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METHOD OF FORMING A PLURALITY OF GRATINGS

BACKGROUND
Field

[0001] Embodiments of the present application relate to a method and, more

specifically, to a method of forming a plurality of gratings.

Description of the Related Art

[0002] Virtual reality is generally considered to be a computer generated simulated
environment in which a user has an apparent physical presence. A virtual reality
experience can be generated in three dimensions (3D) and viewed with a head-
mounted display (HMD), such as glasses or other wearable display devices that have
near-eye display panels as lenses to display a virtual reality environment that replaces

an actual environment.

[0003] Augmented reality, however, enables an experience in which a user can
still see through the display lenses of the glasses or other HMD device to view the
surrounding environment, yet also see images of virtual objects that are generated for
display and appear as part of the environment. Augmented reality can include any
type of incoupling, such as audio and haptic incouplings, as well as virtual images,
graphics, and video that enhances or augments the environment that the user

experiences.

[0004] A virtual image is overlaid on an ambient environment to provide an
augmented reality experience to the user. Waveguides are used to assist in
overlaying images. Generated light is propagated through a waveguide until the light
exits the waveguide and is overlaid on the ambient environment. In some
implementations, multiple waveguides are stacked or otherwise combined to form an
optical device, such as a display lens. Each waveguide or waveguide combiner

includes substrates with different grating regions.

[0005] Onedrawback in the art is that manufacturing different gratings on the same
substrate is a time-consuming process. Different mask steps and methods are
needed in photolithography in order to manufacture gratings with different material

properties, such as grating orientations and grating depths. In addition, some
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photolithography methods do not have the capability to make varying spacing and

depth profiles of gratings in the different waveguides.

[0006] Therefore, what is needed is a manufacturing process that allows formation

of grating regions with different grating profiles.

SUMMARY

[0007] Embodiments herein include methods of forming pluralities of gratings. The
methods allow for faster and less expensive formation of waveguides with different

grating profiles.

[0008] In one embodiment, a method of forming a first plurality of gratings is
provided. The method includes depositing a protective material over one or more first
regions of a waveguide combiner disposed on a substrate, the protective material
having a first thickness such that the protective material at least partially inhibits
removal of a grating material disposed on the waveguide combiner when an ion beam
is directed toward the substrate, and directing the ion beam toward the substrate such
that at least a portion of the grating material from the one or more first regions of the
waveguide combiner is removed such that the first plurality of gratings is formed. At
least one of the first gratings of the plurality of gratings has an angle of about 5° to
about 85°.

[0009] In another embodiment, a method of forming a plurality of gratings is
provided. The method includes depositing a protective material over one or more
protected regions of a waveguide combiner disposed on a substrate, the protective
material having a thickness inhibiting removal of a grating material disposed on the
waveguide combiner when an ion beam is directed toward the substrate, directing the
ion beam toward the substrate such that at least a portion of the grating material from
one of one or more unprotected regions of the waveguide combiner is removed such
that the plurality of gratings is formed, and removing the protective material over the
one or more protected regions. The one or more unprotected regions are configured
to receive incident beams of light from a microdisplay. At least one of the gratings of

the plurality of gratings has an angle of about 5° to about 85°.

[0010] In yet another embodiment, a method of forming a first plurality of gratings

is provided. The method includes depositing a protective material over one or more
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protected regions of a waveguide combiner disposed on a substrate, the protective
material having a thickness inhibiting removal of a grating material disposed on the
waveguide combiner when an ion beam is directed toward the substrate, depositing
the protective material on at least a portion of one of the unprotected regions, directing
the ion beam toward the substrate such that at least a portion of the grating material
from one of one or more unprotected regions of the waveguide combiner is removed
such that the first plurality of gratings is formed, and removing the protective material
over the one or more protected regions. The first plurality of gratings has a profile
with two different depths. At least one of the gratings of the plurality of gratings has
an angle of about 5° to about 85°. The depositing the protective material on at least
a portion of one of the unprotected regions comprises exposing the material to a

plurality of heating pixels or light-emitting diodes (LEDs).

BRIEF DESCRIPTION OF THE DRAWINGS

[0011] So that the manner in which the above recited features of the present
disclosure can be understood in detail, a more particular description of the disclosure,
briefly summarized above, may be had by reference to embodiments, some of which
are illustrated in the appended drawings. It is to be noted, however, that the appended
drawings illustrate only exemplary embodiments and are therefore not to be
considered limiting of its scope, and may admit to other equally effective

embodiments.

[0012] FIG. 1A illustrates a perspective frontal view of a substrate, according to

one embodiment.

[0013] FIG. 1B illustrates a perspective frontal view of a waveguide combiner,

according to one embodiment.

[0014] FIG. 2A illustrates a schematic cross-sectional view of a system, according

to one embodiment.

[00156] FIG. 2B illustrates a perspective frontal view of a substrate support

assembly, according to one embodiment.

[0016] FIG. 2C illustrates a schematic view of an LED array, according to one

embodiment.
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[0017] FIG. 3 is a flow diagram of method operations for fabricating a waveguide

combiner, according to one embodiment.

[0018] FIGs. 4A-4D illustrate schematic cross-sectional views of an unprotected
region during a method of fabricating a waveguide combiner, according to one

embodiment.

[0019] FIG. 5A illustrates a top view of an unprotected portion having a 2D array

of gratings, according to one embodiment.

[0020] FIG. 5B illustrates a side view of an unprotected portion having a 2D array

of gratings, according to one embodiment.

[0021] To facilitate understanding, identical reference numerals have been used,
where possible, to designate identical elements that are common to the figures. It is
contemplated that elements and features of one embodiment may be beneficially

incorporated in other embodiments without further recitation.

DETAILED DESCRIPTION

[0022] Embodiments of the present application generally relate to methods for
forming a plurality of gratings. The methods generally include depositing a material
over one or more protected regions of a waveguide combiner disposed on a substrate,
the material having a thickness inhibiting removal of a grating material disposed on
the waveguide combiner when an ion beam is directed toward the substrate, and
directing the ion beam toward the substrate. The methods disclosed herein allow for
formation of a plurality of gratings, or fins, in one or more unprotected regions, while
no gratings are formed in the protected regions. Embodiments disclosed herein may

be useful for, but are not limited to, formation of a plurality of gratings for a waveguide.

[0023] As used herein, the term “about’ refers to a +/-10% variation from the
nominal value. It is to be understood that such a variation can be included in any

value provided herein.

[0024] FIG. 1A illustrates a perspective frontal view of a substrate 101, according
to one embodiment. The substrate 101 is configured to be used in an optical device.
The substrate 101 can be any substrate used in the art. For example, the substrate

101 includes a semiconducting material, e.g., silicon (Si), germanium (Ge), silicon
4
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germanium (SiGe), and/or a lll-V semiconductor such as gallium arsenide (GaAs). In
another example, the substrate 101 includes a transparent material, e.g., glass and/or
plastic. The substrate 101 can have any number of insulating, semiconducting, or

metallic layers thereon.

[0025] As shown, the substrate 101 includes a plurality of waveguide combiners
103 disposed thereon. The plurality of waveguide combiners 103 are disposed on the
substrate 101 in a grid of rows and columns. It is contemplated that other suitable
arrangements of disposing the plurality of waveguide combiners 103 on the substrate

101 can be implemented according to the embodiments described herein.

[0026] FIG. 1B illustrates a perspective frontal view of the waveguide combiner
103, according to one embodiment. The waveguide combiner 103 is configured to
guide electromagnetic radiation (e.g., light). As shown, the waveguide combiner 103
includes a plurality of regions each including a plurality of gratings, or fins, such as an
incoupling region 102 defined by a plurality of incoupling gratings 108, an intermediate
region 104 defined by a plurality of intermediate gratings 110, and an output coupling

region 106 defined by a plurality of output gratings 112.

[0027] The incoupling region 102 is configured to receive incident beams of light
(a virtual image) having an intensity from a microdisplay. Each grating of the plurality
of incoupling gratings 108 of the incoupling region 102 splits the incident beams into
a plurality of modes, each beam having a mode. Zero-order mode (To) beams are
reflected or transmitted. Positive first-order mode (T1) beams undergo total internal-
reflection (TIR) through the waveguide combiner 103 to the output coupling region
106. Negative first-order mode (T-1) beams propagate in the waveguide combiner

103 in a direction opposite to the T+ beams.

[0028] In embodiments described herein, which can be combined with other
embodiments described herein, a minimum distance 114 between the incoupling
region 102 and the intermediate region 104 is maintained during deposition of the
waveguide combiners 103, and a minimum distance 116 between the intermediate
region 104 and the output coupling region 106 is maintained during deposition of the
waveguide combiners 103. For example, the minimum distance 114 and the minimum

distance 116 are less than about 1 mm. In embodiments described herein, which can
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be combined with other embodiments described herein, the plurality of incoupling
gratings 108 have a distribution of depths 118, the plurality of intermediate gratings
110 have a distribution of depths 120, and the plurality of incoupling gratings 108 have
a distribution of depths 122. For example, depths of the plurality of incoupling gratings
108 having the distribution of depths 118 increase in an x-direction, depths of the
plurality of intermediate gratings 110 having the distribution of depths 120 increase in
the x-direction, and depths of the plurality of output gratings 112 having the distribution

of depths 122 increase in a y-direction.

[0029] FIG. 2A Iillustrates a schematic cross-sectional view of a system 200,
according to one embodiment. The system 200 is configured to etch portions of a
substrate (e.g., substrate 101) using an ion beam 210. The system 200 can include
any ion beam system used in the art, such as ion beam etching, focused ion beam
etching, electron beam etching, reactive ion beam etching, full-wafer ion systems, and
the like. As shown, the system 200 includes a substrate support assembly 204, an
ion source 201, an extraction electrode 270 having light emitting diode (LED) arrays
205, a controller 214, a secondary controller 250, a plurality of heating pixels 216, and
a power source 212. It is to be understood that the system described below is an
exemplary system and other systemscan be used with or modified to accomplish

aspects of the present disclosure.

[0030] The ion source 201 is configured to emit ions in a controlled fashion incident
on a surface of the substrate 101. As shown, the ion source 201 includes an extraction
aperture 202. The ions are extracted from the ion source 201 through the extraction
aperture 202 as the ion beam 210. The extraction aperture 202 is located on a side
203 of the ion source 201 that is closest to the substrate 101. The ion beam 210 is
directed toward the substrate 101. The ion beam 210 can be a ribbon beam, a spot

beam, or full substrate-size beam.

[0031] The substrate support assembly 204 is configured to retain the substrate
101 on a support surface 280. As shown, the substrate support assembly 204
includes a body 206 and an actuator 208. The body 206 of the substrate support
assembly 204 is coupled to the actuator 208. The actuator 208 is configured to move
the body 206 in a scanning motion along the x-direction and/or the y-direction. In one

embodiment, which can be combined with other embodiments described herein, the
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actuator 208 is configured to tilt the body 206 such that the substrate 101 is positioned
at a tilt angle B relative to the z-axis of the ion source 201, In another embodiment,
which can be combined with other embodiments described herein, the actuator 208
is configured to rotate the substrate 101 about the x-axis of the body 206. FIG. 2B
illustrates a perspective frontal view of the substrate support assembly 204, according

to one embodiment.

[0032] The controller 214 is configured to control and automate the system 200.
As shown, the controller 214 includes a central processing unit (CPU) 215, memory
217, and support circuits (or I/0) 219. The CPU 215 is one of any form of computer
processors that are used in industrial settings for controlling various processes and
hardware (e.g., pattern generators, motors, and other hardware) and monitor the
processes (e.g., processing time and substrate position or location). The memory 217
is connected to the CPU 215, and is one or more of a readily available memory, such
as random access memory (RAM), read only memory (ROM), floppy disk, hard disk,
or any other form of digital storage, local or remote. Software instructions and data
can be coded and stored within the memory 217 for instructing the CPU 215. The
support circuits 219 are also connected to the CPU 215 for supporting the CPU in a
conventional manner. The support circuits 219 include conventional cache, power

supplies, clock circuits, incoupling/output circuitry, subsystems, and the like.

[0033] The secondary controller 250 is configured to control and automate the LED
arrays 205. As shown, the secondary controller 250 includes a central processing
unit (CPU) 291, memory 293, and support circuits (or I/0) 295. The CPU 291 is one
of any form of computer processors that are used in industrial settings for controlling
various processes and hardware (e.g., pattern generators, motors, and other
hardware) and monitor the processes (e.g., processing time and substrate position or
location). The memory 293 is connected to the CPU 291, and is one or more of a
readily available memory, such as random access memory (RAM), read only memory
(ROM), floppy disk, hard disk, or any other form of digital storage, local or remote.
Software instructions and data can be coded and stored within the memory 293 for
instructing the CPU 291. The support circuits 295 are also connected to the CPU 291
for supporting the CPU in a conventional manner. The support circuits 295 include
conventional cache, power supplies, clock circuits, incoupling/output circuitry,

subsystems, and the like.
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[0034] A program (or computer instructions) readable by the controller 214 and/or
the secondary controller 250 determines which tasks are performable by the system
200. The controller 214 is configured to communicate and control the power source
212, the actuator 208, and the secondary controller 250. The controller 214 and the
secondary controller 250 are configured to control aspects of the substrate support
assembly 204 during processing. The plurality of heating pixels 216 are disposed in
the body 206 and are coupled to the power source 212. The controller 214 is operable
to individually control the each of the heating pixels 216, such that temperature
distributions are provided on the back-side of the substrate 101, (i.e., the side of the
substrate 101 retained on the support surface 280), to correspond to at least one of
the incoupling region 102, the intermediate region 104, and the output coupling region
1086.

[0035] The LED arrays 205 are configured to heat portions of the substrate 101.
The LED arrays 205 are disposed on the side 203 of the ion source 201, on the surface
that is closest to the substrate 101, proximate the extraction aperture 202. The widths

of the LED arrays 205 extend into and out of the page, respectively.

[0036] FIG. 2C illustrates a schematic view of the LED array 205, according to one
embodiment. As shown, the LED array 205 includes a plurality of individual LEDs 207
arranged in an array of rows and columns. Any number of rows and columns of LEDs
207 can be used. The secondary controller 250 is operable to individually control the
each of the LEDs of the LED arrays 205, such that temperature distributions are

provided on the front-side of the substrate 101.

[0037] FIG. 3 is a flow diagram of method 300 operations for fabricating a
waveguide combiner (e.g., waveguide combiner 103). Although the method 300
operations are described in conjunction with FIGs. 4A-D, persons skilled in the art will
understand that any system configured to perform the method operations, in any
order, falls within the scope of the embodiments described herein. The method 300
can be stored or accessible to the controller 214 and/or secondary controller 250 as
computer readable media containing instructions, that when executed by the CPU 215
of the controller and/or the CPU 291 of the secondary controller, cause the system
200 to perform the method 300.
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[0038] The method 300 begins at operation 301, where a protective material is
deposited over one or more protected regions (alternatively referred to as totally
protected regions) of the substrate 101. The protective material is configured to
protect the one or more protected regions from etching in operation 302, while still
allowing etching of one or more unprotected regions. The one or more protected
regions include the intermediate region 104 and the output coupling region 106, and
the one or more unprotected regions includes the incoupling region 102, according to
one embodiment. The unprotected regions can also include partially unprotected
regions (i.e., portions of the regions are protected, and other portions of the regions

are unprotected).

[0039] The material is deposited by one of inkjet printing or three-dimensional (3D)
printing, according to one embodiment. The material can include photoresist
materials. The photoresist materials can include, but are not limited to,
diazonaphthoquinone, a phenol formaldehyde resin, poly(methyl methacrylate),

poly(methyl glutarimide), and/or SU-8.

[0040] FIG. 4A illustrates a schematic cross-sectional view of a portion 400 of one
of the one or more protected regions, according to one embodiment. The one or more
protected regions include the intermediate region 104 and the output coupling region
106, according to one embodiment. A material 499 (e.g., the protective material
described above) is disposed over a grating material 412 disposed on the waveguide
combiners 103 of the substrate 101. A patterned hardmask 413 is disposed over the
grating material 412. The grating material 412 can include silicon oxycarbide (SiOC),
titanium oxide (TiOx), TiOxnanomaterials, niobium oxide (NbQOx), niobium-germanium
(NbsGe), silicon dioxide (SiOz2), silicon oxycarbonitride (SIOCN), vanadium (IV) oxide
(VOx), aluminum oxide (Al203), indium tin oxide (ITO), zinc oxide (ZnQO), tantalum
pentoxide (Taz0s), silicon nitride (SisN4), silicon-rich SisN4, hydrogen-doped SisN4,
boron-doped SisNs4, silicon carbon nitrate (SiCN), titanium nitride (TiN), zirconium
dioxide (ZrO2), germanium (Ge), gallium phosphide (GaP), poly-crystalline (PCD),
nanocrystalline diamond (NCD), doped diamond containing materials, and any

mixture of the above.
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[0041] The material 499 can be deposited by 3D printing or inkjet printing. The
material 499 has a thickness 414 that inhibits the removal of the grating material 412

when the ion beam 210 is directed toward the substrate 101.

[0042] At optional operation 3010, a material is deposited over at least a portion of
the one or more partially unprotected regions of the substrate 101. The material is
configured to partially protect the portion of the one or more partially unprotected

regions from etching in operation 302, according to one embodiment.

[0043] At operation 302, an ion beam is directed incident on the substrate 101.
Operation 302 can include ion beam etching, focused ion beam etching, and the like.
In one embodiment, the ion beam (e.g., ion beam 210) is created by, and directed by,
the system 200.

[0044] FIG. 4B illustrates schematic cross-sectional views of one of the one or
more totally unprotected regions before, during, and after operation 302, according to
one embodiment. In one embodiment described herein, which can be combined with
other embodiments described herein, at operation 301, the material 499 is not
deposited over the grating material 412 of the unprotected region. The unprotected

region can be the incoupling region 102, according to one embodiment.

[0045] At operation 302, when the ion beam 210 is directed toward the substrate
101, the ion beam 210 forms, for example, by etching the plurality of incoupling
gratings 108 in the grating material 412 exposed by the patterned hardmask 413 over
a duration of time corresponding to periods 401-406. Because the thickness of the
material 499 is uniform over the hardmask 413 in this example, each grating of the
plurality of incoupling gratings 108 formed over the periods 401-406 have a same
depth 415 at period 406. Thus, the entirety of the gratings of the plurality of incoupling
gratings 108 can have about the same dimensions, and a consistently uniform grating
profile is formed. Any of the gratings described herein have an angle 6 that can vary
from about 5° to about 85° (i.e., the gratings are angled with respect to a surface of
the substrate 101).

[0046] FIG. 4C illustrates schematic cross-sectional views of one of the one or
more partially unprotected regions and totally unprotected regions before, during, and

after operation 302, according to one embodiment. In the embodiment illustrated in

10
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FIG. 4C, optional operation 3010 is performed, and thus material 499 is disposed over
at least a portion of the partially unprotected region. The material 499 has various
regions of differing thickness, for example, first thickness 416 and second thickness
417. The second thickness 417 is less than the first thickness 416, such that at period
406 a first portion of gratings 418 corresponding to the first thickness has a depth 419
less than a depth 420 of a second portion of gratings 421 corresponding to the second
thickness. Thus, different portions of the same plurality of gratings have different
depth profiles, and a depth profile having two different depths is formed. In some
embodiments, the first thickness 416 is about zero (i.e., little or no material is
deposited in this portion). In some embodiments, the first thickness 416 is thick
enough that no gratings are developed in this portion, and the region would be a totally
protected region. In some embodiments, multiple thicknesses of the material (e.g.,

three or more thicknesses) is included.

[0047] The first portion of gratings 418 can have the depth 419 less than the depth
420 of the second portion of gratings 421 at period 406, where none of the material

499 has been deposited over the grating material 412 of the unprotected region.

[0048] In one embodiment described herein, which can be combined with other
embodiments described herein, each of the heating pixels 216 can be individually
controlled such that a temperature distribution corresponding to the partially
unprotected region is provided to the back-side of the substrate 101. In some
embodiments, portions of the material 499 that receive higher temperatures reacts
faster than portions that receive lower temperatures. Thus, the high temperature
portions are etched deeper, resulting in deeper gratings in the high temperature
portions than the low temperature portions. In some embodiments, portions of the
material 499 that receives higher temperature etches slower than portions that receive
lower temperatures. Thus, the high temperature portions are etched shallower,
resulting in shallower gratings in the high temperature portions than the low
temperature portions. For example, if the portions of the material 499 are removed in
an etching process, the increased temperature of the high temperature portions

results in more removal of the material than the low temperature portions.

[0049] Inanother embodiment described herein, which can be combined with other

embodiments described herein, individually controlling each of the LEDs of the LED

11
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arrays 205, such that a temperature distribution corresponding to the protected region
is provided to the front-side of the substrate 101, results in the variations in etch rates.
In some embodiments, a uniform material 499 is deposited over the protected region,
and the depth of the formed gratings (e.g., gratings 418) is controlled by the dose of
light applied by the LEDs. Depth of the formed gratings is controlled by increasing the
dosing to certain portions of the material 499. In some embodiments, portions of the
material 499 that receive higher doses of light etches faster than portions that receive
lower doses of light. Thus, the high dose portions are etched deeper, resulting in
deeper gratings in the high dose portion than the low dose portions. In some
embodiments, portions of the material 499 that receive higher doses of light etches
slower than portions that receive lower doses of light. Thus, the high dose portions
are etched shallower, resulting in shallower gratings in the high dose portion than the
low dose portions. In some embodiments, greyscale lithography is performed on the

uniform material 499 to control the depth of the gratings (e.g., gratings 418).

[0060] FIG. 4D illustrates schematic cross-sectional views of one of the one or
more partially unprotected regions before, during, and after operation 302, according
to one embodiment. In the embodiment illustrated in FIG. 4D, optional operation 3010
is performed, and thus material 499 is disposed over at least a portion of the partially
unprotected region. The material 499 has a thickness 498 that varies with position.
Thus, different portions of the same plurality of gratings can be formed that have
different depth profiles which vary with the thickness of the material 499. The variation
of the thickness 498 of the material 499 is linear, according to one embodiment;
however, the thickness 498 may vary in any other manner, and may also vary in two

dimensions over the plurality of gratings.

[0051] In any of the embodiments described above, elements of the patterned
hardmask 413 can have different widths 451, and thus the fins of the resulting plurality
of incoupling gratings 108 can have different widths. In any of the embodiments
described above, elements of the patterned hardmask 413 can have different
spacings 452, and thus the spacings between the fins of the resulting plurality of
incoupling gratings 108 can be different. In any of the embodiments described above,
elements of the patterned hardmask 413 can have different widths 451 and different
spacings 452, and thus the fins of the plurality of incoupling gratings 108 have different
widths and different spacings between the fins.
12



WO 2020/131852 PCT/US2019/066812

[0052] At operation 303, the material 499 is removed from the protected regions.
In one embodiment, the protected regions include the intermediate region 104 and the
output coupling region 106. The material can be removed using any standard method
in the art, such as oxygen gas (O2) ashing. Thus, a plurality of gratings (e.g., plurality
of incoupling gratings 108) is formed in the unprotected region (e.g., the incoupling
region 102), and no gratings are formed in the protected regions (e.g., the

intermediate region 104 and the output coupling region 106).

[0053] At optional operation 3030, the material is removed from the partially
unprotected regions, if any material is still remaining after the etching in operation 302.

The material can be removed as described in operation 303 above.

[0054] In some embodiments, operations 301-303 are repeated, but the protected
and unprotected regions are different from the previous operations 301-303. The
protected regions include the incoupling region 102 and the output coupling region
106, and the unprotected region includes the intermediate region 104, according to
one embodiment. The protected regions include the incoupling region 102 and the
intermediate region 104, and the unprotected region includes the output coupling
region 106, according to one embodiment. For each unprotected region, the method
300 can vary such that gratings of various thicknesses, widths, and profiles can be
created (e.g., the incoupling region 102 has a plurality of incoupling gratings 108
formed in the embodiment illustrated in FIG. 4B, and the intermediate region 104 has
a plurality of intermediate gratings 110 formed in the embodiment illustrated in FIG.
4C). In other embodiments, operations 3010 and 3030 are also repeated. Thus,
method 300 allows for creation of different regions with different gratings

characteristics.

[0055] Although the description of method 300 above is illustrated by a 1-
dimensional array of gratings (e.g., gratings 418), a 2-dimensional (2D) array of
gratings can also be formed by the method 300. FIG. 5A illustrates a top view of an
unprotected portion 500 having a 2D array 520 of gratings 521, according to one
embodiment. FIG. 5B illustrates a side view of the unprotected portion 500 having the
2D array 520 of the gratings 521, according to one embodiment. As shown, the 2D
array 520 has rows 501 and columns 502 of the gratings 521. Any number of rows
501 and columns 502 can be included in the 2D array 520. Although the 2D array
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520 illustrated in FIG. 5A has the gratings 521 arranged in a grid pattern, any pattern

can be utilized.

[0066] The critical dimension (CD) of the gratings 521 can be the same or different
in the x-direction (e.g., x-width dx) from one another. The CD of the gratings 521 can
be the same or different in the y-direction (e.g., y-width dy) from one another. The
critical dimension (CD) of the gratings 521 can be the same or different in the z-
direction (e.g., z-width dz) from one another. The CD of the gratings 521 can be the
same or different in the y-direction (e.g., y-width dy) from one another. The angles 61,

B2, O3, B4 of the gratings 521 can be the same or different from one another.

[0057] The inter-grating spacing between individual gratings 521 can be the same
or different in the x-direction (e.g., x-distance sx) from one another. The inter-grating
spacing between individual gratings 521 can be the same or different in the y-direction

(e.g., y-distance sy) from one another.

[0058] The gratings 521 can have rectangular shapes (e.g., gratings 510, 510’),
square shapes (e.g., gratings 511, 511’), L-shapes (e.g., gratings 513, 513’), circular
shapes (e.g., grating 516), and/or island shapes (e.g., 514). Any combination of any
shape of gratings 521 can be included. Although examples of gratings 251 shapes
are given, any other possible shape is contemplated. The gratings 521 can also

include voids 515 (i.e., penetration into the underlying substrate 101).

[0059] As described above, a method for forming a plurality of gratings is provided.
The method includes depositing a material over one or more protected regions of a
waveguide combiner disposed on a substrate, the material having a thickness
inhibiting removal of a grating material disposed on the waveguide combiner when an
ion beam is directed toward the substrate. The methods disclosed herein allow for
formation of a plurality of gratings in one or more unprotected regions, while no

gratings are formed in the protected regions.

[0060] While the foregoing is directed to examples of the present disclosure, other
and further examples of the disclosure may be devised without departing from the

basic scope thereof, and the scope thereof is determined by the claims that follow.
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What is claimed is:

1. A method of forming a first plurality of gratings, comprising:

depositing a protective material over one or more first regions of a waveguide
combiner disposed on a substrate, the protective material having a first thickness such
that the protective material at least partially inhibits removal of a grating material
disposed on the waveguide combiner when an ion beam is directed toward the
substrate; and

directing the ion beam toward the substrate such that at least a portion of the
grating material from the one or more first regions of the waveguide combiner is
removed such that the first plurality of gratings is formed, wherein at least one of the

gratings of the first plurality of gratings has an angle of about 5° to about 85°.

2. The method of claim 1, further comprising:

depositing the protective material having a second thickness over at least one
of one or more protected regions of the waveguide combiner such that the protective
material with the second thickness totally inhibits removal of grating material in the
one or more protected regions; and

removing the protective material over the one or more protected regions.

3. The method of claim 1, wherein

at least one of the one or more first regions has a first portion and a second
portion, and

the protective material disposed over the first portion is thicker than the

protective material disposed over the second portion.

4. The method of claim 1, wherein the protective material disposed over at least

one of the one or more first regions has a varying thickness.

. A method of forming a plurality of gratings, comprising:

depositing a protective material over one or more protected regions of a
waveguide combiner disposed on a substrate, the protective material having a
thickness inhibiting removal of a grating material disposed on the waveguide combiner

when an ion beam is directed toward the substrate;
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directing the ion beam toward the substrate such that at least a portion of the
grating material from one of one or more unprotected regions of the waveguide
combiner is removed such that the plurality of gratings is formed; and

removing the protective material over the one or more protected regions,

wherein:
the one or more unprotected regions are configured to receive
incident beams of light from a microdisplay; and
at least one of the gratings of the plurality of gratings has an angle
of about 5° to about 85°.
6. The method of claim 5, further comprising:

depositing the protective material on at least a portion of one of the unprotected

regions.

7. The method of claim 6, wherein

at least one of the one or more unprotected regions has a first portion and a
second portion, and

the protective material disposed over the first portion is thicker than the

protective material disposed over the second portion.

8. The method of claim 5, wherein at least one of the gratings of the first plurality
of gratings has a different thickness than the other gratings of the first plurality of

gratings.

9. The method of claim 5, wherein
the depositing the protective material, the directing the ion beam, and the

removing the protective material is repeated.

10. A method of forming a first plurality of gratings, comprising:

depositing a protective material over one or more protected regions of a
waveguide combiner disposed on a substrate, the protective material having a
thickness inhibiting removal of a grating material disposed on the waveguide combiner
when an ion beam is directed toward the substrate;

depositing the protective material on at least a portion an unprotected region;

16
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directing the ion beam toward the substrate such that at least a portion of the
grating material from the unprotected region of the waveguide combiner is removed
such that the first plurality of gratings is formed; and
removing the protective material over the one or more protected regions,
wherein
the first plurality of gratings has a profile with two different depths,
at least one of the gratings of the plurality of gratings has an angle
of about 5° to about 85°, and
the depositing the protective material on at least a portion of the
unprotected region comprises exposing the protective material to a

plurality of heating pixels or light-emitting diodes (LEDs).

11.  The method of claim 10, wherein each of the plurality of the heating pixels or

LEDs is individually controlled.

12. The method of claim 11, wherein a temperature distribution corresponding to
at least one of the one or more protected regions is provided to a back-side of the

substrate.
13.  The method of claim 10, wherein at least one of the gratings of the first plurality
of gratings has a different thickness than the other gratings of the first plurality of

gratings.

14. The method of claim 10, wherein the protective material comprises a

photoresist.

15. The method of claim 10, wherein the depositing the protective material

comprises inkjet printing or three-dimensional (3D) printing.

17



WO 2020/131852 PCT/US2019/066812

178

101
/

-
108~ | N

118 S
103 it A
116~ — ’
&
122~
106
¥ !\\ i
/
112 %
Z

FIG. 1B



WO 2020/131852 PCT/US2019/066812

218

200
™

i
f
|
f
f
!
f
i
f
201 E
i
f
|
i
f
!
f
i
|
|
Yy 250 me» 2t
m} ..... 28 215
293 E
2 208 217
255 E
295 219
X
i
FI1G. 2A |
Gt 7



WO 2020/131852 PCT/US2019/066812

3/8

204

102 104

| \

Ooooooooooooooony
minin]n]nininininininisinisinin
oobodooooooooood
uinlininlnininininininlnin]ninininin

OO adn
OO0 OnnoOn oo o

206

216

5
oS
25055558 5
SIS
LIS
SRe135003sS

205

i
v o
SOOI,
OISO
s S
2ot to byt 253

s
SIS,
eSS 3
S SCE LTS IS5
g
2SSOSR o
TS,
SIS

X

5,
L5
SN
RTINS
SRS RIS KIS,
a:*,‘::«::::::’»:““ 80582
202 se e e e

LSS
‘O‘v::”d:::: $03%
<5
w‘:“%", SOSIS
o
0 5L
LS
SN
LSRRI s
R SSER s
B e A NS
ORISR SN
X ST
RSO

Ses ela it
S
KOOI 0
K2R 000 S e
SEesatee s
SIS




WO 2020/131852 PCT/US2019/066812

4/8

300
™

301
’
DEPOSIT MATERIAL OVER ONE OR MORE PROTECTED
REGIONS
|
301
e A e o
E DEPOSIT MATERIAL OVER ONE OR MORE |
E PARTIALLY UNPROTECTED REGIONS |
e e e e e e e e e e e e e e e e e e e e e et e oo e e e e e e .
H
| f302
DIRECT ION BEAM TOWARD SUBSTRATE
f?s()a
REMOVE MATERIAL FROM THE ONE OR MORE
PROTECTED REGIONS
|
e e e e e e e e e e e S _?(3030
5 REMOVE MATERIAL FROM THE ONE OR MORE

E FPARTIALLY UNPROTECTED REGIONS



WO 2020/131852

PCT/US2019/066812

5/8

2\ 2\ /N%\V%tﬁ?%

451 452

-

WA WA LA 413
412

?: //////////////////////////////// it,i(},i

W‘@i

//////////////////////////////////// 101

? g v A 24413

4 412

101

e 412
103

101

A 412
I ~103

F e 101

412
103

101

/

FIG. 4A



WO 2020/131852 PCT/US2019/066812

417 499 o 401

! \ 499 L
416~ %L NN V413
A 412
. AN . 103
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, =

490 402

\
OSSN AN pd el n e s 443

NN

/////////////////////////////////////////////////////////////////////// /-\“101

% MA xﬁf”xﬁ 2)&//4 27, V//’i %”/»E‘ WA‘"‘\MMB

499 404

NN»412

103
101

499 405

4 &8 &2 Lem G B 7B G G

e 412

103
101

406

-

S 412

103
101

420~




WO 2020/131852 PCT/US2019/066812

498~

/Jf&\ 777 %”/»E‘ VA‘“NWAHB

g\ N

483 405

%Qm V< 2 7 7 g3




WO 2020/131852 PCT/US2019/066812

8/8

500
™

520

52@ 521
510
2 \% W %% z
N S—

FIG. 5B



INTERNATIONAL SEARCH REPORT

International application No.
PCT/US2019/066812

A. CLASSIFICATION OF SUBJECT MATTER

GO02B 27/44(2006.01)i, G02B 6/122(2006.01)i, G02B 6/12(2006.01)i

According to International Patent Classification (IPC) or to both national classification and [PC

B. FIELDS SEARCHED

Minimum documentation searched (classification system followed by classification symbols)
GO2B 27/44; F21V 8/00; G02B 5/18; G02B 6/10; HO1J 37/305;, HO1J 37/317;, GO2B 6/122

Korean utility models and applications for utility models
Japanese utility models and applications for utility models

Documentation searched other than minimum documentation to the extent that such documents are included in the fields searched

Electronic data base consulted during the international search (name of data base and, where practicable, search terms used)
cKOMPASS(KIPO internal) & Keywords: grating, ion beam, photoresist, depth, thickness, angle

C. DOCUMENTS CONSIDERED TO BE RELEVANT

Category* Citation of document, with indication, where appropriate, of the relevant passages Relevant to claim No.

X US 2007-0263973 A1 (FREDERIK VAN LAERE et al.) 15 November 2007 1,5
See paragraphs [0052], [0067], claims 15, 17, 21 and figure 6.

Y 2-4,6-15

Y JP 08-029606 A (CANON INC.) 02 February 1996 2-4,6-7,9-15
See paragraphs [0015]-[0017] and figure 1.

Y US 2018-0095201 A1 (MAGIC LEAP, INC.) 05 April 2018 8,13
See paragraphs [0035], [0045] and figure 2.

A US 2018-0059297 A1 (MAGIC LEAP, INC.) 01 March 2018 1-15
See paragraphs [0520]-[0581] and figures 60A-68D.

A US 2016-0035539 A1 (LAURI SAINIEMI et al.) 04 February 2016 1-15
See claim 1 and figures 3A-4.

|:| Further documents are listed in the continuation of Box C.

See patent family annex.

* Special categories of cited documents:

"A" document defining the general state of the art which is not considered
to be of particular relevance

"D" document cited by the applicant in the international application

"E" eatlier application or patent but published on or after the international
filing date

"L"  document which may throw doubts on priority claim(s) or which is
cited to establish the publication date of another citation or other
special reason (as specified)

"O" document referring to an oral disclosure, use, exhibition or other means

"P" document published prior to the international filing date but later

than the priority date claimed

"T" later document published after the international filing date or priority
date and not in conflict with the application but cited to understand
the principle or theory underlying the invention

document of particular relevance; the claimed invention cannot be
considered novel or cannot be considered to involve an inventive
step when the document is taken alone

document of particular relevance; the claimed invention cannot be
considered to involve an inventive step when the document is
combined with one or more other such documents,such combination
being obvious to a person skilled in the art

document member of the same patent family

'

myn

ngn

Date of the actual completion of the international search
29 April 2020 (29.04.2020)

Date of mailing of the international search report

29 April 2020 (29.04.2020)

mailing address of the [SA/KR

International Application Division

Korean Intellectual Property Office

189 Cheongsa-ro, Seo-gu, Dagjeon, 35208, Republic of Korea

Name and

Facsimile No, 182-42-481-8578

Authorized officer

s A

JUNG, Jong Han

ity

s

Telephone No. +82-42-481-5642

Form PCT/ISA/210 (second sheet) (July 2019)




INTERNATIONAL SEARCH REPORT

International application No.

Information on patent family members PCT/US2019/066812

Patent document Publication Patent family Publication

cited in search report date member(s) date

US 2007-0263973 Al 15/11/2007 EP 1855131 Al 14/11/2007
US 7643709 B2 05/01/2010

JP 08-029606 A 02/02/1996 None

US 2018-0095201 Al 05/04/2018 CN 110036317 A 19/07/2019
JP 2019-531508 A 31/10/2019
KR 10-2019-0057380 A 28/05/2019
TW 201820422 A 01/06/2018
US 10436958 B2 08/10/2019
US 2019-369310 Al 05/12/2019
WO 2018-067500 Al 12/04/2018

US 2018-0059297 Al 01/03/2018 AU 2017-316667 Al 28/02/2019
AU 2018-210527 Al 08/08/2019
CA 3034389 Al 01/03/2018
CA 3051239 Al 26/07/2018
CN 109863446 A 07/06/2019
CN 109891298 A 14/06/2019
CN 109997063 A 09/07/2019
CN 110462460 A 15/11/2019
EP 3500889 Al 26/06/2019
EP 3500889 A4 16/10/2019
EP 3571535 Al 27/11/2019
JP 2019-528474 A 10/10/2019
JP 2019-528475 A 10/10/2019
JP 2019-534468 A 28/11/2019
KR 10-2019-0039801 A 15/04/2019
KR 10-2019-0040051 A 16/04/2019
KR 10-2019-0040301 A 17/04/2019
KR 10-2019-0105645 A 17/09/2019
TW 201819989 A 01/06/2018
TW 201819992 A 01/06/2018
US 10267970 B2 23/04/2019
US 10444419 B2 15/10/2019
US 10451799 B2 22/10/2019
US 10481317 B2 19/11/2019
US 2018-0052276 Al 22/02/2018
US 2018-0052277 Al 22/02/2018
US 2018-0052320 Al 22/02/2018
US 2018-0052501 Al 22/02/2018
US 2018-0059304 Al 01/03/2018
US 2018-210146 Al 26/07/2018
US 2020-0041712 Al 06/02/2020
WO 2018-039271 Al 01/03/2018
WO 2018-039273 Al 01/03/2018
WO 2018-039277 Al 01/03/2018
WO 2018-039277 A9 29/03/2018
WO 2018-039278 Al 01/03/2018

Form PCT/ISA/210 (patent family annex) (July 2019)




INTERNATIONAL SEARCH REPORT

International application No.

Information on patent family members PCT/US2019/066812
Patent document Publication Patent family Publication
cited in search report date member(s) date
WO 2018-039278 A9 29/03/2018
WO 2018-136892 Al 26/07/2018
US 2016-0035539 Al 04/02/2016 WO 2016-018736 Al 04/02/2016

Form PCT/ISA/210 (patent family annex) (July 2019)




	Page 1 - front-page
	Page 2 - front-page
	Page 3 - description
	Page 4 - description
	Page 5 - description
	Page 6 - description
	Page 7 - description
	Page 8 - description
	Page 9 - description
	Page 10 - description
	Page 11 - description
	Page 12 - description
	Page 13 - description
	Page 14 - description
	Page 15 - description
	Page 16 - description
	Page 17 - claims
	Page 18 - claims
	Page 19 - claims
	Page 20 - drawings
	Page 21 - drawings
	Page 22 - drawings
	Page 23 - drawings
	Page 24 - drawings
	Page 25 - drawings
	Page 26 - drawings
	Page 27 - drawings
	Page 28 - wo-search-report
	Page 29 - wo-search-report
	Page 30 - wo-search-report

