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(57) Abstract: Architectures are provided for selectively outputting light for forming images, the light having different wavelengths
and being outputted with low levels of crosstalk. In some embodiments, light is incoupled into a waveguide and deflected to propag-
ate in different directions, depending on wavelength. The incoupled light then outcoupled by outcoupling optical elements that out-
couple light based on the direction of propagation of the light. In some other embodiments, color filters are between a waveguide
and outcoupling elements. The color filters limit the wavelengths of light that interact with and are outcoupled by the outcoupling
elements. In yet other embodiments, a different waveguide is provided for each range of wavelengths to be outputted. Incoupling op -
tical elements selectively incouple light of the appropriate range of wavelengths into a corresponding waveguide, from which the
light is outcoupled.



WO 2016/054092 PCT/US2015/053016

ARCHITECTURES AND METHODS FOR OUTPUTTING DIFFERENT
WAVELENGTH LIGHT OUT OF WAVEGUIDES

Priority Claim
(6001} This application claims the priority bencfit of U.S. Provisional Patent

Application No. 62/057,165, filed on Scptember 29, 2014, entitled “VIRTUAL AND
AUGMENTED REALITY SYSTEMS AND METHODS,” the entirety of which is

incorporated herein by reference.

Incorporation by Reference
(6002} This application incorporates by refercnce the contirety of cach of the

following patent applications: U.S. Application No. 14/331,218 (atiorney docket no.
20020.00); U.S. Provisional Application No. 62/012,273 (attorney docket no. 30019.00); and
U.S. Provisional Application No. 62/005,807 {(attorney docket no. 30016.00).

BACKGROUND
Field
(6003} The present disclosure relates to virtual reality and augmented reality

imaging and visualization systoms.

Description of the Related Axt

(66041 Modern computing and  display technologics 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 2 user in a manner
wherein they scem 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 o
other actual real-world visual input; an augmented reality, or “AR”, scenario typically
nvolves presentation of digital or virtual image information as an augmentation to
visualization of the actual world around the user. For example, referring to Figure 1, an

augmented reality scene |18 depicted wherein a user of an AR technology sces a real-world

-1~
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park-like setting 1100 featuring people, trees, buildings in the background, and a concrete
platform 1120, In addition to these items, the user of the AR technology also perceives that
he “sces” a robot statuc 1110 standing upon the real-world platform 1120, and a cartoon-like
avatar character 1130 flying by which scems to be a persontfication of a bumble bee, even
though these clements 1130, 1110 do not exist in the real world. Because the human visual
perception system is complex, it is challenging to produce a VR or AR technology that
tfacilitates a comfortable, natural-fecling, rich presentation of virtual image elements amongst
other virtual or real-world imagery clements,

60051 Systems and methods disclosed herein address various challenges related

to VR and AR technology.

SUMMARY

3006} Embodiment 1; An optical system comprising:

a waveguide comprising a first major surface and a second major surface, the
waveguide configured to propagate light by total internal reflection between the first and the
second major surfaces;

an incouphing optical element configured to incouple incident light into the
waveguide at a first plurality of wavelengths along a first direction and incouple incident
light into the waveguide at one or more sccond wavelengths along a8 second direction,
wheretn incoupled light of the first phirality of wavelengths propagate through the waveguide
along the first direction by total internal reflection and incoupled light of the one or more
sccond wavelengths propagate through the waveguide along the sccond direction by total
internal reflection: and

first and second outcoupling optical elements configured to outcouple the incoupled
light out of the waveguide.

(66071 Embodiment 2: The optical system of Embodiment 1, wherein the

incoupling optical element includes one or more diffractive optical clements.

(6008} Embodiment 3: The optical system of Embodiment 2, wherein the one or

more diffractive optical clements comprises onc or more of an analog surface relief grating
(ASR}, a binary surface relict structurc {BSR), a hologram, and a switchable diffractive

optical element.
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(66091 Embodiment 4: The optical system of Embodiment 3, wherein the
switchable diffractive optical clement is a switchable Polymer Dispersed Liquid Crystal
(PDLC) grating.

[6010] Embodiment 5; The optical system of any of Embodiments 1-4, further

CoOmprising:

a first wavelength sclective reflector configured to reflect incoupled light of the first
plurality of wavclengths propagating along the first direction, while passing light of
wavelengths other than the first plurality of wavelengths; and

a second wavelength sclective reflector configured to reflect incoupled light of the
one or more second wavelengths propagating along the second direction, while passing light
of wavelengths other than the one or more second wavelengths,

(6011} Embodiment 6: The optical system of Embodimoent 5, further comprising:

a first absorber configured to absorb incoupled light passing through the furst
wavelength selective reflector; and

a seccond absorber configured to absorb incoupled light passing through the second
wavelength selective reflector.

(60121 Embodiment 7; The optical system of Embodiment 5, wherein the first and

second wavelength selective reflectors are a dichroie filters.

(30131 Embodiment 8: The optical system of any of Embodiments -7, wherein

the light at the first plurality of wavelengths includes red Hight and blue light.

(80141 Embodiment 9; The optical system of any of Embodiments -8, wherein

the light of the one or more sceond wavelengths includes green light,

31 S] Embodiment 1{: The optical system of any of Embodiments 1-9, further

comprising:

first light distributing clement configured to receive incoupled light of the first
plurality of wavelengths traveling along the first direction and distribute the light of the first
plurality of wavelengths to the first outcoupling optical clements; and

second light distributing clement configured to receive incoupled light of the one or
more sccond wavelengths traveling along the second direction and distribute the hight in the

sceond plurality of wavelengths to the second outcoupling optical clements.



WO 2016/054092 PCT/US2015/053016

(6016} Embodiment 11: The optical system of Embodiment 10, wherein the first

and the second hight distributing clements comprise one or more diffractive optical cloments.

(60171 Embodiment 12: The optical system of Embodiment 11, whercin the one

or more diffractive optical elements comprise one or more gratings.

(6018} Embodiment 13: The optical system of any of Embodiments 10-12,

wherein the first light distributing clement is configured to redirect light of the first plurality
of wavelengths to propagate within the waveguide along a dircction different from a
dircction in which the sccond light distributing clement is configured to redirect light of the
second plurality of wavelengths.

(6019} Embodiment 14; The optical systern of any of Embodiments 10-13,

wherein the first light distributing element 15 configured to redirect light of the first plurality
of wavelengths to propagate within the waveguide along the second direction, and wherein
the second light distributing clement is configured to redirect hight of the second plurality of
wavelengths to propagate within the waveguide along the first direction.

(60201 Embodiment 15: The optical system of any of Embodiments 10-14,

wherein the first and second light distributing elements are orthogonal pupil expanders.

(80211 Embodiment 16; The optical system of any of Embodiments 1-15, wherein

the first outcoupling optical element comprises one or more gratings configured to cuteouple
light of the first plorality of wavelengths out of the waveguide; and wherein the second
outcoupling optical element comprises one or more gratings configured to outcouple light of
the one or more second wavelengths out of the waveguide.

(60221 Embodiment 17: The optical system of Embodiment 16, wherein the one

or more gratings of the first outcoupling optical clement are disposed on the first major
surface of the waveguide and the onc or more gratings of the second outcoupling optical
clement are disposed on the second major surface of the waveguide.

(60231 Embodiment I8: The optical system of Embodiment 16, wherein the one

or more gratings of the first cutcoupling optical element and the one or more gratings of the
second outcoupling optical element are disposed on a same major surface of the waveguide.

(6024 Embodiment 19: The optical system of any of Embodiments 16-18,

wherein the onc or more gratings of the first outcoupling optical clement comprises one or
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more of an analog surface relicf grating (ASR), a binary surface relief structure (BSR), a
hologram, and a switchable diffractive optical element.

(60251 Embodiment 20: The optical system of Embodiment 19, wherein the

switchable diffractive optical clement comprises a switchable Polymer Dispersed Liquid
Crystal (PDLC) grating.

6026} Embodiment 21; An optical system comprising:

a plurality of stacked waveguides, cach waveguide comprising a first major surface
and a second major surface, cach waveguide configured to propagate light by total internal
reflection between the first and the second major surfaces, cach waveguide further
comprising:

incouphing optical clement configured to incouple incident Hight into the waveguide at
a first plurality of wavelengths along a first divection and incouple incident hight into the
wavegnide at one or more second wavelengths along a second direction; and

outcoupling optical element configured to outcouple the incoupled Light out of the
waveguide.

(6027} Embodiment 22: The optical system of Embodiment 21, wherein cach

waveguide has an associated depth plane, wherein each waveguide is configured to produce
an image appearing to originate from that waveguide’s associated depth plane.

[84238] Embodiment 23: The optical system of any of Embodiments 21-22,

wherein different waveguides have different associated depth planes.

633291 Embodiment 24; The optical system of any of Embodiments 21-23,

wherein the outcoupling optical elements for different depth planes have different optical
power so as to provide different divergence of exiting light for cach depth plane.

(60361 Embodiment 25: An optical system comprising:

a waveguide comprising a first major surface and a second major surface;

an incoupling optical clement configured to incouple incident light into the
waveguide;

a first wavelength selective filter on the first major surface, the first wavelength
selective filter having a first rearward surface adjacent the first major surface and a first
torward surfacc opposite the first rearward surface, the first wavelength selective filter

configured to:
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transmit incoupled light at a first plurality of wavelengths through the first rearward
surface of and reflect a portion of the transmitted light at the first plurality of wavelengths
from the first forward surface; and

reflect incoupled light at other wavelengths; and

a first outcoupling optical clement disposed on the first wavelength sclective filter,
the first outcoupling optical clement configured to outcouple the incoupled light of the first
plurality of wavelengths transmitted through the first wavelength selective filter,

(0031} Embodiment  26: The optical system of Embodiment 25, further

Comprising:

a second wavelength sclective filier on the sccond major surface, the second
wavelength selective filter having a second rearward surface adjacent the sccond major
surface and a second forward surface opposite the second rearward surface, the first
wavelength selective filter configured to:

franstott incoupled light at one or more second wavelengths different from the first
plurality of wavelengths through the second vearward surface and reflect a portion of the
transmitted light at the one or more second wavelengths from the second forward surface;
and

reflect incoupled light at the first plurality of wavelengths; and

a second outcoupling optical element disposed on the second wavelength selective
filter, the second outcoupling optical element configured to outcouple the incoupled light at
one or more second wavelengths transmitted through the second wavelength selective filter.

(66321 Embodiment 27; The optical system of Embodiment 26, wherein the first

and the sccond wavelength sclective filters comprise dichroic filters.

(60331 Embodiment 28: The optical system of any of Embodiments 26-27,

wherein the first and the second wavelength selective filters are configured to transmit light
of the first plurality of wavelengths and the one or more sccond wavelengths incident at
angles between O degrees and 20 degreces with respect to a normal to the corresponding first
or the second major surface of the waveguide.

(0034 Embodiment 29: The optical system of any of Embodiments 26-28,

wherein the light of the one or more sceond wavelengths includes green light,



WO 2016/054092 PCT/US2015/053016

(6035} Embodiment 30: The optical system of any of Embodiments 26-29, further

comprising:

light distributing clements configured to:

receive incoupled light of the first plurality of wavelengths and the onc or more
sccond wavelengths from the incoupling optical clement; and

distribute the light of the first plurality of wavelengths and the one or more sccond
wavclengths to the first and second outcoupling optical elements.

[6036] Embodiment 31 The optical system of Embodiment 30, wherein the Light

distributing clements comprise one or more diffractive optical clements.

6037} Embodiment 32 The optical systermn of any of Embodiments 30-31,

wherein the light distributing elements are orthogonal puptl expanders.

[6038] Embodiment _33; The optical systern of any of Embodiments 30-32,

wherein a first portion of light at the first plurality of wavelengths s reflected from the first
forward surface of the {irst wavelength selective filter and a second portion of light at the
first plurality of wavelengths is redirected by the light redistributing clements.

[6039] Embodiment 34; The optical system of Emnbodiment 33, wherein the first

portion of light at the first plurality of wavelengths s incident on the first wavelength
selective filter after being reflected from the second major surface, and wherein a portion of
the first portion of light is redirected by the light redistributing ¢lements.

(6046} Embodiment 33: The optical svstem of any of Embodiments 30-34,

wherein a third portion of light at the one or more second wavelengths is reflected from the
second forward surface of the second wavelength sclective filter and a fourth portion of light
at the onc or more second wavelengths is redirected by the light redistributing clements.

(60411 Embodiment 36: The optical systom of Embodiment 35, wherein the third

portion of light at the one or more sccond wavelengths is incident on the second wavelength
sclective filter after being reflected from the first major surface, and wherein a portion of the
third portion of light is redirccted by the light redistributing eloments,

(60421 Embodiment 37: The optical system of any of Embodiments 26-36,

wherein:
the first outcoupling clement comprises one or more diffractive optical elements; and

the sccond outcoupling element comprises one or more diffractive optical clements.



WO 2016/054092 PCT/US2015/053016

60431 Embodiment 38: The optical system of Embodiment 37, whercin the one

or more diffractive optical clements of the first outcoupling optical ciement comprises one or
more of an analog surface rehict grating (ASR), a binary surface relief structure (BSR), a
hologram, and a switchable diffractive optical clement.

{60441 Embodiment 39: The optical system of Embodiment 38, wherein the

switchable diffractive optical clement comprises a switchable Polymer Dispersed Liquid
Crystal (PDLC) grating.

[0045] Embodiment 40; The optical system of Embodiment 37, wherein the one

or morc gratings of the sccond outcoupling optical clement comprises one or more of an
analog surface rehief grating (ASR), a binary surface relief structure (BSR), a holograr, and
a switchable diffractive optical element.

{6046} Embodiment 41; The optical systemn of Embodiment 40, wherein the

switchable diffractive optical element comoprises a switchable Polymer Dispersed Liquid
Crystal (PDLC) grating,

(60471 Embodiment 42 The optical system of any of Embodiments 25-41,

wherein the incoupling optical element includes one or moore diffractive optical elements.,

[6348] Embodiment 43; The optical system of Embodiment 42, wherein the one

or more diffractive optical elements comprises one or more of an analog surface relief grating
{ASR]}, a binary swrface relief structure {(BSR), a hologram, and a switchable diffractive
optical element,

{63491 Embodiment 44: The optical system of Embodiment 43, wherein the

switchable diffractive optical ¢lement is a switchable Polymer Dispersed Liquid Crystal
{(PDLC) grating.
6056} Embodiment 45: The optical system of any of Embodiments 25-44,

wherein the incoupling optical clement comprises a prism.

(6051 Embodiment 46: The optical system of any of Embodiments 25-46,

wherein the light of the first plurality of wavelengths includes red light and blue light.

[0852] Embodiment 47: A optical system comprising:

a plurality of stacked waveguides, cach waveguide comprising a first major surface

and a second major surface, cach waveguide further comprising:
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an incoupling optical clement configured to incouple incident light into the
waveguide;

a first wavelength sclective filier on the first major surface, the first wavelength
selective filter having a first rearward surface adjacent the first major surface and a first
torward surfacc opposite the first rcarward surface, the first wavelength selective filter
configured to:

transmit incoupled light at a first plurality of wavelengths through the first rearward
surface of and rcflect a portion of the transmitted light at the first plurality of wavclengths
from the first forward surface; and

a first outcoupling optical clement disposed on the first wavelength selective filter,
the first outcoupling optical clement configured to outcouple the incoupled hight of the first
plurality of wavelengths transmitied through the first wavelength selective filter.

(60531 Embodiment 48; The optical system of Embodiment 47, whercin cach

waveguide further comprises:

a second wavelength selective filter on the second major surface, the second
wavelength selective {ilter having a second rearward surface adjacent the second major
surface and a second forward surface opposite the second rearward surface, the first
wavelength selective filter configured to:

transmit incoupled light at one or more second wavelengths different from the first
plurality of wavelengths through the sccond rearward surface and reflect a portion of the
transmitted light at the one or more second wavelengths from the second forward surface
and

a second outcoupling optical element disposed on the second wavelength selective
filter, the sccond ocutcoupling optical element configured to outcouple the incoupled light at
one or more second wavelengths transmitted through the second wavelength selective filter.

60541 Embodiment 49: The optical system of any of Embodiments 47-4%,

wherein cach waveguide has an associated depth plane, wherein cach wavegnide is
configured to produce an image appearing to originate from that waveguide’s associated
depth plane.

60551 Embodiment 50: The optical system of any of Embodiments 47-49,

wherein different waveguides have different associated depth planes.
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6056} Embodiment 51: The optical system of any of Embodiments 47-50,

wherein the outcoupling optical clements for different depth planes have different optical
power so as to provide different divergence of exiting light for cach depth planc.

(6057 Embodiment 52: The optical system of any of Embodiments 48-51,

wherein cach waveguide further comprises g light redistributing element configured to:
receive a portion of light at the first plurality of wavelengths and the onc or more
sccond wavelengths transmitted through the first and the sccond wavelength selective filters;
and
distribute the light of the first plurality of wavclengths and the onc or more sccond
wavelengths to the fivst and second outcoupling optical clements.

{6058} Embodiment 33: An optical system comprising:

a plorality of stacked wavegudes, cach waveguide comprising:

an incoupling optical element configured to selectively incouple mncident light into
the waveguide based upon a property of the incident light;

an outcouphing optical clement configured to outcouple the light incoupled into the
waveguide.

33591 Embodiment_54: The optical system of Embodiment 53, wherein the

property of the incident light is wavelength.

33681 Embodiment SS: The optical system of any of Embodiments 53-54,

wheretn the incoupling optical element 1s a wavelength selective reflector.

(88611 Embodiment 36:. The optical system of Embodiment 55, wherein the

wavelength selective reflector is a dichroic reflector.

3362} Embodiment 57; The optical system of any of Embodiments 55-56,

wherein cach waveguide comprises a wavelength selective reflector configured to reflect
light of a different range of wavelengths than the wavelength sclective reflector of another
wavegnide of the plurality of stacked waveguides.

[8863] Embodiment 58: The optical system of any of Embodiments 55-57,

wherein cach wavelength selective reflector is configured to reflect light of a range of
wavelengths corresponding to a different color than the wavelength sclective reflector of

other waveguides of the plurality of stacked waveguides.

-10-
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(60641 Embodiment 59: The optical system of any of Embodiments 53-5%,

wherein the plurality of stacked waveguides comprises three waveguides, including a first
waveguide configured to output red light, a second waveguide configured to output green
light, and a third waveguide configured to output blue light,

60651 Embodiment 60: The optical system of any of Embodiments 53-59,

wherein the outcoupling optical clement 1s a diffractive optical clement.

[3866] Embodiment 61: The optical system of Embodiment 60, wherein the

diffractive optical element comprises one or more of an analog surface relict gratings {(ASR],
a binary surface relief structures (BSR), a hologram, and a switchable diffractive optical
cleroent.

(6067} Embodiment 62: The optical system of Embodiment 61, wherein the

switchable diffractive optical clement comprises a swiichable Polymer Dispersed Liquid
Crystal (PDLC) grating.

[6068] Embodiment _63; The optical systern of any of Embodiments 53-62,

wherein cach waveguide further comprises an angle-modifying optical clement configured to
modify an angle of propagation of the incident light, such that the mcident light propagates at
a shallower angle to the waveguide surface after iopinging on the angle-modifying optical
clement.

(833691 Embodiment 64 The optical system of Embodiment 63, wherein the

angle-modifving clement is configured to change focus of the incident light,

(84781 Embodiment 635: The optical system of Embodiment 63, wherein the

angle-modifving optical clement is a prism.

(30711 Embodiment 66: The optical system of Embodiment 63, wherein the

angle-modifving optical clement s a diffractive optical element.

372} Embodiment 67: The optical system of any of Embodiments 53-66,

wherein cach waveguide further compriscs a light distributing cloment, wherein the
incoupling optical clement is configured to direct light to the light distributing clement,
wherein the lght distributing clement is configured to direct light to the outcoupling optical
clement.

(84734 Embodiment 68; The optical system of Embodiment 67, wherein the light

distributing element is an orthogonal pupil cxpander.

-11-
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(6674} Embodiment 69: The optical system of any of Embodiments 67-6%,

wherein the light distributing element, the incoupling optical clement, and the outcoupling
optical clement are disposed on a surface of the waveguide.

[6075] Embodiment 70: The optical system of any of Embodiments 67-69,

wherein the light distributing clements comprise one or more of analog surface rehict gratings
{ASR), binary surfacc relicf structures (BSR), a hologram, and a switchable diffractive
optical element.

6076} Embodiment 71: The optical system of Embodiment 70, wherein the

switchable diffractive optical element compriscs a switchable Polymer Dispersed Liquid

Crystal (PDLC) grating,

(60771 Embodiment 72: An optical system comprising:

multiple sets of stacked waveguides, cach set comprising a plurality of stacked
waveguides, cach waveguide comprising:

an incoupling optical element configured to selectively incouple incident light into
the waveguide based upon a property of the incident hight; and

an outcoupling optical element configured to outcouple the hight incoupled into the
waveguide.

(6078} Embodiment 73: The optical system of Embodiment 72, wherein cach

waveguide has an associated depth plane, wherein each waveguide is configured to produce
an umage appearing to originate from that waveguide’s associated depth plane, and wherein
waveguides of different sets of wavegmides have different assoctated depth planes.

(66791 Embodiment 74: The optical system of any of Embodiments 73-73,

wherein waveguides of cach set of stacked waveguides have the same associated depth plane.

6086} Embodiment 75: The optical system of any of Embodiments 72-74,

wherein the outcoupling optical clements have optical power so as to provide a diverging

light beam.

(30811 Embodiment 76: The optical system of any of Embodiments 72-75,
wherein the outcoupling optical clements for different depth planes have different optical

power so as to provide different divergence of cxiting light for cach depth planc.

-12-
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BRIEF DESCRIPTION OF THE DRAWINGS

[B8382] Figurc 1 illustrates a uscr’s view of augmented reality (AR} through an
AR device.

[6083] Figurc 2 illustrates an example of wearable display system.

{60841 Figure 3 illustrates a conventional display system for simulating three-

dimensional imagery for a user.

{8085 Figure 4 illustrates aspects of an approach for simulating three-
dimensional imagery using multiple depth plancs.

[3086] Figures S5A-5C illustrate relationships between radius of curvature and
focal radius,

[G087} Figure 6 iHustrates an exarople of a waveguide stack for outputting image
information fo a user.

[8088] Figure 7 shows an example of exit beams outputted by a waveguide.

[6089] Figure § schematically illustrates an cxample of a stacked waveguide
assembly in which cach depth plane includes irnages formed using multiple different
component colors,

30981 Figure 9A schematically iHhustrates an example of a top view of a display
device including a waveguide, an incoupling optical clement, and an outcoupling optical
clement.

(6091} Figure 9B schematically illustrates an example of a cross-sectional view of
the display device depicted in Figure 9A along the axis A-A'

(66921 Figure 9C illustrates an cxample of a dichroic wavelength sclective filter
and depicts the operation of the dichroic wavelength selective filter.

(66931 Figure 10A schomatically tllustrates an example of a top view of a display
device including a waveguide, an incoupling optical clement, wavelength selective filters,
and first and sccond outcoupling optical clements.

{3394 Figurcs 10B and 10C illustrate examples of a cross-sectional view of the
display device depicted in Figure 10A along the axis A-A'.

[6095] Figurc 11A illustrates an example of a cross-sectional side view of a
plurality of stacked waveguides that arc cach configured to output light of a different

wavelength or range of wavelengths.
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(60961 Figure 11B illustrates an example of a perspective view of the plurality of
stacked waveguides of Figure 11A.

(80971 Figures 12A-12B illustrate cxamples of cross-sectional side views of a
waveguide with an angle-modifying optical clement to facilitate the incoupling of Hght into
the wavegnide.

[3G98] Figurc 13 15 a plot showing the expected impact of refractive index on
field of view.

[6099] The drawings arc provided to illustrate certain example embodiments and
are not infended to limit the scope of the disclosure. Like numerals refer to like parts

throughout,

DETAILED DESCRIPTION

(61680} VR and AR expericnces can be provided by display systems having
displays in which images corresponding to a plurality of depth planes are provided to a
viewer., The images may be different for cach depth plane (e.g. provide slightly different
presentations of a scene or object) and may be separately focused by the viewer’s eves,
thereby helping to provide the user with depth cues based on the accommodation of the eye
reguired to bring into focus different image 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.  As discussed herein, such depth cues provide credible perceptions of depth.

(81011 In some configurations, a full color image may be formed for the varicus
depth plancs by overlaying component images that cach have a particular component color.
For cxample, red, green, and bluc images may cach be outputted to form cach full color
image. As a result, cach depth plane may have multiple component color images associated
with it.  As disclosed herein, the component color images may be outputted using
wavegnides that incouple light containing image information, distribute the incoupled hight
across the waveguides, and then outcouple light towards a viewer.

(6102} Light may be incoupled to the waveguide using incoupling optical
clements, such as diffractive clements, and then outcoupled out of the waveguide using
outcoupling optical clements, which may also be diffractive clements. Conventionally, a pair

of incoupling and outcoupling optical clements may be used. Such an arrangement, however,
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can degrade image quality. For example, such optical clements typically most efficiently
deflect a particular design wavelength and, undesirably, a full color image formed by red,
green, and blue component images fed through such a system may exhibit significant
cropping and mis-focusing depending on wavelength {e.g., cropping and mis-focusing may
occur for non-design wavelength channels). In addition, crosstalk, or ghosting may be
caused by such the incoupling and outcoupling optical clements. In some cases, a diffractive
optical clement optimized for onc wavelength can cause ghost-like images to be formed
when impinged upon by light of other wavelengths, For example, a diffractive optical
clement that is designed to place a green image on a depth plane 1 meter from the viewer
ray place blue and red images on depth planes closer or farther than a meter. This crosstalk
between depth planes can underming the viewer’s perception of depth and reduce image
clarity.

(61031 In addition, color balance may be adversely iropacted by the tendency of
incoupling and outcoupling optical elements such as diffractive optical elements to deflect
some amount of light ¢ven at wavelengths that the optical elements are not specifically
designed to deflect. Becanse a full color image s formed using multiple component color
images, color accuracy in the full color image and the range of colors that are available may
be dependent on the ability to precisely regulate the amount of light of the component colors
that reaches the viewer. Crosstalk between the different component color images may be
undesirable. For example, a full color image may be formed using component red, green,
and blue images. A red component color image, formed using red-colored light, that also
includes unintended green light or blue light is undesirable for, among other things,
undermining the ability to precisely regulate the amount of green or blue light that makes up
the final full color image. This can reduce the color accuracy of the full color image and also
reduce the range of ¢olors that are gencrated, since the ability to preciscly and finely regulate
proportions of the different colors of light is diminished by the crosstalk. Stated another
way, the full color image may be of a higher guality when the component ¢olor images are
cach formed with light of a “pure” component color, rather than a “dirty” component color
that include a range of other unintended colors.

(61041 Advantageously, various embodiments disclosed herein provide low levels

of cross-talk and unintended outcoupling behavior,
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[0195] In some embodiments, various architectures are provided for sclectively
outputting light of diffcrent wavelengths with low levels of crosstalk. In some embodiments,
light is incoupled into a waveguide and deflected to propagste in different directions,
depending on wavelength.,  The incoupled Light is then outcoupled by one or more
outcoupling optical clements that seloctively outcouple light based on the direction of
propagation of the light. In some embodiments, color filters are provided between a
wavegtide and the onc or more outcoupling clements on the surface of the wavegnide. The
color filters limit the wavelengths of light that interact with and are outcoupled by the one or
more outcoupling elements. In vet other embodiments, a different waveguide is provided for
each range of wavelengths or colors to be outputied. One or more incoupling optical
clements selectively incouple hight of the appropriate range of wavelengths into a
corresponding waveguide, from which the light is outcoupled.

[6106] In these various embodiments, as described herein, the waveguides may
form direct view display devices or near-eve display devices, with the waveguides
configured to receive input image information and generate an output image based on the
input image information. These devices may be wearable and constitute eyewear. The input
image information received by the waveguides can be encoded in multiplexed light streams
of different wavelengths (e.g., red, green and blue light) which are incoupled into one or
more waveguides. The incoupled light can be outcoupled (or cutputted) from the waveguide
by one or more outcoupling optical elements. The one or more outcoupling optical clements
can include diffractive structures, such as, for example, an analog surface relief grating
(ASR), binary surface relief structures (BSR), Volume Holographic Optical Elements
{(VHOE), Digital Swrface Relief structures and/or volume phase holographic material {e.g.,
holograms recorded in volume phase holographic material}, or a switchabie diffractive
optical clement {c.g., Polymer Dispersed Liquid Crystal (PDLC) grating). ¥t will be
appreciated that analog surface relief grating can combine multiple functions in a single
structure. These structures may additively build functionality (c.g., onc functionality may be
a selectively for deflecting light of a particular wavelength or range of wavelengths, and
another functionality may be a selectivity for deflecting light of another wavelength or range
of wavelengths} through succcessive fabrication steps {c.g., in which a structure with one

functionality is built on top of a structure with another functionality).
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(6107} Various embodiments described herein can include onc or more gratings
{c.g., lincar grooves) that are configured such that light propagating along a direction
substantially parallel to the grating is not sufficiently deflected from its path such that it is
coupled out of the waveguide. In contrast, light propagating along a direction that 15 at an
angle with respect to the grating {(e.g., perpendicular to the grooves), such that it impinges or
strikes the grating, is diffracted at angles that do not satisfy the requirement for total internal
reflection {TIR} and are thus coupled out of the waveguide. In somc embodiments, the
waveguide includes one or more incoupling optical cloments that can redirect light at
different directions that arc compatible with the orientation of the corresponding diffractive
siryctures.

[6108] Various embodiments described herein can inchude optical filters that
transmit specific wavelengths of light. The filters can it the wavelengths of light that
interact with or impinge on the one or more outcoupling optical elements, thereby reducing
the likelithood of the outcoupling of light of unintended wavelengths.

(61091 It will be appreciated that embodiments disclosed herein may provide one
or more of the following advantages. For example, as noted herein, the outcoupling of light
of unintended wavelengths may be reduced, thereby reducing the occurrence of ghosting, as
discussed above. This reduction or chimination of ghosting can improve image clarity. In
addition, the reduction in the outcoupling of light if unintended wavelengths can increase the
perceived color quality of images formed using the light. In some embodiments, the ability
to specifically outcouple a desired wavelength or range of wavelengths of hight can provide
images with a high degree of color accuracy and precision. In addition, the range of colors
that may be displaved may be increased, since a high degree of control over the outcoupling
of individual wavelengths of light may provide a high degree of control over the ultimate
proportions of particular wavelengths of light in a final full color image. The ability to
precisely control proportions of different wavelengths of light can increase the number of
repeatable combination of component colors possible, thereby increasing the number of
colors (from mixtures of the component colors) that may be displayed. In some
cmbodiments, multiple wavelengths or colors of light may be outcoupled from the same

waveguide, which can have advantages for improving manufacturability and vicld and
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reducing device costs by, for cxample, reducing the number of parts utilized in a display
system, thereby reducing the structural and electrical complexity of the display system.

(6116} Embodiments disclosed herein may be implemented as display systems
generally, In some embodiments, the display systems take the form of cyewear {c.g., they
are wearable), which may advantageously provide a more immersive VR or AR experience.
For example, displays containing waveguides for displaying nwltiple depth plancs, ¢.g. a
stack of waveguides {one waveguide or set of waveguides for cach depth plane), may be
configured to be worn positioned in front of the cyes of a user, or viewer., In some
cmbodiments, multiple waveguides, ¢.g. two stacks of waveguides, one for cach eye of a
viewer, may be utilized to provide different images to cach cye.

o111} Figure 2 illustrates an example of wearable display systern 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 constitutes eyewear and
may be coupled to a frame 64, which is wearable by a display system user or viewer 60 and
which is configured to position the display 62 in front of the eyes of the user 60, In some
embodiments, a speaker 66 13 coupled to the frame 64 and positioned adjacent the car canal
of the user 60 {in some embodiments, another speaker, not shown, is positioned adjacent the
other ¢ar canal of the user to provide for sterco/shapeable sound contrel). In some
embodiments, the display system may alse inclhide 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 (¢.g.. the selection of voice menu
commands, natural language questions, ¢tc.) and/or may allow audio communication with
other persons {e.g., with other users of similar display systems}.

(6112} With continued reference to Figure 2, the display 62 is operatively coupled
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 {c.g., in a backpack-style configuration, in a
beli-coupling style configuration). The local processing and data module 70 may comprisc a
hardware processor, as well as digital memory, such as non-volatile memory {e.g., flash

memory or hard disk drives), both of which may be utilized to assist in the processing,
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caching, and storage of data. The data inchude data a) captured from sensors (which may be,
¢.g., operatively coupled to the frame 64 or otherwise attached to the user 603, such as image
capture devices {such as cameras), microphones, incrtial measurement units, accelcrometers,
compassecs, GPS units, radio devices, and/or gvros; and/or b) acquired and/or processed using
remote processing module 72 and/or remote data repository 74, 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 wircless
communication Hnks, to the remote processing module 72 and remote data repository 74 such
that these remote modules 72, 74 arc operatively coupled to cach other and available as
resources to the local processing and data module 70. In some embodiments, the location
processing and data module 70 may include one or more of the immage capture devices,
microphones, inertial measurement units, accelerowmeters, coropasses, GPS onits, 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 stand alone structures that communicate with the location
processing and data module 70 by wired or wireless comnmunication pathways,

[0113] With continued reference to Figure 2, in some embaodiments, the remote
processing modale 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,
all data 1s stored and all computations are performed in the local processing and data moedule,
allowing fully autonomous usc from a remote moduie.

LI The perception of an image as being “three-dimensional” or “3-D” may be
achicved by providing slightly different presentations of the image to cach eve of the viewer.
Figure 3 illustrates a conventional display system for simulating three-dimensional imagery
for a user. Two distinet images 5, 7—one for cach ¢ye 4, 6—arce 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 5, 7 arc flat and the eyes 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 5, 7 to provide a perception of depth for the combined image.
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(6115} It will be appreciated, however, that the human visual system is more
complicated and providing a realistic perception of depth is more chalienging. For exampile,
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” duc to a
combination of vergence and accommodation. Vergence movements {i.e., rolling
movements of the pupils toward or away from cach other to converge the lines of sight of the
cyes to fixate upon an object) of the two cyes relative to cach other are closely associated
with focusing {or “asccommodation”) of the lenses of the eyes. Under normal conditions,
changing the focus of the lenses of the cves, or accommodating the eves, to change focus
from one object to another object at a different distance will automatically canse a matching
change i vergence to the same distance, under a relationship known as the “accommodation-
vergence reflex.”  Likewise, a change in vergence will irigger a matching change n
accommodation, under normal conditions,  As noted hercin, many stereoscopic or “3-1)7
display systems display a scene using slightly different presentations {and, so, slightly
different images) to cach eve such that a three-dimeunsional perspective is perceived by the
human visual system. Such systems are uncomfortable for many viewers, however, since
they, among other things, simply provide different presentations 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 maich between
accommodation and vergence may form more realistic and comfortable simulations of three-
dimensional imagery.

{6116} Figurc 4 illustrates aspects of an approach for simulating three-
dimensional imagery using multiple depth planes. With reference to Figure 4, objects at
various distances from cyes 4, 6 on the z-axis are accommodated by the cyes 4, 6 so that
those objects are in focus. The cyes (4 and 6) assume particular accommodated states o
bring into focus obijects at different distances along the z-axis. Consequently, a particular
accommodated statc may be said to be associated with a particular onc of depth plancs 14,
with has an associated focal distance, such that objects or parts of objects in a particular
depth planc are in focus when the eyce is in the accommodated state for that depth plane. In

some cmbodiments, three-dimensional imagery may be simulated by providing different

20~



WO 2016/054092 PCT/US2015/053016

presentations of an image for cach of the cyes 4, 6, and also by providing different
presentations of the image corresponding to cach of the dopth planes. While shown as being
scparate for clarity of illustration, it will be appreciated that the fickds of view of the cyes 4, 6
may overlap, for example, as distance along the z-axis increascs. Additionally, while shown
as flat for case of illustration, it will be appreciated that the contounrs of a depth plane may be
curved in physical space, such that all features in a depth plane are in focus with the eye ina
particuiar accommodated state,

(6117} The distance between an object and the eve 4 or 6 can also change the
amount of divergence of light from that object, as viewed by that eye.  Figures 5A-5C
ithusirates 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 Figares SA-3C, the light rays become more divergent as distance to the
object decreases.  As distance increases, the light rays become more collimated.  Stated
another way, 1t may be said that the light ficld produced by a point {the object or a part of the
object) has a spherical wavefront corvature, 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 llustrated for
clarity of tllustration 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.

(6118} Without being limited by theory, it is believed that the human cye
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 cach of these
limited 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 different image features for the scene
located on different depth planc and/or based on observing different image features on

different depth plancs being out of focus.
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(6119 Figure 6 ilustrates an example of a waveguide stack for oufputting image
information to a user. A display system 1000 includes a stack of waveguides, or stacked
waveguide assembly, 178 that may be utilized to provide three-dimensional percoption to the
cyc/brain using a plurality of waveguides 182, 184, 186, 188, 190. In somec embodiments,
the display system 1000 is the system &0 of Figure 2, with Figure 6 schematically showing
some parts of that system 80 in greater detail. For example, the waveguide assembly 178
may be part of the display 62 of Figurc 2.

[6120] With continued reference to Figure 6, the waveguide assembly 178 may
also include a plurality of features 198, 196, 194, 192 between the waveguides. In some
embodiments, the features 198, 196, 194, 192 may be lens. The waveguides 182, 184, 186,
188, 190 and/or the plurality of lenses 198, 196, 194, 192 may be configured to send image
information to the eye with vartous levels of wavefront curvatare or light ray divergence.
Each waveguide level may be associated with a particular depth plane and may be configured
to ouiput image information corresponding to that depth plane. Image injection devices 200,
202, 204, 206, 208 may function as a source of light for the waveguides and may be utilized
to inject image information into the waveguides 182, 184, 186, 188, 190, cach of which may
be configured, as described herein, to distribute incoming light across cach respective
waveguide, for output toward the eye 4. Light exits an output surface 300, 302, 304, 306,
308 of the image injection devices 200, 202, 204, 206, 208 and is injected into a
corresponding input surface 382, 384, 386, 388, 390 of the waveguides 182, 184, 186, 1RE,
190. In some embodiments, the input surfaces 382, 384, 3&6, 388, 390 may be an edge of a
corresponding waveguide, or may be part of a major surface of the corresponding waveguide
(that is, onc of the wavegunide surfaces directly facing the world 144 or the viewer's cye 4).
In some embodiments, a singic beam of light {c.g. a collimated beam) may be injected into
cach waveguide to ocutput an entire field of cloned collimated beams that are directed toward
the cye 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 200, 202, 204, 206, 208 may be associated with and inject light into a
plurality {c.g., three) of the waveguides 182, 184, 186, 188, 190,

{0121 In some embodiments, the image injection devices 200, 202, 204, 206, 208

are discrete displays that cach produce image information for injection into a corresponding
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waveguide 182, 184, 186, 188, 190, respectively. In some other embodiments, the image
injection devices 200, 202, 204, 206, 208 are the output ends of a singie muktiplexcd display
which may, ¢.g., pipe image information via one or more optical conduits (such as fiber optic
cables) to cach of the image injection devices 200, 202, 204, 206, 208. It will be appreciated
that the image information provided by the image injection devices 200, 202, 204, 206, 208
may include light of diffcrent wavelengths, or colors {c.g., different component colors, as
discussed herein).

(6122} A controller 210 controls the operation of the stacked wavegunide assembly
178 and the image injection devices 200, 202, 204, 206, 208. In some embodiments, the
controller 210 18 part of the local data processing module 70. The controller 210 includes
programuming {e.g., structions in a non-fransitory medium) that regulates the timing and
provision of image information to the waveguides 182, 184, 186, 188, 190 according to, e.g.,
any of the various schemes disclosed herein. In sorme crobodiments, the controller may he a
single integral device, or a distributed systern connected by wired or wireless communication
channels. The controller 210 may be part of the processing modules 70 or 72 (Figure 1) in
some erobodiments.

[3123] With continued reference to Figure 6, the waveguides 182, 184, 186, 188,
130 may be configured to propagate light within cach respective waveguide by total internal
reflection (TIR}. The waveguides 182, 184, 186, 188, 190 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 illustrated configuration, the
waveguides 182, 184, 186, 188, 190 may cach include one or more outcoupling optical
clements 282, 284, 286, 288, 290 that arc configured to extract light out of a wavegnide by
redirecting the light, propagating within cach respective waveguide, out of the waveguide to
output image mformation to the ¢ye 4. Extracted light may also be referred to as outcoupled
light and the onc or more outcoupling optical elements light may also be referred to light
extracting optical clements. An extracted beam of light is outputted by the waveguide at
locations at which the light propagating in the waveguide strikes a light extracting optical
clement. Some or all of the one or more outcoupling optical elements 282, 284, 286, 288,
290 may, for example, can be onc or more gratings, including diffractive optical features, as

discussed further hercin,. While illusirated disposced at the bottom major surfaces of the
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wavegnides 182, 184, 186, 188, 190 for ease of description and drawing clarity, in some
embodiments, the one or more outcoupling optical clements 282, 284, 286, 288, 290 may be
disposed at the top and/or bottom major surfaces, and/or may be disposed directly in the
volume of the waveguides 182, 184, 186, 188, 190, as discussed further hercin,  In some
cmbodiments, the onc or more outcoupling optical clements 282, 284, 286, 288, 290 may be
formed in g layer of material that is attached to a transparcnt substrate to form the
wavegunides 182, 184, 186, 188, 190. In some other embodiments, the waveguides 182, 184,
186, 188, 190 may be a monolithic picce of material and the one or more outcoupling optical
clements 282, 284, 286, 288, 290 may be formed on a surface and/or in the interior of that
piece of matenial,

61241 With continued reference to Figure 6, as discussed herein, cach waveguide
182, 184, 186, 18K, 190 is configured to ouiput hight to form an image corresponding to a
particolar depth plane. For example, the waveguide 182 nearest the eve may be configured
to deliver collimated light, as injected into such waveguide 182, to the eye 4. The collimated
light may be representative of the optical infinity focal plane. The next waveguide up 184
may be configured to send out collimated light which passes through the firstlens 192 (g, a
negative lens) before it can reach the eye 4; such first lens 192 may be configured to create a
slight convex wavefront curvature so that the eve/brain interprets light coming from that next
waveguide up 184 as coming from a first focal plane closer inward toward the eve 4 from
optical infinity. Similarly, the third up waveginide 186 passes its output light through both
the first 192 and second 194 lenses before reaching the eye 4; the combined optical power of
the first 192 and second 194 lenses may be configured to create another incremental amount
of wavefront curvature so that the eyve/brain interprets light coming from the third waveguide
186 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 184, Other ways of producing
these perccived colors may be possible.

[B125] The other waveguide layers 188, 190 and lenses 196, 19¥€ are similarly
configured, with the highest waveguide 190 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
planc to the person. To compensate for the stack of lenses 198, 196, 194, 192 when

viewing/interpreting light coming from the world 144 on the other side of the stacked
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waveguide assembly 178, a compensating lens layer 180 may be disposed at the top of the
stack to compensate for the aggregate power of the lens stack 19¥, 196, 194, 192 below.
Such a configuration provides as many perceived focal plancs as there are available
waveguide/lens pairings.  Both the one or more outcoupling optical clements of the
waveguides and the focusing aspects of the lenses may be static (i.¢., not dynamic or clectro-
active). In some alternative embodiments, cither or both may be dynamic using electro-
active features.

{6126} In some embodiments, two or more of the waveguides 182, 184, 186, 188,
190 may have the same assoctated depth planc. For example, multiple waveguides 182, 184,
186, 188, 190 may be configured fo ocutput images set to the same depth plane, or multiple
subsets of the waveguides 182, 184, 186, 188, 190 may be configured to ouiput images sct to
the same plurality of depth planes, with one set for cach depth plane. This can provide
advantages for forming a tiled 1mage to provide an expanded field of view at those depth
planes.

(61271 With countinued reference to Figure 6, the one or more outcoupling optical
clerents 282, 284, 286, 288, 290 may be configured to both redirect light out of their
respective wavegiides and to output this light with the appropriate amount of divergence or
collimation for a particular depth plane associated with the wavegmde. As a resul,
waveguides having different associated depth plangs may have different configurations of
one or more outcoupling optical elements 282, 284, 286, 288, 290, which output light with a
different amount of divergence depending on the associated depth plane.  In some
embodiments, the featares 198, 196, 194, 192 may not be lenses; rather, they may simply be
spacers (€.2., cladding layers and/or structures for forming air gaps}.

(6128} In some embodiments, the one or more outcoupling optical elements 282,
284, 286, 288, 290 are diffractive featurcs that form a diffraction pattern, or “diffractive
optical element” (also referred to herein as a “"DOE™).  Preferably, the DOE’s have a
sutficiently low diffraction cfficiency so that only a portion of the light of the beam is
deflected away toward the eye 4 with cach intersection of the DOE, while the rest contimies
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 cxit the waveguide at a
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multiplicity of locations and the result is a fairly uniform pattorn of exit emission toward the
cye 4 for this particular collimated beam bouncing around within a waveguide.

(6129 In some embodiments, one or more DOHs may be switchable hetween
“on” states in which they actively diffract, and “oft” states in which they do not significantly
diffract. For instancc, 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 can be switched to substantially match the refractive
index of the host material {in which casc the pattern does not appreciably diffract incident
light} or the microdropict can be switched to an index that does not match that of the host
medivm (in which case the paticrn actively diffracts meident Light}.

[8130] Figure 7 shows an example of exit beams outputied by a waveguide. One
waveguide s ilustrated, but it will be appreciated that other waveguides o the waveguide
assembly 178 may fimetion similarly, where the waveguide assembly 178 inchudes moultiple
waveguides, Light 400 is injected into the wavegwide 182 at the mput edge 382 of the
wavegnide 182 and propagates within the waveguide 182 by TIR. At points where the light
400 impinges on the DOE 282, a portion of the light exits the waveguide as exit beams 402,
The exit beams 402 are illustrated as substantially paraliel but, as discussed herein, they may
also be redirected to propagate to the eve 4 at an angle {e.g., forming divergent exit beams),
depending on the depth planc associated with the waveguide 182, ¥t will be appreciated that
substantially parallel exit beams may be indicative of a waveguide with one or more
outcoupling optical clements that outcouple hight to form images that appear to be set on a
depth planc at a large distance {c.g., optical infinity} from the eye 4. Other wavegnides or
other sets of outcoupling optical clements may output an coxit beam pattern that is more
divergent, which would require the cye 4 to accomimodate 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
eve 4 than optical infinity.

(8131} Figurc 8 schomatically illustrates an example of a stacked waveguide
assembly in which cach depth planc includes images formed using mmitiple different
component colors. In some embodiments, a full color image may be formed at cach depth
planc by overlaying images in cach of the component colors, c¢.g., three or more component

colors., The illustrated cmbodiment shows depth planes 14a — 141 although more or fower
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depths are also contemplated. Each depth plane may have threc component color images
associated with it: a first image of a first color, (G; a second image of a second color, Ry and a
third image of a third color, B. Different depth planes are indicated in the figure by different
numbers for diopters following the letiers G, R, and B,  Just as ¢xamples, the numbers
tollowing cach of these letters indicate diopters (1/my}, or distance of the depth plane from a
viewer, and cach box in the figures represents an individual component color image.

(61324 In some embodiments, light of cach component color may be outputied by
a single dedicated waveguide and, consequently, cach depth planc may have multiple
waveguides associated with it. In such embodiments, cach box in the figures including the
letters G, R, or B may be undersiood to represent an individoal waveguide, and three
wavegnides may be provided per depth plane where three component color images are
provided per depth plane. While the waveguides associated with cach depth plane are shown
adjacent to one another in this schematic drawing for case 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
outputied by the same waveguide, such that, ¢.g., only a single waveguide may be provided
per depth plane.

[6133] With continued reference to Figure &, in some embodiments, G 1s the color
green, R is the color red, and B is the color blue.  In some other embodiments, other colors,
inclnding magenta and cyan, may be used in addition to or may replace one or more of red,
green, or blae.

(6134} 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
78¢ nm, green light may include light of one or more wavelengths in the range of about 492~
577 nm, and bluc light may include light of one or more wavelengths in the range of about
435493 pm.

[6135] With reference now to Figure 9A, an example of a top view of a display
device 900 including a waveguide 9035, an incoupling optical clement 907 and one or more

outcoupling optical clements 9093/909 is schematically Hlustrated. The waveguide 905 can
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be planar, having a first major surface 905a, a second major surface 905b opposite the first
major surface 905b and edges extending between those first and the second major surfaces
9052 and 905b. In such cmbodiments, the first and the second major surfaces 905a and 905b
can extend in the x-y plane and a surface normal that intersects the first and the second major
surfaces 905 and 905b can be oriented along the z-axis. The waveguide 905 can comprise an
optical grade material that is configured to be transmissive to wavelengths in the visible
spectrum or wavelengths corresponding to the component colors to be outputted by the
waveguide 905, In various embodiments, the waveguides disclose hercin, including the
waveguide 905 can be monolithic picce of material. For example, the first and the sccond
rajor surfaces 905a and 905h and the space between the two major surfaces 905a and 905b
comprise the same material. In some embodiments, the waveguides may include multiple
layers of material. For example, the space between the first and the second major surfaces
9052 and 905b can include materials having a first refractive index and the space between the
first and the second major surfaces 905a and 905b can include materials can include
materials that have a different refractive index.

6136} The one or more outcoupling optical coupling elements can include a fivst
optical coupling ¢loment 0% and a second optical coupling element 909, as depicted in
Figure 9B, which schematically illustrates an example of a cross-sectional view of the
display device 900 along the axis A-A'. In some embodiments, the first and the second
outcoupling optical clements 9093 and 909b can be combined together to form a single
outcoupling optical element, e.g., on the same major surface or on both the first second major
surfaces 9052 and 905b.

(8137} The incoupling optical element 9047 is configured to incouple incident light
of a first plurality of wavelengths such that they propagate through the waveguide 905 by
total internal reflection along a first direction and incouple light incident of one or more
sccond wavelengths such that they propagate through the waveguide 905 by total internal
reflection along a second direction. The first and the sccond directions extend in a planc
coplanar with the first or the second major surface 2052 or 905b of the wavegnide 905. For
example, as shown in Figure 9A, when the waveguide 905 is viewed along a direction
parallel to the surface normal to the first or the second major surface 905a or 905b {c.g., as

secn in a top-down view when the waveguide 205 is oriented with the first major surface
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905a pointing upwards), the first direction can be parallel to the v-axis and the sccond
dircction can be parallcl to the x-axis. Accordingly, Figure 9A illustrates that the first and
the sccond directions arc orthogonal to cach other in a planc coplanar with the first or the
second major surface 305a or 305b. However, in other embodiments, the first and the second
directions can be oriented with respect to cach other at angles different from 90-degrees
when viewed along a direction parallel to the surface normal to the first or the second major
surface 905a or 905b. For example, the first and the second directions can be oriented with
respect to each other at angles between about 60 degrees and 120 degrees, between about 70
degrees and about |10 degrees, between about 80 degrees and about 100 degrees, between
about 85 degrees and about 95 degrees, or angles therebetween. Preferably, the angle 1s
chosen such that light propagating in the first direction is deflected at high efficiency by one
of the outcoupling elements and low efficiency by the other of the ouicoupling optical
clements, and light propagating 1o the second direction is deflected at high cfficiency by the
former outcoupling element and low efficiency by the latter outcouphng optical element.

[6138] The one or more second wavelengths can be different from the first
plurality of wavelengths., In various embodiments, light having multiple component colors
{e.g., red, green, blue} can be coupled into the wavegwide. The first outcoupling optical
clement 30%a is configured to redirect, out of the waveguide 905, light of the first plurality of
wavelengths that propagate through the waveguide 905 along the first direction; and the
second outcoupling optical element 909b is configured to redirect, out of the wavegnide 905,
light of the one or more second wavelengths that propagate through the waveguide 905 along
the second dircetion. In some embodiments, the first phurality of wavelongths encompasses
light of two component colors, ¢.g., red and blue; and the one or more second wavelengths
encompasses light of a third component color, e.g., green. Preferably, the two component
colors have a greater difference between the wavelengths of those two component colors than
the difference between either of the two component colors and the wavelength of the third
color, which can facilitate reductions in crosstalk.  In some cmbodiments, the first
outcoupling optical clement 90%a includes ASRs, which deflect light of cach of the two
component colors.

(81394 It will be appreciated that the waveguide 205 may be part of the stack of

waveguides in the display system 10060 (Figure 6). For example, the waveguide 905 may
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correspond to one of the waveguides 182, 184, 186, 188, 190, and the outcoupling optical
clements 90%a and 909b may correspond to the outcoupling optical clements 282, 284, 286,
288, 290 of Figure 6.

[6140] With continued reference to Figures 9A and 9B, in various embodiments,
the incoupling optical clement 907 can be a wavelength sclective optical component that is
configurcd to deflect different wavelengths of light such that they propagate along different
directions through the waveguide 905 by TIR. For example, the incoupling optical element
907 can comprise a first set of incoupling optical clements configured to interact with light at
the first plurality of wavelengths and a second set of incoupling optical clements configured
to interact with light at the one or more second wavelengths., Tn various embodiments, the
elements forming the incouphing optical element 907 can include one or more optical prism,
or optical components including one or more diffractive elements and/or refractive clements.

(8141} In some erobodiments, the incoupling optical element 907 can include one
or more gratings that can interact with light at one or more wavelengths., For example, if the
incident light comprises light at red, green and blue wavelengths, then the mcoupling optical
clernent 307 can include a grating that interacts with all three wavelengths or a first grating
that interacts with red light, a second grating that interact with green light and a third grating
that interacts with blue light. In some embodiments, the first grating that interacts with red
light and the third grating that interacts with blue light can be combined in a single grating
structure.  The one or more gratings included in the incoupling optical element 907 can
include one or more of analog surface relief grating (ASR), Binary surface relief structures
(BSR), Volume Holographic Optical Elements (VHOE), Digital Surface Relief structures
and/or volume phase holographic material {(e.g., holograms recorded in volume phase
holographic material), or switchable diffractive optical element {¢.g., Polymer Dispersed
Liguid Crystal (PDLC) grating). Other types of grating, holograms, and/or diffractive optical
clements, providing the functionality disclosed herein, may also be used. The one or more
gratings arc configured to direct incident light in the first plurality of wavelengths —
represented by rays 90311 and 90312 — such that the light in the first plurality of wavelengths
propagates through the waveguide 905 along the first direction {(e.g., along a dircction
parallel to the y-axis} and direct incident light at the onc or more second wavelengths —

represented by ray 90313 — such that light at the one or more second wavelengths propagates
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through the waveguide along the second direction {c.g., along a direction parallel to the x-
axis). Accordingly, the one or more gratings arc configured to couple light into the
waveguide 905 by deflecting light incident from a direction forward of the first major surface
905a or rearward of the sccond major surface 905b at appropriate angles that results in the
incident light to undergo TIR in the waveguide 905, The incoupling optical clement 907 can
include a reflective grating and/or transmissive grating. In some embodiments including one
or more retiective gratings, incoming light is incident on the grating from within the
waveguide 905 and is diffracted along the first or the second directions of the waveguide
905.

(6142} In some embodiments, one or more wavelength selective filters 913a and
913b may be integrated with or disposed adjacent to the incoupling optical elements 907,
The one or more wavelength selective filters 913a and 913b may be configured to filter out
some portion of light at the one or more second wavelengths that moay be propagating along
the first direction and some portion of light at the first plurality of wavelengths that may be
propagating along the second direction respectively. In some embodiments, the wavelength
selective filters 913a and 913b can be absorptive filters.  TFor example, in various
embodiments, the wavelength selective filters 1013a and 1313b can be color band absorbers.

[0143] In some embodiments, the wavelength selective filters 913a and 913b can
include a dichroie filter. Figure 9C illustrates an example of a dichroic wavelength selective
filter 913b and depicts the operation of that dichroic wavelength selective filter. The dichroic
wavelength selective filter 913b (or 913a) is configured to pass or transmit light at the first
plurality of wavelengths (or the one or more second wavelengths) that is propagating along
the sccond direction (or the first direction) by TIR and reflect the one or more second
wavelengths {or the first plurality of wavelengths) propagating along the second direction {(or
the first direction) by TIR. The light that is passed through the dichroic wavelength selective
filter 913b (or 913a) is absorbed by an absorber 915b that is integrated with or disposed
adjacent to the dichroic wavelength sclective filter 913b (or 913a). In this manner, the
incoupling optical clement 907 cither individually or in combination with the wavelength
selective filter 913b {or 913a) and sbsorber 915b can increase the degree of isolation between
incoupled light at the first plurality of wavelengths propagating through the waveguide 905

along the first direction and incoupled light at the one or more sccond wavelengths
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propagating through the waveguide 905 along the second direction.  In other words, the
incoupling optical clement 907 cither individually or in combination with the wavelength
sclective filter 913b (or 213a) and absorber 915b can, by limiting the amount of light of
different wavcelengths propagating through the waveguide 905, reduce crosstalk between
incoupled light at the first plurality of wavelengths propagating through the waveguide 905
along the first direction and incoupled light at thce one or morc sccond wavelengths
propagating through the waveguide 905 along the sccond direction. Reducing crosstalk
between incoupled light at the first plurality of wavelengths propagating through the
waveguide 205 along the first direction and incoupled light at the one or more sccond
wavelengths propagating through the waveguide 905 along the second direction can be
advantageous in improving the outcoupling efficicncy of the first and the second ouicoupling
optical elements 9093 and 309b and also improve the quality of the color image generated by
the outcoupled light.

[6144] The incoupling optical clement 907 can be disposed adjacent the first or
the second major surface 9054 or 905b of the waveguide 905, In various embaodiments, the
incoupling optical element 907 can be disposed adjacent a corner of the waveguide 905, The
incoupling optical clement 907 can be distinet from the waveguide 995,  Alternately, the
incoupling optical clement 907 can be integrated with one or both of the first or the second
major surface 805a or 905b of the waveguide 905, In various embodiments, the incoupling
optical element 907 and the waveguide 905 can be monolithically integrated. In vartous
embodiments, the incoupling optical clement 907 can be formed in a portion of the
waveguide 905. For example, in embodiments, in which the incoupling optical element 907
include one or more gratings, the one or more gratings may be formed in a portion of the first
and/or the second major surface 905a and/or 905b of the waveguide 905, In various
embodiments, the incoupling optical clement 907 may be disposed in a layer of optical
transmissive material which is disposcd adjacent to the first and/or the second major surface
90152 and/or 305b of the waveguide 905, In some other embodiments, as disclosed herein,
the incoupling optical clement 907 may be disposed in the bulk of waveguide 905.

[6145] In various embodiments, the display device 900 can include first Light
distributing element 91 1a disposed in the light path of the incoupled light at the first plurality

of wavclengths propagating through the waveguide 905 along the first direction. The display
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device 900 can also include second light distributing element 911b disposed in the light path
of the incoupled light at the onc or more second wavelengths propagating through the
waveguide 905 along the second direction. The first and the second light disiributing
clements 211a and 911b can be configured to distribute light of the first plurality of
wavclengths and of the one or more second wavelengths along the first and the sccond
dircction respectively. For example, in various embodiments, the first and the second light
distributing clements 911a and 911b can be configured to clongate light (e.g., spread light
across the length) of the first plurality of wavelengths and of the one or more second
wavclengths along the first and second dircctions respectively. The first and second light
distributing elements 91 la and 911b can be referred to as pupil expanders or orthogonal pupil
expanders (OPEs) since by virtue of distributing light along the first and the second
directions, they can advantageously increase the spot size of a first light beam mclouding light
at the first plurality of wavelengths and a second light beam meluding light at the one or
more second wavelengths, The frst and second light distributing clements 911a and 911b
can also be useful to increase the size of the exit pupil of the display device 900, Increasing
the size of the exit pupi can be useful when the display device 900 is configured to be
directly viewed by a user and/or in near-to-eve display applications. Increasing the size of
the exit pupil can also be advantageous in alleviating the strain on eve when viewing the
display device 900.

6146} The first and the second light distributing elements 911ta and 911b can
include one or more gratings that are configured to direct light propagating along the first and
the sccond direction respectively towards the first and the second outcoupling optical
clements 909a and 909b. The onc or more gratings can be configured, for example, to have a
size {e.g., groove depth or groove height, shape, spacing, and/or periodicity} and an
oricntation that is configured to interact with light of the first plurality of wavelengths
propagating along the first direction or light of the one or more second wavelengths
propagating along the seccond direction.  For cxample, if light of the first plurality of
wavelengths includes red and blue light, then the first light distributing element 911a can
include a grating that is configured to intcract with red and bluc light or a first grating that

interacts with red light and a sccond grating that interacts with blue light. Similarly, if light



WO 2016/054092 PCT/US2015/053016

of the one or more second wavelengths inchudes green light, then the sccond light distributing
clement 911b can include a grating that is configured o interact with green light,

{3147} In some embaodiments, the first and the second light distributing clements
G1la and 911b arc cach configured to redirect a portion of the light that tpinges on the
gratings at as the light every bounce as the incoupled hight at the first plurality of
wavelengths and at the one or more second wavelengths propagates through the waveguide
by TIR. The first and the second light distributing elements 911a and 211b can divide the
first and the second light beams propagating along the first and the second directions into
multiple related beams that are redirected towards the first and the sccond outcoupling
optical elements 90%a and 909b. In various crobodiments, the multiple related beams can be
copics of cach other. In this manner, the first and the second hight distributing elements 91 1a
and 911b can be configured to uniformly or substantially uniformly illuminate a larger arca
of the first and the second outcoupling optical elements 909% and 309b which canresult in a
fairly oniforro patiern of exit emission from the waveguide 905, Without any loss of
generality, the first and the second light distributing clewents 911a and 911b can be
configured to redirect light incident at a single wavelength or multiple wavelengths within a
wavelength range.

(6148} In varigus embodiments, the one or more gratings included in the first and
the second light distributing elements 91 1a and 911b can inchude one or more of an analog
surface relief grating (ASR), Binary surface relief structures (BSR), a Vohime Holographic
Optical Element (VHOE), Digital Surface Relief structures and/or volume phase holographic
material, or a switchable diffractive optical clement {c.g., Polvmer Dispersed Liquid Crystal
(PDLC) grating). Other types of gratings, holograms, and/or diffractive optical clements,
configured to provide the functionality disclosed herein, may also be used. The first and the
second light distributing clements 911a and 911b can be disposed adjacent the first or the
second major surface 305a or 905b of the waveguide 905, In various embodiments, the first
and the second light distributing elements 911a and 911b can be disposed such that they are
spaced apart from the first and the outcoupling optical eloments 90%a and 909b, although the
first and the second light distributing clements 911a and 911b need not be so configured in
some embodiments. The first and the second light distributing clements 911a and 211b can

be integrated with one or both of the first or the second major surface 905a or 905b of the
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wavegnide 905, In various embodiments, the first and the second light distributing clements
91ta and 911b and the waveguide 905 can be monolithically integrated. In various
cmbodiments, the first and the second light distributing elements 911a and 911b can be
formed in a portion of the first and/or the second major surface 905a and/or 905b of the
waveguide 905, In various embodiments, the first and the second light distributing clements
91la and 911b may be disposed in onc or more layers of optical transmissive material whic
are disposed adjacent to the first and/or the second major surface 905a and/or 905b of the
waveguide 905, In some other embodiments, as disclosed herein, the first and the second
light distributing ¢lements 91 1a and 911b may be disposed in the bulk of waveguide 905.
[6149] As discussed above, the first outcoupling optical ¢lement 90%9a and the
second outcouphing optical element 9090 are configured to redirect ncoupled light that is
incident on them out of the plane of the waveguide 905, The first and the second outcoupling
clements 90% and 309b are configured to redivect the mceoupled light that is incident on the
first and the second outcoupling clements 909a and 909%b toward the viewer {e.g., eye 4,
Figure 7) at appropriate angles to ensure proper overlay of light at different wavelengths such
that the viewer can perceive a color image of good visual quality. The first and the second
outcoupling optical cloments 90% and 909b can have an optical power that provides a
divergence to the light that exits through the waveguide 905 such that the image formed by
the light that exits through the waveguide 905 appears to originate from a certain depth.
Accordingly, the waveguide 905 may be considered to have an associated depth plane that s
correlated with the optical power of the first and the second outcoupling optical elements
99%a and 909 . As discussed herein, various embodiments of display devices can include a
plurality different waveguides similar to waveguide 905 described above - including the
incoupling optical element 907 and the first and the second outcoupling optical ¢lements
9092 and 90%b with different optical powers - that arc stacked together. In such
embodiments, the different waveguides can be associated with different depth planes
corresponding to the different optical powers of the first and the second ountcoupling optical
clements 909 and 90%b including thercin. Display devices including such plurality of
different wavegunides stacked together can be useful to generate 3D images and, in particular,

light ficld based 3D images.
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(6156 As discussed above, the first outcoupling optical clement 909a and the
sccond outcoupling optical element 9090 can inchude one or more gratings. For cxample, the
first outcoupling element 9092 can include one or more gratings that arc configured to
interact with light of the first plurality of wavelengths and the sccond outcoupling clement
909b can include one or more gratings that arc configured to intcract with light of the onc or
more second wavelengths, For example, if the first plurality of wavelengths includes red and
blue wavclengths, then the first outcoupling element 9093 can include a grating structurc that
interacts with both red and bluc light or a first grating that interacts with red light and a
scecond grating that interacts with bluc light. As another example, if the one or more sccond
wavelengths includes green wavelength, then the second outcoupling clement 90%h can
mnclude a grating that interacts with green hight.

(6151} The first and the second outcoupling clements 909a and 909b can include
linear grooves that are configared such that light propagating along a divection substantially
parallel to the length of grooves is not safficiently deflected from its path such that it 1s
couple out of the waveguide. In contrast, light propagating along a direction that s at an
angle with respect to the grooves {(e.g., perpendicular to the length of the grooves) such that it
impinges or strikes the grooves and is deflected at angles that do not satisfy requirements for
TIR and are thus coupled out of the waveguide 905, Accordingly, the grooves in the first
outcoupling element 90%a are oriented along a direction parallel or substantially paraliel to
the second direction such that the hight at the one or more second wavelengths propagating
along the second direction are not sufficiently deflected by the first outcoupling optical
clement 9092 to be outcoupled out of the wavegnide 905 and light at the first plurality of
wavelengths propagating along the first direction arc sufficiently deflected by the first
outcoupling optical clement 909a to be outcoupled out of the waveguide 905, The grooves in
the sccond outcoupling clement 909 arc oriented along a direction parallel or substantially
parallel to the first direction such that the light at the first phlurality of wavelengths
propagating along the first direction are not sufficiently deflected by the sceond outcoupling
optical clement 909 to be outcoupled out of the waveguide 905 and light of onc or more
second wavelengths propagating along the sccond direction is sufficiently deflected by the

second outcoupling optical element 909b to be outcoupled out of the waveguide 905,
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(6152} The first outcoupling optical clement 909a and the second outcoupling
optical clement 909b can inchude analog surface rclief grating (ASR), Binary surface rehief
structures {BSR}, Volume Holographic Optical Elements (VHOE), Digital Surface Relief
structures and/or volume phase holographic material {c.g., holograms recorded in volume
phase holographic material), or switchable diffractive optical clement {c.g., Polymer
Dispersed Liquid Crystal (PDLC) grating). Other types of gratings, holograms, and/or
diffractive optical clements, providing the functionality disclosed herein, may also be used.
In various embodiments, the first and the second outcoupling optical clements 90%a and 90%b
can be integrated as a single outcoupling optical clement 909, For cxample, a single
outcoupling optical clement 909 including different holograms for different wavelengths
{c.g., red, green and blue) recorded on top of cach ather can be disposed on one of the major
surfaces 905a and 905b instead of two outcoupling optical elements 90%a and 909b disposed
on the {irst and the second major surface 905a and 905b as shown in Figure 9B. In some
embodiments, the first outcoupling optical clement 90%a can be disposed on one of the first
or the second major sarface 905a or 305b and the second outcoupling optical element 309b
can be disposed on the other major surface. The first and the second outcoupling optical
clement 30%a and 90%b can be formed on one or both of the first and the second major
surface 905a and 905b. In various embodiments, the first and the second outcoupling
clement can be formed on a layer that is disposed on one of the first or the second major
surface 905a or 905b.

[8183] Figure 1A schematically tllustrates an example of a top view of a display
device 1000 including a waveguide 905, incoupling optical clement 1007, wavelength
sclective filters 1013a and 1013b, and first and sccond outcoupling optical clements 1009a
and 1009b. Figures 10B and 10C illustrate examples of a cross-sectional view of the display
device 1000 depicted in Figure 10A along the axis A-A’. The display device is configured
such that incoming incident Hght of different wavelengths represented by rays 90311, 9032
and 90313 arc coupled into the waveguide 905 by the incoupling optical clement 1007, The
incoupling optical clement 1607 can be configured to couple all wavelengths of the incident
light into the waveguide 905 at appropriatc angles that support propagation through the
waveguide by virtae of TIR. In various embodiments, the incoupling optical clement 1007

need not be configured to incouple the different wavelengths of incident light such that they
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propagate along different directions. Thus, in some embodiments, all the wavelengths of the
incident light can be coupled into the waveguide 905 such that they propagate through the
waveguide along a same direction. The incoupling optical element can include a plurality of
gratings, such as, for example, analog surface relief grating (ASR), Binary surface rchief
structures {BSR}, Volume Holographic Optical Elements (VHOE), Digital Surface Relief
structures and/or volume phase holographic material {c.g., holograms recorded in volume
phasc holographic material), or switchable diffractive optical clement {c.g, a Polymer
Dispersed Liquid Crystal (PDLC) grating). Other types of gratings, holograms, and/or
diffractive optical clements, providing the functionality disclosed herein, may also be used.
In various embodiments, the incoupling optical element 1007 can include one or more optical
prisms, or optical components including one or more diffractive elements and/or refractive
clerents,

(61541 The display device 1000 inchudes wavelength selective filters 1013a and
1813h, cach wavelength selective filter 1013a and 1013b being associated with one of the
outcoupling optical elerent 10093 and 1009, In the illustrated embodiment, wavelength
selective filter 1013a 13 associated with outcouphing optical clement 100% and wavelength
selective filter 1013b is associated with outcoupling optical clement 1009b. The wavelength
selective filter 1013a includes a first rearward surface and a first forward surface opposite the
first rearward surface. The wavelength selective filter 1013b inchudes a second rearward
surface and a second forward surface opposite the second rearward surface. In some
embodiments, the wavelength selective filter 1013a can be disposed on the first major surface
of the waveguide 905, in a recess, ¢.g., such that the first forward surface is on the same level
as portions of the first major surface 905a of the wavegnide 905, as illustrated in Figure 10B.
In some other embodiments, the wavelength selective filter 1013a can be disposed such that
the first rearward surface simply overlies the first major surface 905a (without being
disposed in a recess) as illustrated in Figure 10C. In some cmbodiments, the wavelength
sclective filter 1013b can be disposed in a recess in the second major surface of the
waveguide 905, ¢.g., such that the second forward surface is on the same level as the second
major surfacc 905b of the waveguide 905 as illustrated in Figure 10B. In some other
cmbodiments, the wavelength sclective filter 1013b can be disposed such that the sccond

rearward surface simply underlies the second major surface 905b (without being disposed in
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a recess) as Hlustrated in Figure 10C. Light propagating in the waveguide 905 is incident on
the first or the sccond rearward surface of the first or the second wavelength selective filter
1013a or 1013b respectively. Light of the first plurality of wavelengths {or the one or more
second wavelengths) are transmitted through the first rearward surface {(or the second
rearward surface) of the first wavelength selective filter 1013a (or the second wavelength
selective filter 1013b). The first and the second wavelength selective filter 10132 and 1013b
arc capable of reflecting a portion of the light transmitted through the first or the sceond
rearward surface,

[81585] The wavelength selective filter 1013a is configured to transmit a portion
of light at a first plurality of wavelengths (e.g., light at red and blue wavelength ranges) that
are propagating through the waveguide 905 by nmultiple reflections towards the respective
outcoupling optical clement 100%a that are configured to deflect the first plurality of
wavelengths out of the waveguide 905, The wavelength selective filter 1013a 18 configured
to reflect light at wavelengths different {from the first plurality of wavelengths away from the
outcoupling optical element 100%. Similarly, the wavelength selective filier 1013b 13
configured to transmit a portion of light of one or more second wavelengths {e.g., light in the
green wavelength range) that are propagating through the waveguide 905 by multiple
reflections towards the respective outcoupling optical element 1009b that are configured to
deflect light of the one or more second wavelengths out of the waveguide 90S. The
wavelength selective filter 1013b s configured to reflect light at wavelengths different from
the one or more second wavelengths away from the cutcoupling optical element 18096, In
this manner, the wavelength selective filters 1013a and 1013b can reduce crosstalk between
the differcnt wavelengths of light that are coupled out of the waveguide 305 to generate the
color image.

10156] In various embodiments, the wavelength selective filters 1013a and 1013b
can include onc or more dichroic filters. The wavelength selective filters 1813a and 1013b
can be disposed on the first and the second major surfaces 905a and 905b of the waveguide
905, Without any loss of generality, the wavelengths selective filters 1313a and 1013b can
be configured to transmit hight that is incident on the filters 1013a and 1013b at near normal
angles. For cxample, when the wavelength selective filters 1013a and 1013b are disposed

parallel to the first and the second major surfaces 905a and 905h, light that is incident at
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angles between, ¢.g., about (¢ degrees and about 20 degrees with respect to a normal to the
first and the second major surfaces 905a and 905b can be transmitted through the wavelength
sclective filters 1013a and 1013b. Accordingly, the wavelength selective filters 1013a and
1613b can be configured to transmit through light from the surrounding scene that s viewed
by a viewer through the waveguide.

[6157] The first and the second outcoupling optical elements 1009a and 1009b
can be disposed on the corresponding wavelength sclective filter 1013a and 1013b. For
example, the first outcoupling optical clement 100%9a is disposed on the corresponding
wavclength sclective filter 10132 and configured to outcouple light at the first plurality of
wavelengths that are transmutted through the wavelength selective filter 10134 out of the
waveguide 905, Similarly, the second outcoupling optical element 1009b are disposed on the
corresponding wavelength selective filter 1013b and configured to outcouple light of the one
or more second wavelengths that are tfransmitted through the wavelength selective filter
1013b out of the waveguide 905, In some embodiments, as noted herein, the first plurality of
wavelengths encompasses light of two component colors, ¢.g., red and blue; and the one or
more second wavelengths encoropasses hight of a third component color, ¢.g., green.
Preferably, the two component colors have a greater difference between the wavelengths of
those two component colors than the difference between either of the two component colors
and the wavelength of the third color, which can facilitate reductions in crosstatk. In some
embodiments, the first outcoupling optical element 10809 includes one or more ASRs, which
deflect light of cach of the two compounent colors and the second cutcoupling optical element
1009b includes ASR, which deflects light of the third component color.

{158} It will be appreciated that the waveguide 905 may be part of the stack of
wavegnides in the display system 1000 (Figure 6). For cxample, the waveguide 905 may
correspond to one of the waveguides 182, 184, 186, 18K, 190, and the outcoupling optical
clements 1009a, 10090 and wavelength sciective filter 1013a, 1013b may correspond to the
outcoupling optical clements 282, 284, 286, 288, 290 of Figure 6.

(61591 The first and the second outcoupling optical clements 100% and 1009b
can be physically and functionally similar to the first and the second outcoupling optical
clements 20%a and 909b described above with reference to Figures 9A and 9B, For example,

the first and the scecond outcoupling optical elements 100% and 10095 can include diffractive
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structures, such as, for example, one or more of analog surface relief gratings (ASR}, Binary
surface relief structures (BSR}, Volume Holographic Optical Elements (VHOE), Digital
Surface Relief structures and/or volume phase holographic material (e.g., holograms
recorded in volume phase holographic material), or switchable diffractive optical clement
(e.g., Polymer Dispersed Liquid Crystal (PDLC) grating).

[6160] Similar to the first outcoupling optical clements 20% and the second
outcoupling optical elements 909b, first and sccond outcoupling optical element 10092 and
1009 arc configured to redirect incoupled light that is incident on them out of the plane of
the waveguide 905 at appropriate angles and cfficiencics to facilitate or ensure proper
overlay of light at different wavelengths such that a viewer can perceive a color image of
good visual quality. The first and the second outcoupling optical ¢lements 100%a and 1009b
can have an optical power that provides a divergence to the light that exits through the
waveguide 905 such that the image formed by the light that exits through the waveguide 905
appears to originate from a certain depth,

(6161} Light redistributing clements, sach as, for example, first and second light
distributing elements 101 1a and 101 1b can be disposed in the optical path along which the
different wavelengths of light propagate through the waveguide 905, The first and the
second fight distributing elements 1011a and I011b can be physically and functionally
similar to the first and second light distributing ¢clements 911a and 91 1b deseribed above with
reference to Figures SA and 9B. For example, the first and the second light distributing
elements 1011a and 1811b can inchude diffractive structures, such as, for example, onc or
more of analog surface relief grating (ASR}, Binary surface relief structures {BSR), Volume
Holographic Optical Elements (VHOE), Digital Surface Relief structures and/or vohume
phase holographic material (e.g., holograms recorded in volume phase holographic material),
or switchable diffractive optical clement {¢.g., Polymer Dispersed Liguid Crystal (PBDLC)
grating}. The first and the second light distributing clements 1011a and 1011b can be
configured to redirect a portion of the light that interacts with them as it propagates through
the waveguide 905 towards the first and the second outcoupling optical eloments 100%a and
1009b thercby enlarging the beam size of the interacting light along the direction of
propagation. Accordingly, the first and the sccond light distributing clements 1011a and

1011b may be advantageous in enlarging the exit pupil of the display device 1000 including

-41-



WO 2016/054092 PCT/US2015/053016

the waveguide 905. In some cmbodiments, the first and the second light distributing
clements 101 1a and 101 1b may thus function as orthogonal pupil expanders (OPE’s).

[0162] Similar to the first and second light distributing clements 911a and 9i1b,
the first and the second light distributing clements 1011a and 1011b can be disposed on one
or both of the first and the sccond major surfaces 9053 and 905b of the waveguide. In the
ecmbodiment iHustrated in Figures [10A and 10B, the first light distributing clements 1011a is
disposcd on the first major surface 905s and the second light distributing clements 1011b is
disposcd on the second major surface 905b. In other embodiments, the first and the second
light distributing clements 1011a and 1011b can be disposed on the same major surface of
the waveguide 905, In various crobodiments, the first and the second light distributing
clements 1011a and 1011b can be combived to form a single light distributing optical
clement.

(6163} In various embodiments, the fust and the second hight distributing
clernents 1011a can be configured to be wavelength selective such that they have higher
redirection ¢tficiency for certain wavelengths of light than other wavelengths of light. For
example, in various embodiments, the first light redistributing ¢lement 101la can bhe
configured to redirect light at the first plurality of wavelengths towards the first outcoupling
optical element 1009 and the second light redistributing clement 1011b can be configured to
redirect Hight of the one or more second wavelengths towards the second outcoupling optical
clement 10090, In such cmbodiments, the first light distributing element 1011a can be
disposed over the first wavelength selective filter 10132 and the second light distributing
clement 1011b can be disposed over the sccond wavelength sclective filter 1013b. In this
manner, the amount of light at the one or more second (or first plurality of) wavelengths that
is redirected towards the first (or second) outcoupling optical clement 10092 {or 1009b) by
the first {or second} light distributing elements 181 ta {or 1011b} can be reduced.

[0164] In the embodiments discussed above with reference to Figures 9A — 10B,
the first and the second outcoupling optical clements 90%a, 909b, 10(9a and 1009b can be
configured to diffract light symmetrically on ecither side of the first or the second major
surface that they are disposed on so that hight from the waveguide is diffracted forward as
well as rearward of the major surfaces 905a and 905b. Accordingly, the quality of color

image is not compromised ¢ven if some of the colors of the color image are output by
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outcoupling clements disposed on one major surface of the waveguide and some other colors
of the color image arc generated by light output by ocutcoupling clements disposed on the
other major surface of the waveguide.

(6165} Additionally, the various incoupling and outcoupling optical clements and
the light distributing clements can be configured to interact with light at a plurality of
different wavelengths by combining different scts of diffractive structures, cach of the
different scts of diffractive structures being configured to interact with light at a single
wavelength, The different sets of diffractive structures can be disposed on the waveguide by
using fabrication methods such as injection compression molding, UV replication or nano-
imprinting of the diffractive structures.

(4166} With refercnce now to Figure 11A, an example s tllustrated of a cross-
sectional side view of a plurality or set 1200 of stacked waveguides that are cach configured
to output light of a different wavelength or range of wavelengths, The set 1200 of stacked
waveguides inchudes waveguides 1210, 1220, and 1230, Each waveguide includes an
associated incouphing optical clement, with, ¢.g., incoupling optical element 1212 disposed
on a major surface {c.g., a bottom major surface) of waveguide 1210, meouphing optical
clement 1224 disposed on a major surface {e.g., a bottom major surface} of waveguide 1220,
and mcoupling optical clement 1232 disposed on a major surface (¢.g., a botiom major
surface) of waveguide 1238, In some embodiments, one or more of the incoupling optical
clements 1212, 1222, 1232 may be disposed on the top major surface of the respective
waveguide 1216, 1220, 1230 (particularly where the one or more incoupling optical elements
are transmissive, deflecting optical clements). Preferably, the incoupling optical clements

1212, 1222, 1232 are disposced on the bottom major surface of their respective waveguide

b2
b2

1216, 1220, 1230 {or the top of the next lower waveguide). In some embodiments, the
incoupling optical elements 1212, 1222, 1232 may be disposed in the body of the respective
wavegnide 1210, 1220, 1230. Preferably, the incoupling optical clements 1212, 1222, 1232
are color filters, including filters that selectively reflect onc or more wavelengths of light,
while transmitting other wavelengths of light. Examples of colors filters include dichroic
filters, as discussed hercin.  While illustrated on one side or corner of their respective

waveguide 1210, 1220, 1230, it will be appreciated that the incoupling optical clements
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1212, 1222, 1232 may be disposed in other arcas of their respective waveguide 1210, 1220,

1230 in some embodiments.

[0167] Fach waveguide also includes associated light distributing elements, with,
¢.g., light distributing elements 1214 disposed on a major surface {c.g., a top major surface)

of waveguide 1210, light distributing clements 1224 disposed on a major surface {c.g., a top
major surface) of waveguide 1220, and light distributing clements 1234 disposed on a major
surface {c.g., a top major surface) of waveguide 1230, In some other embodiments, the light
distributing clements 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 wavegumides 1210, 1220, 1230, respectively; or the light distributing
clernents 1214, 1224, 1234, may be disposed on different ones of the fop and botiorn major
surfaces 1o different associated waveguides 1210, 1220, 1230, respectively.

[6168] The waveguides 1210, 1220, 1230 may be spaced apart and separated by
gas and/or solid layers of material. For example, as illostrated, layers 1216a and 1218a may
separate waveguides 1210 and 1220; and layers 1216b and 1218b may scparate waveguides
1220 and 1230. In some embodiments, the layers 1216a and 1216b are formed of maternials
that are indexed matched with the materials forming the immediately adjacent one of
waveguides 1210, 1220, 1230, Advantageously, the indexed matched layers 1216a and
[216b may facilitate the propagation of light through the thickness of the set 1200 of
waveguides, such that Light can travel, ¢.g., through the waveguides 1210, 1220 and 1230 to
the incoupling optical element 1232 with little reflection or loss.

{3169] In some embodiments, the layers 1216b 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, 1238}, Preferably, the
refractive index of the material forming the layers 1216b, 1218b 1s 8.05 or more, or 0.10 or
more less than the refractive index of the material forming the waveguides 1210, 1220, 1230,
Advantageousty, the lower refractive index layers 1216b, 1218b may function as cladding
layers that facilitate total internal reflection (TIR) of light through the waveguides 1210,
1220, 1230 {c.g., TIR between the top and bottom major surfaces of cach waveguide). In

some embodiments, the layers 1216b, 1218b are formed of air. While not illustrated, it will
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be appreciated that the top and bottom of the illustrated set 1200 of waveguides may include
immediately neighboring cladding layers.

(61761 Preferably, for casc of manufacturing and other considerations, the
material forming the wavegnides 1210, 1220, 1230 arc similar or the same, and the maierial
forming the lavers 1216h, 1218b arc 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 lavers 1216h, 1218b may be different, while still
holding to the various refractive index relationships noted above.

(61714 With continued reference to Figure 1A, hight rays 1240, 1242, 1244 are
incident on the set 1200 of waveguides. It will be appreciated that the set 1200 of
waveguides may be part of the stack of waveguides in the display system 1000 (Figure 6).
For example, the wavegwides 1210, 1220, 1230 may correspond to three of the waveguides
182, 184, 186, 188, 190, and the light rays 1240, 1242, 1244 may be injected into the
waveguides 1210, 1220, 1230 by one or more image injection devices 200, 202, 204, 206,
208.

[6172] Preferably, the light ravs 1240, 1242, 1244 bave different propertics, ¢.g.,
different wavelengths or ranges of wavelengths, which may correspond to different colors.
The incoupling optical elements 1212, 122, 1232 selectively deflect the light rays 1240,
1242, 1244 based upon a particular feature of the property of light, while transmitting light
that does not having that property or features. In some embodiments, the property of light is
wavelength and the incoupling optical elements 1212, 122, 1232 ¢ach selectively deflect one
or more particular wavelengths of light, while transmitting other wavelengths to an
underlying waveguide and associated incoupling optical clement.

(6173} For cxample, incoupling optical clement 1212 may be configured to
sclectively deflect {c.g., reflecty ray 1240, which has a first wavelength or range of
wavelengths, while transmitting rays 1242 and 1244, which have different second and third
wavelengths or ranges of wavelengths, respectively, The transmitted ray 1242 then impinges
on and is deflected by the incoupling optical element 1222, which is configured to sclectively
deflect {c.g., reflect) light of second wavelength or range of wavelengths. The ray 1244 is
transmitted by the incoupling optical element 1222 and continues on to impinge on and be

deflected by the incoupling optical element 1232, which is configured to sclectively deflect
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(c.g., reflecty hight of third wavelength or range of wavelengths, In some embodiments, the
incoupling optical clements 1212, 1222, 1232 are reflective color filters, such as dichroic
tilters.

[6174) With continued reference to Figure 11A, the deflected light rays 1240,
1242, 1244 are deflected so that they propagate through a corresponding waveguide 1210,
1220, 1230; that is, the incoupling optical elements 1212, 1222, 1232 of cach waveguide
deflccts 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.

(6175} In some embodiments, to cause the light rays 1240, 1242, 1244 to impinge
on the incoupling optical elements 1212, 1222, 1232 at the appropriate angles for TIR, an
angle~-modifving optical elernent 1260 may be provided to alter the angle at which the light
rays 1240, 1242, 1244 strike the incoupling optical clements. For example, in some
embodiments, the light rays 1240, 1242, 1244 may be ncident on the angle-modifying
optical cleroent 1260 at an angle normal fto the wavegwide 1210, The angle-moditying
optical element 1260 then changes the direction of propagation of the light rays 1240, 1242,
1244 so that they strike the incoupling optical elements 1212, 1222, 1232 at an angle of less
than 30 degrees relative to the surface of waveguide 1210, In some embodiments, the angle-
modifying optical clement 1260 is a grating. In some other embodiments, the angle-
modifying optical ¢lement 1260 is a prism.

[8176] With continued reference to Figure 1A, 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 clements 1214, 1224, 1234,

[0877] With reference now to Figure 118, an example of a perspective view of
the plurality of stacked waveguides of Figure 11A is illustrated.  As noted above, the
incoupled light rays 1240, 1242, 1244, arc deflected by the incoupling optical clements 1212,
1222, 1232, respectively, and then propagate by TIR within the wavegnides 1210, 1220,
1230, respectively, The light rays 1240, 1242, 1244 then impinge on the light distributing
clements 1214, 1224, 1234, respectively. The light distributing clements 1214, 1224, 1234
deflcct the light rays 1240, 1242, 1244 so that they propagate towards the outcoupling optical

clements 1250, 1252, 1254, respectively.
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16178} In some cmbodiments, the light distributing clements 1214, 1224, 1234
are orthogonal pupil expanders (OPE’s). In some embodiments, the OPE’s both deflect or
distribute light to the outcoupling optical clements 1250, 1252, 1254 and also increase the
beam or spot size of this hight as it propagates to the outcoupling optical clements. In some
cmbodiments, ¢.g., where the beam size is alrcady of a desired size, the light distributing
clements 1214, 1224, 1234 may be omitted and the incoupling optical clements 1212, 1222,
1232 may be configured to deflect light directly to the outcoupling optical clements 1250,
1252, 1254, For example, with reference to Figure 1A, the light distributing clements 1214,
1224, 1234 may be replaced with outcoupling optical clements 1250, 1252, 1234,
respectively, in some embodiments,

(6179 As disclosed herein, it will be appreciated that the outcoupling optical
cleroents 1230, 1252, 1254 may inchude diffractive structures, such as, for example, one or
more of analog surface relief grating (ASR), Binary surface relief structures (BSR), Volume
Holographic Optical Elements (VHOE), Digital Surface Relief structures and/or volume
phase holograms, or a switchable diffractive optical cleruent (e.g., Polymer Dispersed Liquid
Crystal (PDLC) grating). In some embodiments, it will be appreciated that the outcoupling
optical clements 1250, 1252, 1254 may be three of the outcoupling optical elements 282,
284, 286, 28K, 290 of Figure 6. In some embodiments, the outcoupling optical clements
1250, 1252, 1254 are exit puptls {EP’s) or exit pupil expanders (EPE’s) that direct light in a
viewer’s eye 4 (Figure 7).

[8180] Accordingly, with reference to Figures 1A and 1B, in some
embodiments, the set 1200 of waveguides includes a separate waveguide 1210, 1220, 1230;
light distributing clements {e.g., OPE’s) 1214, 1224, 1234, and outcoupling optical clements
{c.g., EP’s) 1250, 1252, 1254 for cach component color. The three waveguide 1210, 1220,
1230 may be stacked with an air gap between cach one, except where incoupling optical
clements {c.g., color filtersy 1212, 1222, 1232 are located. The color filters reflect the
desired color into its appropriate waveguide, while transmitting light of other colors. For
example, light is inttially coupled into the first waveguide 1210 by an angle-modifying
optical clement 1260, such as an in-coupling grating or a prism. The light is then
propagating at an angle which will result in TIR if the surface it encounters has a relative low

refractive index material {c.g., air) on the other side of the surface, or it will reflect almost
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entirely it it hits an incoupling optical element {¢.g., color filtery 1212, 1222, 1232, such as a
properly designed dichroic filter when the light has the proper wavelength. In the example
shown, light ray 1242 {c.g., green light} will reflect from the first incoupling optical element
{c.g., color filtery 1212, and then continue to bounce down the waveguide, interacting with
the hight distributing clement {c.g., OPE’s)y 1214 and then the outcoupling optical clement
{c.g., EPs} 1250, in a manner described carlier. The light rays 1242 and 1244 {c.¢., bluc and
red lighty will pass through the incoupling optical element {¢.g., color filter) 1212 and into
the next waveguide 1220, Light ray 1242 will reflect from the next incoupling optical
clement (c.g., color filtery 1222 and then bounce down the waveguide 1220 via TIR,
proceeding on to s light disiributing element {¢.g., OPEs) 1224 and then the ocutcoupling
optical element {e.g., EP s} 1252, Finally, light vays 1244 (e.g., red light) will pass through
the incoupling optical element (e.g., color filter) 1232 and into its waveguide 1230, where it
propagates to its light distributing element (e.g., OPEs) 1234 and then the ontcoupling optical
clernent {e.g., EPs) 1254, finally coupling out to the viewer, along with the light from the
other waveguides 1210, 1220,

[6181] With reference now to Figures 12A-12B, exaroples of cross-sectional side
views of a waveguide with an angle-modifving optical element 1260 to facilitate the
incoupling of light mto the waveguide are shown. As noted herein, the angle-modifying
optical element 1260 may include gratings that may, ¢.g., deflect light rays by diffraction. In
some other embodiments, the angle-modifying optical element 1260 may be a prism, which
may alter the direction or angle of propagation of light rays, ¢.g., by refraction. Figure 12A
shows a wavelength band of light being incoupled through the prism 1260 and refiected from
the incoupling optical element {c.g., color filter} 1212 and propagated by TIR within the first
wavegnide 1210, Figure 12B shows a second wavelength band of light being transmitted
though the incoupling optical element {c.g., color filter) 1212 and being reflected from the
incoupling optical element {¢.g., color filter) 1222 and propagated by TIR within the sccond
waveguide 1220.

(6182} it has been found that the various waveguides {e.g., 903, Figures 9A-10B;
and 1210, 1220, 1230, Figurcs 11A-11B) will benefit from being made using materials
having a high index of refraction. Figurc 13 is a plot showing the expected impact of

refractive index on ficld of view. Figure 13 illustrates simulation results from a single color
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evepicce for the display 62, the eyepicce being significantly similar to one of the waveguides
1210, 1220, 1230 of Figures 11A-11B. In the simulation, the index of refraction of the
waveguide was varied up to valucs associated with various resins (at the high end), downto a
value representing fused silica (at the low end). A clear increase in usable ficld of view was
found and is shown in the graph. For this reason, in some embodiments, the various
waveguides disclosed hercin may be formed of material providing a high refractive index
wavegnide,

[6183] In some embodiments, the various waveguides disclosed herein (e.g., the
waveguide 905, Figures 9A-10C; and waveguides 1210, 1220, 1230, Figures 11 A-11B) may
be formed of glass, polvmer, plastic, sapphire, resins, or other materials that are transmissive
to wavelengths in the visible spectram. As disclosed herein, waveguides comprising material
with relatively high refractive index can have a higher usable field of view (FoV)., For
example, the usable FoV can increase from about 35 degrees to about 60 degrees when the
refractive index of the material of the waveguide mereases from about 1.45 to about 1.75.
Accordingly, various ¢mbodiments described herein may include wavegunides comprising
moaterial with a refractive index greater than 1.5, between about 1.5 and 1.8, greater than 1.6,
or greater than 1.8,

(G184} In some embodiments, it wili be appreciated that the waveguides with
diffractive structures {e.g., gratings) on the waveguides may be made, e.g., by injection
compression molding, UV replication, or nano~-imprinting of the diffractive structures on fop
of a high index substrate. In some embodiments, such methods may be used to form either
ASR structure based designs or binary surface relief designs.

185} Various example embodiments of the invention are described herein.
Reference is made to these cxamples in a non-limiting sense. They are provided to itlustrate
more broadly applicable aspects of the invention. Varicus changes may be made to the
invention described and equivalents may be substituted without departing from the true spirit
and scope of the invention,

[0186] While illustrated as an eyewear in a wearable system as an advantageous
example, the waveguides and related structures and modules disclosed herein may be applied
to form a non-wearable display. For example, rather than being accommodated in a wearable

frame 64 (Figure 2}, the display 62 may be attached to a stand, mount, or other structure that
g ; JUEA 3
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supports the display 62 and allows the display 62 to provide images to a viewer 60 without
being worn by the viewer 60 {(e.g., as a desk or table-top monitor).

[0187] In some embodiments, various features described herein with reference to
certain figures may be utilized in embodiments discussed with reference to other figures. For
example, with refoerence to Figure 98, a color filter such as the color filters 1013a, 1013b of
Figures 10B&10C, may be provided between the outcoupling optical clements 90%a, 909b,
respectively, and the waveguide 905, Similarly, with reference to Figure 1A, a color filter
similar to the colors filters 1013a, 1013b of Figures 10B&10C, may be provided between the
outcoupling optical clements 1214, 1224, 1234 and their respectively wavegunide 1210, 1220,
1230, It will be appreciated, that for cach ouicoupling optical clement, the color filter
separating that clement from s corresponding waveguide is configured fo transmit the
wavelength or wavelength of light that the outcoupling optical element is configured to
outcouple, while reflecting other wavelengths of light.

(G188} In addition, many modifications may be made to adapt a particalar
situation, material, composition of matter, process, process act{s) or step{s) to the
objective(s), spirit or scope of the present invention. Further, as will be appreciated by those
with skill in the art that cach of the individual variations described and illustrated herein has
discrete components and features which may be readily separated from or combined with the
features of any of the other several embodiments without departing from the scope or spirit
of the present inventions. All such modifications are intended to be within the scope of
claims associated with this disclosure.

(6189} The invention includes methods that may be performed using the subject
devices. The methods may comprise the act of providing such a suitable device. Such
provision may be performed by the end user. In other words, the “providing” act merely
requires the ond user obtain, access, approach, position, sct-up, activate, power-up or
otherwise act to provide the requisite device in the subject method. Methods recited hercin
may be carried out in any order of the recited ¢vents which is logically possible, as well as in
the recited order of events.

(6196 Example aspects of the invention, together with detatls regarding material
sclection and manufacture have been sct forth above. As for other details of the present

invention, these may be appreciated in connection with the above-referenced patents and
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publications as well as generally known or appreciated by those with skill in the art. The
same may hold true with respect to method-based aspects of the invention in terms of
additional acts as commonly or logically employed.

(6191} In addition, though the invention has been described in reference to
scveral examples optionally incorporating various features, the invention is not to be limited
to that which is described or indicated as contemplated with respect to cach variation of the
invention. Various changes may be made to the invention described and equivalents (whether
recited herein or not included for the sake of some brevity) may be substituted without
departing from the true spirtt and scope of the invention. In addition, where a range of values
is provided, it is understood that every intervening value, between the upper and lower Hmit
of that range and any other stated or intervening vahie in that stated range, is cocompassed
within the invention.

(61921 Also, it 15 contemplated that any optional feature of the mventive
variations described may be set forth and claimed independently, or 1n combination with any
one or more of the features described herein. Reference to a singular itern, includes the
possibility that there are plural of the same items present. More specifically, as used herein

3

and in claims associated hereto, the singular forms “a,” “an,” “said,” and “the” inchide phural
referents unless the specifically stated otherwise. In other words, use of the articles allow for
“at lcast one” of the subject tfem in the description above as well as claims associated with
this disclosure. It is further noted that such claims may be drafted to exchide any optional
clement, As such, this statement is intended fo serve as antecedent basis for use of such
exclusive terminology as “solely,” “only” and the like in connection with the recitation of
claim clements, or use of a “negative”™ limitation.

(6193} Without the use of such exclusive terminology, the term “comprising” in
claims associated with this disclosure shall allow for the inclusion of any additional clement-
-irrespective of whether a given number of cloements are enumerated in such claims, or the
addition of a feature could be regarded as transforming the nature of an clement set forth in
such claims. Except as specifically defined herein, all technical and scientific terms used
herein are to be given as broad a commonly understood meaning as possible while

maintaining claim vahidity.
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(0194 The breadth of the present invention is not to be limited to the ¢xamples
provided and/or the subject specification, but rather only by the scope of claim langunage

associated with this disclosure.
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What is claimed is:

I An optical system comprising:

a waveguide comprising a first major surface and a second major surface, the
waveguide configured to propagate lHght by total internal reflection between the first
and the second major surfaces;

an incoupling optical clement configured to incouple incident light into the
waveguide at a first plurality of wavelengths along a first direction and incouple
incident light into the waveguide at one or more second wavelengths along a second
direction, whercin incoupled light of the first plurality of wavelengths propagate
through the waveguide along the first direction by total internal reflection and
ncoupled light of the one or wore second wavelengths propagate through the
waveguide along the second direction by total internal reflection; and

first and second outcoupling optical clements configured to outcouple the
imcoupled light out of the waveguide.

2. The optical systemn of Claim 1, wherein the incoupling optical clement
includes one or more diffractive optical elements.

3. The optical system of Claim 2, wherein the one or more diffractive optical
clements comprises one or more of an analog surface relietf grating (ASR), a binary surface
relief structure {BSR}, a hologram, and a switchable diffractive optical element.

o}

4, The optical system of Claim 3, wherein the switchable diffractive optical
clement is a switchable Polymer Dnspersed Liguid Crystal (PDLC) grating.
5. The optical system of Claim 1, further comprising:

a first wavelength selective reflector configured to reflect incoupled light of
the first plurality of wavelengths propagating along the first direction, while passing
light of wavelengths other than the first plurality of wavelengths; and

a second wavelength selective reflector configured to reflect incoupled light of
the one or more second wavelengths propagating along the second direction, while
passing light of wavelengths other than the one or more second wavelengths.,

6. The optical system of Claim 3, further comprising:
a first absorber configured to absorb incoupled light passing through the first

wavelength selective reflector; and
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a second absorber configured to absorb incoupled light passing through the
second wavelength selective reflector.

7. The optical system of Claim 5, wherein the first and sccond wavelength
selective reflectors are dichroic filters.

5. The optical system of Clatm 1, wherein the light at the first plurality of
wavelengths includes red light and bluce light.

9. The optical system of Claim 1, wherein the light of the one or more second
wavelengths includes green light.

iG. The optical system of Claim 1, further comprising:

a first light distributing element configured to receive incoupled light of the
first plurality of wavelengths traveling along the first direction and distribute the light
of the first plurality of wavelengths to the first outcoupling optical ¢lements; and

a second light distributing clement configured to receive incoupled light of the
one or more second wavelengths traveling along the second divection and distribute
the light in the sccond plurality of wavelengths 1o the second outcoupling optical
elements.

1. The optical systemy of Claim 10, wherein the first and the second light
distributing elements comprise one or more diffractive optical clements.

12. The optical system of Claim 11, wherein the one or more diffractive optical
elements comprise ong or more gratings.

13. The optical system of Claim 10, wherein the first light distributing ¢lement is
configured to redirect light of the first plurality of wavelengths to propagate within the
waveguide along a direction different from a direction in which the second light distributing
clement is configured to redirect light of the second plurality of wavelengths.

14. The optical system of Claim 13, whercin the first light distributing ¢clement is
configured to redirect light of the first plurality of wavelengths to propagate within the
waveguide along the second direction, and whercin the second light distributing clement is
configured to redivect light of the sccond plurality of wavelengths to propagate within the
waveguide along the first direction.

5. The optical system of Claim 10, wherein the first and second light distributing

clements arc orthogonal pupil expanders.



WO 2016/054092 PCT/US2015/053016

6. The optical system of Claim 1, wherein the first outcoupling optical element
comprises onc or more gratings configured to outcouple light of the first plurality of
wavclengths out of the waveguide; and

wherein the sccond outcoupling optical clement compriscs one or more
gratings configured to outcouple light of the one or more sccond wavelengths out of
the waveguide.

£7. The optical system of Claim 16, wherein the one or more gratings of the first
outcoupling optical clement are disposed on the first major surface of the waveguide and the
one or more gratings of the second outcoupling optical clement arc disposed on the second
major surface of the wavegaide.

8. The optical system of Claim 16, wherein the one or more gratings of the first
outcoupling optical element and the one or more gratings of the second outcoupling optical
clement are disposed on a same major surface of the waveguide.

19. The optical system of Claim 16, wherein the one or more gratings of the first
outcoupling optical element comprises one or more of an analog surface reliet grating (ASR),
a binary surface rehief structure (BSR), a hologram, and a switchable diffractive optical
element.

20. The optical system of Claim 19, wherein the switchable diffractive optical
element comprises a switchable Polymer Dispersed Liquid Crystal (PDLC) grating.

21, An optical system comprising:

a phirality of stacked waveguides, each waveguide comprising a first
major surface and a second major surface, cach waveguide configured to
propagate light by total internal reflection between the first and the second
major surfaces, cach waveguide further comprising:

incoupling optical clement configured to incouple incident
fight into the waveguide at a first plurality of wavelengths along a first
direction and incouple incident light into the waveguide at one or more
second wavelengths along a second direction; and

outcoupling optical clement configured to outcouple the

incoupled light out of the waveguide.
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22. The optical system of Claim 21, wherein cach waveguide has an associated
depth planc, whercin gach waveguide is configured to produce an image appearing to
originate from that waveguide’s associated depth plane.

23. The optical system of Claim 21, wherein different waveguides have different
associated depth planes.

24, The optical system of Claim 23, wherein the outcoupling optical elements for
different depth plancs have different optical power so as to provide different divergence of
exiting light for cach depth planc.

25.  An optical system comprising:

a waveguide comprising a first major surface and a second major surface;

an incoupling optical element configured to incouple incident hight into the
waveguide;

a fust wavelength selective filter on the first major surface, the fust
wavelength selective filter having a first rearward surface adjacent the first major
surface and a first forward surface opposite the first rearward surface, the first
wavelength selective filter configured to:

transmit incoupled light at a first plurality of wavelengths through the
first rearward surface of and reflect a portion of the transmitted light at the
first pharality of wavelengths from the first forward surface; and

reflect incoupled hight at other wavelengths; and

a first outcoupling optical element disposed on the first wavelength selective
filter, the first outcoupling optical clement configured to outcouple the incoupled light
of the first plurality of wavelengths transmitted through the first wavelength sclective
filter.

26. The optical system of Claim 25, further comprising:

a second wavelength selective filter on the second major surface, the sccond
wavelength selective filter having a sccond rearward surface adjacent the second
major surface and a second forward surtace opposite the second rearward surface, the
first wavelength selective filter configured to:

transmit incoupled light at one or more second wavelengths different

from the first plurality of wavelengths through the second rearward surface
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and reflect a portion of the transmitted light at the onc or more sccond
wavelengths from the second forward surface; and
reflect incoupled light at the first plurality of wavelengths; and
a second outcoupling optical clement disposed on the second wavelength
sclective filter, the second outcoupling optical element configured to outcouple the
incoupled light at onc or more second wavelengths transmitted through the second
wavclength selective filter.

27.  The optical system of Claim 26, wherein the first and the second wavelength
sclective filters comprise dichroic filters.

28. The optical svstem of Claim 26, wherein the first and the second wavelength
selective filters are configured to trarsmit light of the first plurality of wavelengths and the
one or more second wavelengths incident at angles between O degrees and 20 degrees with
respect to a normal to the corresponding first or the second major surface of the waveguide.

29. The optical svstem of Claim 26, wherein the light of the one or more second
wavelengths includes green light.

30. The optical system of Claim 26, further comprising:

light distributing elements configured to:
receive incoupled Hght of the first plurality of wavelengths and the one
or more second wavelengths from the incoupling optical element; and
distribute the hight of the first plurality of wavelengths and the one or
more second wavelengths to the first and second outcoupling optical elements.

31 The optical system of Claim 30, wherein the light distributing clements
comprise onc or more diffractive optical clements.

32. The optical system of Claim 38, wherein the light distributing clements are
orthogonal pupil expanders.

33. The optical system of Claim 30, wherein a first portion of light at the first
plurality of wavelengths is reflected from the first forward surface of the first wavelength
sclective filter and a second portion of light at the first plurality of wavelengths is redirected
by the light redistributing elements.

34, The optical system of Claim 33, whercin the first portion of light at the first

plurality of wavelengths is incident on the first wavelength sclective filier after being

~}
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refiected from the second major surface, and wherein a portion of the first portion of light is
redirected by the light redistributing elements.

35.  The optical system of Claim 30, wherein a third portion of light at the one or

more second wavelengths is reflected from the second forward surface of the second
wavclength selective filter and a fourth portion of light at the one or more sccond
wavelengths is redirected by the light redistributing clements.
36.  The optical system of Claim 35, wherein the third portion of light at the one or
more second wavelengths is incident on the sccond wavelength selective filter after being
reflected from the first major surface, and whercin a portion of the third portion of light is
redirected by the Hght redistributing clements.

37. The optical system of Claims 26, wherein:

the first outcoupling clewent comprises one or more diffractive optical
clements; and

the second outcouphng clement comprises one or more diffractive optical
clements.

3R. The optical systern of Claim 37, wherein the one or more diffractive optical
elements of the first outcoupling optical clement comprises one or more of an analog surface
relief grating {ASR}, a binary surface relief structure (BSR), a hologram, and a switchable
diffractive optical element.

39.  The optical system of Claim 3&, wherein the switchable diffractive optical
element comprises a switchable Polymer Dispersed Liquid Crystal (PDLC) grating.

.
Ji
i

40. The optical system of Claim 37, whercin the one or more gratings of the
second outcoupling optical eloment comprises one or more of an analog surface relief grating
(ASR}, a binary surface relief structure {BSR), a hologram, and a switchable diffractive
optical element.

41. The optical system of Claim 40, wherein the switchable diffractive optical
clement comprises a switchable Polymer Dispersed Liquid Crystal (PDLC) grating.

42. The optical system of Claim 25, wherein the incoupling optical clement

includes onc or more diffractive optical clements.
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43, The optical system of Claim 42, wherein the one or more diffractive optical
clements comprises one or more of an analog surface relief grating {ASR), a binary surface
relief structure (BSR), a hologram, and a switchable diffractive optical clement,

44, The optical system of Claim 43, whercin the switchable diffractive optical
clement is a switchable Polymer Dispersed Liquid Crystal (PDLC) grating.

45. The optical systemm of Claim 25, wherein the incoupling optical clement
COMPFISCS a Prism,

46. The optical system of Claim 235, wherein the light of the first plurality of
wavclengths includes red light and blue hight.

47. A optical system comprising:

a plurality of stacked waveguides, cach waveguide comprising a first major
surface and a second major surface, cach waveguide further comprising:

an incoupling optical clement configured to incouple ncident light
into the waveguaide;

a first wavelength selective filter on the first major surface, the first
wavelength selective filter having a first rearward surface adjacent the fivst
major surface and a first forward surface opposite the first rearward surface,
the first wavelength selective filter configured to:

transmit incoupled light at a first plorality of wavelengths
through the first rearward swrface of and reflect a portion of the
transmitted light at the first plorality of wavelengths from the first
forward surface; and
a first outcoupling optical clement disposed on the first wavelength sclective
filter, the first outcoupling optical clement configured to outcouple the incoupled light
of the first plurality of wavelengths transmitted through the first wavelength sclective
filter.

48.  The optical system of Claim 47, whercin each waveguide further comprises:

a second wavelength selective filter on the second major surface, the sccond
wavelength sclective filter having a sccond rearward surface adjacent the second
major surface and a second forward surface oppostie the second rearward surface, the

first wavelength selective filter configured to:
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transmit incoupled light at one or more second wavelengths different
from the first plarality of wavelengths through the second rearward surface
and reflect a portion of the transmitted light at the onc or more sceond
wavelengths from the sccond forward surface ; and
a second outcoupling optical clement disposed on the sccond wavelength
selective filter, the sceond outcoupling optical clement configured to cutcouple the
incoupled light at one or more sccond wavelengths transmitted through the sccond
wavelength selective filter.

49, The optical system of Claim 47, wherein cach waveguide has an associated
depth plane, wherein cach waveguide is configured to produce an image appearing to
originate from that waveguide’s associated depth plane.

50. The optical system of Claim 47, wherein different waveguides have ditferent
associated depth planes.

51. The optical system of Claim 50, wherein the ountcoupling optical clements for
different depth planes have different optical power so as to provide different divergence of
extting light for each depth plane.

52.  The optical system of Claim 48, wherein cach waveguide further comprises a
light redistributing clement configured to:

receive a portion of light at the first plurality of wavelengths and the one or
more second wavelengths transmitted through the first and the second wavelength
sefective filters; and

distribute the light of the first plurality of wavelengths and the one or more
second wavelengths to the first and sccond outcoupling optical cloments.

53. An optical system comprising:

a plurality of stacked waveguides, cach waveguide comprising:
an incoupling optical cloment configured to sclectively incouple
incident light into the waveguide based upon a property of the incident light;
an outcoupling optical clement configured to outcouple the light
incoupled into the waveguide.
54, The optical system of Clanm 53, wherein the property of the incident light is

wavelength,

-60-
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55. The optical system of Claim 34, whercin the incoupling optical cloment is a
wavelength selective reflector.

56. The optical system of Claim 535, wherein the wavelength selective reflector is
a dichroic reflector.

57. The optical system of Claim 55, wherein each wavegnide comprises a
wavelength selective reflector configured to reflect light of a different range of wavelengths
than the wavelength selective reflector of another wavegnide of the plurality of stacked
waveguides,

58.  The optical system of Claim 57, wherein each wavelength selective reflector
is configured to reflect hight of a range of wavelengths corresponding to a different color than
the wavelength sclective reflector of other wavegnides of the plurality of stacked
waveguides.

39, The optical systern of Claim 58, wherein the phurality of stacked waveguides
comprises three waveguides, including a first waveguide configured to output red light, a
second waveguide configured to output green light, and a third waveguide configured to
output blue light.

60.  The optical system of Claim 53, wherein the outcoupling optical element is a
diffractive optical element.

61.  The optical system of Claim 60, wherein the diffractive optical clement
comprises one or more of an analog surface rehief grating {(ASR), a binary surface relief
structures {BSR}, a hologram, and a switchable diffractive optical element.

62. The optical system of Claim 61, wherein the switchable diffractive optical
clement comprises a switchable Polymer Dispersed Liquid Crystal (PDLC) grating.

63. The optical system of Claim 53, whercin cach wavegunide further comprises an
angle-modifying optical clement configured to modify an angle of propagation of the
incident light, such that the incident light propagates at a shallower angie to the waveguide
surface after impinging on the angle-modifying optical clement.

64. The optical system of Claim 63, wherein the angle-modifying clement is
configured to change focus of the incident light.

63.  The optical system of Claim 63, wherein the angle-modifyving optical element

iS a prism,

-61-
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60. The optical system of Claim 63, wherein the angle-modifying optical clement
is a diffractive optical ciement.

67. The optical system of Claim 53, wherein cach waveguide further comprises a
light distributing clement, whercin the incoupling optical clement 1s configured to direct light
to the light distributing element, wherein the light distributing element is configured to direct
light to the outcoupling optical eloment,

68. The optical system of Claim 67, wherein the light distributing clement is an
orthogonal pupil expander.

69,  The optical systern of Claim 67, wherein the light distributing clement, the
incoupling optical element, and the outcoupling optical clement are disposed on a surface of
the wavegnide.

70. The optical system of Claim 67, wherein the light distributing clements
comprise one or more of analog surface rehief gratings (ASR), binary surface rehief structures
(BSR), a bologram, and a switchable diffractive optical clement.

71 The optical system of Claim 70, wherein the switchable diffractive optical
clernent comprises a switchable Polymer Dispersed Liquid Crystal (PDLC) grating.

72. An optical system comprising:

multiple sets of stacked waveguides, each set comprising a plurality of stacked
waveguides, each waveguide comprising:
an incoupling optical eloment configured to selectively incouple
incident light into the waveguide based upon a property of the incident light;
and
an outcoupling optical clement configured to outcouple the light
incoupled into the waveguide.

73. The optical system of Claim 72, wherein cach waveguide has an associated
depth planc, wherein cach waveguide is configured to produce an image appearing to
originate from that waveguide’s associated depth plane, and wherein waveguides of different
scts of waveguides have different associated depth planes.

74, The optical system of Claim 73, wherein waveguides of cach set of stacked

waveguides have the same associated depth planc.

62
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75. The optical system of Claim 73, wherein the outcoupling optical clements
have optical power so as to provide a diverging light beam.

76.  The optical system of Claim 74, wherein the outcoupling optical clements for
different depth planes have different optical power so as to provide different divergence of

exiting light for each depth plane.
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