood, however, that the principles and advantages

of the embodiments can be used for any other systems, apparatus, or methods with a need for
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the spatially varying diffraction grating. In the foregoing, it will be appreciated that any

g,
feature of any one of the embodiments can be combined and/or substituted with any other
feature of any other one of the embodiments.

[0250] Unless the context clearly requires otherwise, throughout the description
and the claims, the words “comprise,” “comprising,” “include,” “including” and the like are
to be construed in an inclusive sense, as opposed to an exclusive or exhaustive sense; that s
to say, 1o the sense of “including, but not limited to.” The word “coupled”, as generally used
herein, refers to two or more elements that may be either directly connected, or connected by
way of one or more intermediate elements. Likewise, the word “connected”, as generally
used herein, refers to two or more elements that may be either directly connected, or
connected by way of one or more intermediate elements. Additionally, the words “herein,”
“above,” “below,” “infra,” “supra,” and words of similar import, when used in this
application, shall refer to this application as a whole and not to any particular portions of this
application. Where the context permiis, words in the above Detailed Description using the
singular or plural number may also include the plural or singular number, respectively. The
word “or” in reference to a list of two or more items, that word covers all of the following
interpretations of the word: any of the items in the list, all of the items in the list, and any
combination of one or more of the items in the hist. In addition, the articles “a,” “an,” and
“the” as used in this application and the appended claims are to be construed to mean “one or
more” or “at least one” unless specified otherwise.

{0251} As used herein, a phrase referring to “at least one of” a list of items refers
to any combination of those iterns, including single members. As an example, “at least one
off A, B, or C”isintended to cover A, B, C, Aand B, Aand C, Band C, and A, B, and C.
Conjunctive language such as the phrase “at least one of X, Y and 7.7 unless specifically
stated otherwise, is otherwise understood with the context as used in general to convey that
an item, term, etc. may be at least one of X, Y or Z. Thus, such conjunctive language is not
generally intended to imply that certain embodiments require at least one of X, at least one of
Y and at least one of Z to each be present.

[0252] Moreover, conditional language used herein, such as, among others, “can,”
“could,” “might,” “may,” “e.g,” “for example,” “such as” and the like, unless specifically

stated otherwise, or otherwise understood within the context as used, is generally intended to
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convey that certain embodiments include, while other embodiments do not include, certain
features, elements and/or states. Thus, such conditional language is not generally intended to
imply that features, elements and/or states are in any way required for one or more
embodiments or whether these features, elements and/or states are included or are to be
performed in any particular embodiment.

[0253] While certain embodiments have been described, these embodiments have
been presented by way of example only, and are not intended to limit the scope of the
disclosure. Indeed, the novel apparatus, methods, and systems described herein may be
embodied in a variety of other forms; furthermore, various omissions, substitutions and
changes in the form of the methods and systems described herein may be made without
departing from the spirit of the disclosure. For example, while blocks are presented in a
given arrangement, alternative embodiments may perform similar functionalities with
different components and/or circuit topologies, and some blocks may be deleted, moved,
added, subdivided, combined, and/or modified. Each of these blocks may be implemented in
a variety of different ways. Any suitable combination of the elements and acts of the various
embodiments described above can be combined to provide further embodiments. The
various features and processes described above may be implemented independently of one
another, or may be combined in various ways. No element or combinations of elements is
necessary or indispensable for all embodiments. All suitable combinations and
subcombinations of features of this disclosure are intended to fall within the scope of this
disclosure.

[0254] The reference in this specification to any prior publication (or information
derived from it), or to any matter which is known, is not, and should not be taken as an
acknowledgment or admission or any form of suggestion that the prior publication (or
information derived from it) or known matter forms part of the common general knowledge

in the field of endeavour to which this specification relates.
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WHAT IS CLAIMED I8S:

1. A diffraction grating comprising:

a cholesteric liquid crystal (CLC) layer comprising a plurality of chiral
structures, wherein each chiral structure comprises a plurality of liquid crystal
molecules that extend in a layer depth direction by at least a helical pitch and are
successively rotated in a first rotation direction,

wherein the helical pitch is a length in the layer depth direction corresponding
to a net rotation angle of the liquid crystal molecules of the chiral structures by one full
rotation in the first rotation direction,

wherein arrangements of the liquid crystal molecules of the chiral structures
vary periodically in a lateral direction perpendicular to the layer depth direction, and

wherein the chiral structures comprise a plurality of first liquid crystal
molecules stacked over a plurality of second liquid crystal molecules, wherein the first
liquid crystal molecules and the second liquid crystal molecules extend in the layer
depth direction at different helical pitches.

2. The diffraction grating of claim 1, wherein each chiral structure comprises at least
three calamitic liquid crystal molecules that are elongated along different elongation directions.

3. The diffraction grating of claim 1 or claim 2, wherein the CLC layer is configured
to substantially Bragg-reflect elliptically or circularly polarized light having a handedness of
polarization that is matched to the first rotation direction, when viewed in the layer depth
direction, while being configured to substantially transmit elliptically or circularly polarized
light having a handedness of polarization that is opposite to the first rotation direction, when
viewed in the layer depth direction.

4. The diffraction grating of any one of the claims 1 to 3, wherein the arrangements
of the liquid crystal molecules varying periodically in the lateral direction are such that the
liquid crystal molecules of successively laterally adjacent chiral structures at about the same
depth in the layer depth direction are successively rotated in a second rotation direction by
360°n, where n is an integer.

5. The diffraction grating of any one of the claims 1 to 4, wherein the arrangements

of the liquid crystal molecules varying periodically in the lateral direction are such that
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elliptically or circularly polarized light that is Bragg-reflected by the laterally adjacent chiral
structures is phase-shifted by an angle that is proportional to the angle of rotation in a second
rotation direction between the laterally adjacent chiral structures.

6. The diffraction grating of any one of the claims 1 to 5, wherein the chiral structures
are such that the first liquid crystal molecules arranged at different lateral positions have
substantially the same helical pitch, and the second liquid crystal molecules arranged at
different lateral positions have substantially the same helical pitch.

7. The diffraction grating of any one of the claims 1 to 6, wherein the chiral structures
comprise:

the plurality of first liquid crystal molecules that extend in a layer depth
direction by at least a first helical pitch and are successively rotated in the first rotation
direction; and

the plurality of second liquid crystal molecules that extend in the layer depth
direction by at least a second helical pitch and are successively rotated in the first
rotation direction,

wherein the first helical pitch and the second helical pitch are such that the
plurality of first liquid crystal molecules and the plurality of second liquid molecules
are configured to Bragg-reflect light having different off-axis incident angles.

8. The diffraction grating of claim 7, wherein the first plurality of chiral structures are
formed in a first cholesteric liquid crystal (CLC) layer, and wherein the second plurality of
chiral structures are formed in a second cholesteric liquid crystal (CLC) layer formed over the
first CLC layer and stacked in the layer depth direction.

9. The diffraction grating of claim 7 or claim 8, wherein the first plurality of chiral
structures are formed in a first region of the cholesteric liquid crystal (CLC) layer, and wherein
the second plurality of chiral structures are formed in a second region of the cholesteric liquid
crystal (CLC) layer formed over the first region in the layer depth direction.

10. The diffraction grating of any one of the claims 7 to 9, wherein the first plurality of
chiral structures are formed in a first region of the cholesteric liquid crystal (CLC) layer, and
wherein the second plurality of chiral structures are formed in a second region of the cholesteric
liquid crystal (CLC) layer, wherein the first and second regions are laterally adjacent regions

in the lateral direction.
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11. The diffraction grating of any one of claims 7-10, wherein the one or both of first
and second chiral structures form a gradient in the helical pitch in one or both of the layer depth
direction and the lateral direction.

12. A wave-guiding device, comprising:

one or more cholesteric liquid crystal (CLC) layers each comprising a plurality
of chiral structures, wherein each chiral structure comprises a plurality of liquid crystal
molecules that extend in a layer depth direction and are successively rotated in a first
rotation direction, wherein arrangements of the liquid crystal molecules of the chiral
structures vary periodically in a lateral direction perpendicular to the layer depth
direction such that the one or more CLC layers are configured to Bragg-reflect incident
light; and

one or more waveguides formed over the one or more CLC layers and
configured to optically couple Bragg-reflected light from the one or more CLC layers
such that the Bragg-reflected light travels in a lateral direction perpendicular to the
layer depth direction by total internal reflection (TIR),

wherein the one or more CLC layers and the one or more waveguides are
configured to be in the same optical path, and

wherein the chiral structures comprise a plurality of first liquid crystal
molecules stacked over a plurality of second liquid crystal molecules, wherein the first
liquid crystal molecules and the second liquid crystal molecules extend in the layer
depth direction at different helical pitches.

13. The wave-guiding device of claim 12, wherein each of the plurality of chiral
structures extend in a layer depth direction by at least a helical pitch, wherein the helical pitch
is a length in the layer depth direction corresponding to a net rotation angle of the liquid crystal
molecules of the chiral structures by one full rotation in the first rotation direction.

14. The wave-guiding device of claim 12 or claim 13, comprising a plurality of CLC
layers, wherein each one of the CLC layers has differently arranged chiral structures that are
configured to selectively Bragg-reflect incident light having a wavelength different than the
other ones of the CLC layers and at a Bragg-reflection angle different than the other ones of

the CLC layers.

-78-



16 Sep 2021

2017371047

15. The wave-guiding device of any one of the claims 12 to 14, comprising a plurality
of CLC layers, wherein the periodically varying lateral arrangements of the liquid crystal layers
are characterized by a period, wherein each one of the CLC layers has a different period than
the other ones of the CLC layers.

16. The wave-guiding device of any one of the claims 12 to 15, wherein each one of
the CLC layers is configured to selectively Bragg-reflect incident light having a wavelength in
a visible spectrum.

17. The wave-guiding device of any one of the claims 12 to 16, wherein each one of
the CLC layers is configured to selectively Bragg-reflect incident light having a wavelength in
an infrared spectrum while transmitting light having wavelength in a visible spectrum.

18. The wave-guiding device of any one of the claims 12 to 17, comprising a plurality
of waveguides, wherein each waveguide is optically coupled to one of the CLC layer formed
thereon.

19. The wave-guiding device of any one of the claims 12 to 18, wherein the plurality
of CLC layers form a stack, and wherein a single waveguide is optically coupled to each one
of CLC layers in the stack.

20. The wave-guiding device of any one of claims 12-19, further comprising a
polarizing reflector, wherein the one or more wave guides is interposed between the one or
more CLC layers and the polarizing reflector and is configured such that an elliptically or
circularly polarized incident light that transmits through the one or more CLC layers and
further through the waveguide is reflected by the polarizing reflector as a reflected light having
an opposite polarization handedness relative to the elliptically or circularly polarized incident
light.

21. The wave-guiding device of any one of the claims 12 to 20, comprising a first CLC
layer and a second CLC layer forming a stack with a waveguide, wherein chiral structures of
the first CLC layer and the second CLC layer are successively rotated in opposite rotation
directions.

22. The wave-guiding device of claim 21, wherein the first and second CLC layers are
stacked on the waveguide.

23. The wave-guiding device of claim 21 or claim 22, wherein the first and second CLC

layers are interposed by the waveguide.
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