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apparatus for forming gratings having a plurality of fins with differ-
ent slant angles on a substrate and forming fins with different slant
angles on successive substrates using angled etch systems and/or an
optical device. The methods include positioning portions of substrates
retained on a platen in a path of an ion beam. The substrates have a
- grating material disposed thereon. The ion beam is configured to con-
tact the grating material at an ion beam angle Q relative to a surface
normal of the substrates and form gratings in the grating material.
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MODULATION OF ROLLING K VECTORS OF ANGLED GRATINGS

BACKGROUND
Field

[0001] Embodiments of the present disclosure generally relate to angled etch tools.
More specifically, embodiments described herein provide for utilizing angled etch tools

to form gratings having fins with modulated slant angles.

Description of the Related Art

[0002] To form gratings with different slant angles on a substrate angled etch
systems are used. Angled etch systems include an ion beam chamber that houses
an ion beam source. The ion beam source is configured to generate an ion beam,
such as a ribbon beam, a spot beam, or full substrate-size beam. The ion beam
chamber is configured to direct the ion beam at an optimized angle relative to a
surface normal of a substrate. Changing the optimized angle requires reconfiguration
of the hardware configuration of the ion beam chamber. The substrate is retained on
a platen coupled to an actuator. The actuator is configured to tilt the platen, such that
the substrate is positioned at a tilt angle relative to an axis of the ion beam chamber.
The optimized angle and tilt angle result in an ion beam angle relative to the surface

normal.

[0003] One example of a device that utilizes gratings with different slant angles is
an optical device, such as a waveguide combiner. Optical devices may require
gratings with slant angles that are different depending on the properties required for
augmented reality. Additionally, gratings of an optical device may require gratings
having fins with slant angles to change, e.g., increase or decrease, across the region
to adequately control the in-coupling and out-coupling of light. Modulating the change
in the slant angle of the fins, i.e. the rolling k-vector, using angled etch systems can

be challenging.

[0004] Accordingly, what is needed in the art are methods of forming gratings with

having fins with modulated slant angles.
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SUMMARY

[0005] In one embodiment, a grating forming method is provided. The method
includes positioning a first portion of a substrate retained on a platen in a path of an
ion beam with a first beam angle a. The substrate has a grating material disposed
thereon. The ion beam contacts the grating material at a first ion beam angle § relative
to a surface normal of the substrate and forms one or more first gratings in the grating
material with a first slant angle . The first beam angle a is modulated to a second
beam angle a different that the first beam angle a. A second portion of the substrate
is positioned in the path of the ion beam with a second beam angle &. The ion beam
contacts the grating material at a second ion beam angle 9 relative to the surface
normal of the substrate and forms one or more second gratings in the grating material

with a second slant angle & different than the first slant angle &'

[0006] In another embodiment, a grating forming method is provided. The method
includes positioning a first portion of a substrate retained on a platen at a first tilt angle
3 relative to an x-axis of an ion beam chamber. The first portion of the substrate at
the first tilt angle £ is poesitioned in a path of an ion beam generated by the ion beam
chamber with a beam angle «. The substrate has a grating material disposed thereon.
The ion beam contacts the grating material at a first ion beam angle § relative to a
surface normal of the substrate and forms one or more first gratings in the grating
material with a first slant angle 9. A second portion of the substrate is positioned at
a second tilt angle $ different than the first tilt angle 3. The second portion of the
substrate at the second tilt angle 3 is positioned iy the path of the ion beam with the
beam angle «. The ion beam contacts the grating material at a second ion beam
angle 9 relative to the surface normal of the substrate and forms one or more second

gratings in the grating material with a second slant angle 9.

[0007] In yet another embodiment, a grating forming method is provided. The
method includes positioning a first portion of a substrate retained on a platen in a path
of an ion beam with a beam angle . The substrate has a grating material disposed
thereon. The ion beam is configured to contact the grating material at an ion beam
angle 9 relative to a surface normal of the substrate and form one or more first gratings
in the grating material. The substrate retained on the platen is rotated about an axis

of the platen resulting in a first rotation angle ¢ between the ion beam and a grating
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vector of the one or more first gratings. The one or more first gratings have a first
slant angle &’ relative to the surface normal of the substrate. A second portion of the
substrate is positioned in the path of the ion beam configured to form one or more
second gratings in the grating material. The substrate is rotated about the axis of the
platen resulting in a second rotation angle ¢ between the ion beam and the grating
vector of the one or more second gratings. The one or more second gratings having

a second slant angle &' relative to the surface normal of the substrate.

BRIEF DESCRIPTION OF THE DRAWINGS

[0008] 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.

[0009] Figure 1A is a perspective, frontal view of a waveguide combiner according

to an embodiment.

[0010] Figure 1B is a schematic, cross-sectional view of a region of a waveguide

combiner according to an embodiment.

[0011] Figure 2 is a side, schematic cross-sectional view of a variable angle etch

system according to an embodiment.

[0012] Figure 3 is a schematic, cross-sectional view of an electrode assembly

according to one embodiment.

[0013] Figure 4 is a schematic, cross-sectional view of an electrode assembly

according to another embodiment.

[0014] Figure 5 is a flow diagram of a method of forming gratings with rolling-k

vector slant angles according to an embodiment.
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[0015] Figure 6 is a flow diagram of a method of forming gratings with rolling-k

vector slant angles according to an embodiment.

[0016] Figure 7 is a flow diagram of a method of forming gratings with rolling-k

vector slant angles according to an embodiment.

[0017] 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

[0018] Embodiments of the present disclosure generally relate to angled etch tools.
More specifically, embodiments described herein provide for utilizing angled etch tools

to form gratings having fins with modulated or varied slant angles.

[0019] Figure 1A is a perspective, frontal view of waveguide combiner 100. The
waveguide combiner 100 includes an input coupling grating region 102 (a first region)
defined by a plurality of fins 108, an intermediate grating region 104 (a second region)
defined by a plurality of fins 110, and an output coupling grating region 106 (a third
region) defined by a plurality of fins 112. Each of the plurality of fins 108, 110 and 112
are formed by a grating modulation process as described herein. For example, one
or more of the plurality of fins 108, 110 and 112 are different from the other fins within
the same region. In one example, one or more of the plurality of fins 108 within the
input coupling grating region 102 has a different geometry, such as a different slant
angle from that of other fins in that region. In addition, a slant angle of one discreet
fin 108 within the input coupling grating region 102 may be different across the length
or width of the input coupling grating region 102. One or more of the plurality of fins
110 and 112 of the intermediate grating region 104 and the output coupling grating

region 106, respectively, may be formed to have a different geometry also.

[0020] Figure 1B is a schematic, cross-sectional view of a region 101 of the
waveguide combiner 100. The region 101 may be one of the input coupling grating
region 102, the intermediate grating region 104, and the output coupling grating region
106.
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[0021] The region 101 includes a grating material 103 disposed on a substrate
105. The grating material 103 includes at least one of 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 (ZnO), tantalum
pentoxide (Taz20s), silicon nitride (SiaN4), SisN4 silicon-rich, SisN4 hydrogen-doped,
SisN4 boron-doped, silicon carbon nitrate (SICN), titanium nitride (TiN), zirconium
dioxide (ZrO2), germanium (Ge), gallium phosphide (GaP), poly-crystalline (PCD),

nanocrystalline diamond (NCD), and doped diamond containing materials.

[0022] The grating material 103, in accordance with the methods described herein,
includes a plurality of fins 107 having two or more portions of fins, such as a first
portion of fins 109, a second portion of fins 111, and a third portion of fins 113. Each
of the portions of fins has a different slant angle 9’ relative to a surface normal 115 of
the substrate 105. In one embodiment, as shown, which can be combined with other
embodiments described herein, the slant angle & of the fins increases across the
substrate 105. In another embodiment, which can be combined with other
embodiments described herein, the slant angle & of the fins decreases across the
substrate 105. The increase and or decrease of the slant angle &' is also known as a

rolling k-vector.

[0023] Figure 2 is a side, schematic cross-sectional view of a variable angle etch
system 200. It is to be understood that the variable angle etch system 200 described
below is an exemplary variable angle etch system and other variable angle etch
systems, including angled etch systems from other manufacturers, may be used with
or modified to form gratings and/or graded fins (one or more fins having a variable
slant angle §’ as opposed to other fins) on a substrate in accordance with the methods
described herein. A controller 203 operable to control aspects of the variable angle

etch system 200 during processing.

[0024] To form gratings having fins with varied slant angles &', the grating material
103 is disposed on a substrate 105 is etched by the variable angle etch system 200.
In one embodiment, which can be combined with other embodiments described

herein, a patterned hardmask 213 is disposed over the grating material 103. The
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patterned hardmask 213 may be an opaque or non-transparent hardmask that is
removed after the grating is formed. A transparent patterned hardmask (not shown)
may remain after the grating is formed. The variable angle etch system 200 includes
a chamber 201. An ion beam housing 202 that houses an ion beam source 204 is at
least partially positioned in the chamber 201. The ion beam source is configured to
generate an ion beam 216, such as a ribbon beam, a spot beam, or full substrate-size
beam (e.g., a flood beam). The ion beam housing 202 is operable to direct the ion

beam 216 at a beam angle « relative to a surface normal 115 of the substrate 105.

[0025] The substrate 105 is retained on a platen 206 disposed in the chamber 201.
The platen 206 is coupled to a scan and tilt actuator 208. The scan and tilt actuator
208 is operable to move the platen 206 in a scanning motion along a y-direction and
a z-direction, and is operable to tilt the platen 206, such that the substrate 105 is
positioned at a tilt angle § ralative to the x-axis of the on beam housing 202. The
beam angle o and tilt angle B result in an ion beam angle 9 relative to the surface
normal 115. To form gratings having a slant angle &' relative the surface normal 115,
the ion beam source 204 generates an ion beam 216 and the ion beam housing 202
directs the ion beam 216 towards the substrate 105 at the beam angle a. The scan
and tilt actuator 208 positions the platen 206 so that the ion beam 216 contacts the
grating material 103 at the ion beam angle 9 and etches gratings having a slant angle
¥ on desired portions of the grating material 103. A rotation actuator 220 is coupled
to the platen 206 to rotate the substrate 105 about the x-axis of the platen 206 to
control the slant angle & of gratings. Inthe methods described herein, the slant angles
¥ of the two or more portions of fins, such as a first portion of fins 109, a second
portion of fins 111, a third portion of fins 113, are modulated for the rolling k-vector via
modulating the beam angle ¢, the tilt angle 8, and a rotation angle ¢, or combinations

thereof.

[0026] In one embodiment, which can be combined with other embodiments
described herein, the variable angle etch system 200 includes a triode extraction
assembly 205 opera-ble to modulate and/or vary the beam angle a. The triode
extraction assembly 205 may include at least one of a plurality of actuated deflector
plates and an electrode set or assembly described below. The triode extraction

assembly 205 is positioned downstream of the ion beam source 204.
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[0027] Figure 3 depicts a side sectional view of an exemplary electrode set 300
that may be used as the triode extraction assembly 205 of Figure 2. The electrode set
300 may be adapted as a graded lens configuration. The electrode set 300 may
include several sets of electrodes. For example, the electrode set 300 may include a
set of entrance electrodes 302, one or more sets of suppression electrodes 304 (or
focusing electrodes), and a set of exit electrodes 306. The exit electrodes 306 may
be referred to as ground electrodes. Each set of electrodes may have a space/gap to
allow an ion beam 312 (e.g., a ribbon beam, a spot beam, or full substrate-size beam)

to pass therethrough.

[0028] In some embodiments, the entrance electrodes 302, the suppression
electrodes 304, and the exit electrodes 306 are be provided in a housing 308. A pump
310 may be directly or indirectly connected to the housing 308. The pump 310 may
be a vacuum pump for providing a high-vacuum environment or other controlled
environment of a different vacuum level. In other embodiments, which may be
combined with other embodiments, the housing 308 may include one or more
dielectric members 314. The dielectric members 314 may be used to electrically

isolate the housing 308 from other components.

[0029] Asshown in Figure 3, the set of entrance electrodes 302 and exit electrodes
306 may include two conductive pieces electrically coupled to each other. In other
embodiments, the set of entrance electrodes 302 may be a one-piece structure with
an aperture for the ion beam 312 to pass therethrough. In some embodiments, upper
and lower portions of suppression electrodes 304 may have different potentials (e.g.,
in separate/discreet conductive portions) in order to deflect the ion beam 312 passing
therethrough. Although the electrode set 300 is depicted as a seven (7) element lens
configuration (e.g., with five (5) sets of suppression electrodes 304), it should be
appreciated that any number of elements (or electrodes) may be utilized. For
example, in some embodiments, the electrode set 300 may utilize a range of three (3)
to ten (10) electrode sets. In some embodiments, the ion beam 312 passing through

the electrodes may include argon or other elements.

[0030] Electrostatic focusing of the ion beam 312 may be achieved by using

several thin electrodes (e.g., the suppression electrodes 304) to control grading of
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potential along a path the ion beam 312. As a result, the use of input ion beams 312
may be used in an energy range that may enable higher-quality beams, even for very
low energy output beams. In one embodiment, as the ion beam 312 passes through
the electrodes of the electrode set 300, the ion beam 312 may be decelerated from 6
keV to 0.2 keV and deflected at about 15 degrees to about 30 degrees, or greater, by
the electrodes of the electrode set 300. In one example, the energy ratio may be 30/1.
In other emodiments, the input power may be 100 Volts to 3,000 Volts to deflect the

ion beam 312 by about 15 degrees to about 30 degrees, or greater.

[0031] It should be appreciated that separating and independently controlling
deceleration, deflection, and/or focus may be accomplished by one or a combination
of moving the electrodes (e.g., the entrance electrode 302, suppression electrodes
304, and the exit electrode 306) with respect to a central ray trajectory of the ion beam
312, and varying deflection voltages electrodes (e.g., the entrance electrode 302,
suppression electrodes 304, and the exit electrode 306) along the central ray
trajectory of the ion beam 312 to reflect beam energy at each point along the central
ray trajectory at a deflection angle 316. The symmetry of the electrodes with respect
to the central ray trajectory of the ion beam 312 is where the ends of upper and lower
electrodes closest to the ion beam 312 may be maintained at equal (or near-equal)
perpendicular distances from the central ray trajectory of the ion beam 312. For
example, a difference in voltages on electrodes above and below the ion beam 312
may be configured so that a deflection component of the electric field may be a fixed
ratio/factor of the beam energy at that point (which may vary along the electrodes or

lenses).

[0032] Figure 4 is a schematic, cross-sectional view of an electrode assembly 400
that may be used with the electrode set 300. The electrode assembly 400 includes a
pair of entrance electrodes 302 coupled to a first actuator 402, a pair of suppression
electrodes 304 coupled to a second actuator 405, and a pair of exit electrodes 306
(e.g., ground electrodes) coupled to a third actuator 410. The first actuator 402 is
operable to move one or both of the entrance electrodes 302 a first distance 415 from
a midline 420 to modulate the beam angle « of the ion beam 312. The second actuator
405 is operable to move one or both of the suppression electrodes 304 a second

distance 417 from the midline 420 to modulate the beam angle a of the ion beam 312.
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The midline 420 corresponds to a normal 307 of the ion beam 312 prior to modulation
of the beam angle a &f the ion beam 312 by one or more of the entrance electrodes
302, the suppression electrodes 304 and the exit electrodes 306. The third actuator
410 is operable to move the one or both of the exit electrodes 306 a third distance
425 from the midline 420 to modulate the beam angle a of the ion beam 312. The
first actuator 402, the second actuator 405, and the third actuator 410 are coupled to
the controller 203 operable to operable to control aspects of the variable angle etch
system 200 during processing, such as the methods described herein. The controller

203 is configured to control voltages

[0033] Figure 5 is a flow diagram of a method 500 of forming gratings with rolling-
k vector slant angles. To facilitate explanation, Figure 5 will be described with
reference to Figures 2, 3 and 4, as applicable. References to an ion beam in the
following may refer to the ion beam 216 of Figure 2 and/or the ion beam 312 of Figures
3 and 4.

[0034] At operation 501, a first portion of a substrate 105 having a grating material
103 disposed thereon is positioned in a path of the ion beam. The ion beam with a
first beam angle & contacts the grating material 103 at an ion beam angle 9 relative to
a surface normal 115 of the substrate 105 and forms one or more first gratings in the
grating material 103 having a first slant angle §’. At operation 502, the first beam angle
a is modulated to a second beam angle o different that the first beam angle ¢. The
second beam angle & may be greater or less than the first beam angle a. At operation
503, a second portion of a substrate 105 having the grating material 103 disposed
thereon is positioned in the path of the ion beam with the second beam angle «. The
second beam angle a greater than the first beam angle o will result in one or more
second gratings in the grating material 103 having a second slant angle § greater
than the first slant angle . The second beam angle a igss than the first beam angle
a will result in a second slant angle § less than the first slant angle §'. At operation
504, the second beam angle a is modulated to a third beam angle a different that the
second beam angle a. At operation 505, a third portion of a substrate 105 having the
grating material 103 disposed thereon is positioned in the path of the ion beam with
the third beam angle « to form one or more third gratings in the grating material 103

having a third slant angle & greater than the second slant angle §’. In embodiments,
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which can be combined with other embodiments described herein, the first, second,
and third beam angles « are modulated by at least one of a plurality of actuated
deflector plates and an electrode assembly 400 or the electrode set 300 as described

above.

[0035] In one example, the first actuator 402 moves the entrance electrode(s) 302
a first distance 415 from the midline 420 to modulate the beam angle « of the ion
beam 312 to modulate the beam angle « of the ion beam 312. Alternatively or
additionally, the second actuator 405 moves the suppression electrode(s) 304 a
second distance 417 from the midline 420 to modulate the beam angle a of the ion
beam 312. Alternatively or additionally, the third actuator 410 moves the exit
electrode(s) 306 a third distance 425 from the midline 420 to modulate the beam angle
a of the ion beam 312. The modulation of the beam angle a changes the slant angle

& of the fins as described above.

[0036] In another example, which may be utilized alone or in combination with the
example above, deflection voltages of the electrodes (e.g., the entrance electrode(s)
302, suppression electrode(s) 304 (or focusing electrode(s)), and the exit electrode(s)

306) may be varied to produce varying slant angles &' of the fins as described above.

[0037] Figure 6 is a flow diagram of a method 600 of forming gratings with rolling-
k vector slant angles. To facilitate explanation, Figure 6 will be described with
reference to Figure 2. However, it is to be noted that an angled etch system other
than the variable angle etch system 200 may be utilized in conjunction with the method
600. In other embodiments, which can be combined with other embodiments
described herein, the method 600 is performed by an ion beam etch system.
References to an ion beam in the following may refer to the ion beam 216 of Figure 2

and/or the ion beam 312 of Figures 3 and 4.

[0038] At operation 601, a first portion of a substrate 105 having a grating material
103 disposed thereon is positioned in a path of the ion beam. The substrate 105 is
positioned at a first tilt angle £ relative to the x-axis of the ion beam housing 202. The
ion beam with a beam angle a contacts the grating material 103 at an o beam angle
9 relative to a surface normal 115 of the substrate 105 and forms one or more first

gratings in the grating material 103 having a first slant angle §’. At operation 602, the

10
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first tilt angle B is modulated to a second tilt angle £ different that the first tilt angle B.
The second beam tilt angle 8 may be greater or lgss than the first tilt angle 3. At
operation 603, a second portion of a substrate having the grating material 103
disposed thereon is positioned in the path of the ion beam with the beam angle a.
The second tilt angle B greater than the first tilt angle B will rasuit in one or more
second gratings in the grating material 103 having a second slant angle § greater
than the first slant angle . The second beam angle o iess than the first beam angle
o will result in a second slant angle & less than the first slant angle §’. At operation
604, the tilt angle B is modulated {0 a third tilt angle B different that the second tilt
angle B. At operation 805, a third portion of a substrate having the grating material
103 disposed thereon is positioned in the path of the ion beam with the beam angle «
to form one or more third gratings in the grating material 103 having a third slant angle
¥ greater than the second slant angle . In embodiments, which can be combined
with other embodiments described herein, scan and tilt actuator 208 moves the platen
206 in a scanning motion along at least one of a y-direction and a z-direction, tilts the
platen 206 at the first, second, and third tilt angles B relative {0 the x-axis of the ion

beam housing 202

[0039] Figure 7 is a flow diagram of a method 700 of forming gratings with rolling-
k vector slant angles. To facilitate explanation, Figure 7 will be described with
reference to Figure 2. However, it is to be noted that an angled etch system other
than the variable angle etch system 200 may be utilized in conjunction with the method
700. In other embodiments, which can be combined with other embodiments
described herein, the method 700 is performed by an ion beam etch system.
References to an ion beam in the following may refer to the ion beam 216 of Figure 2

and/or the ion beam 312 of Figures 3 and 4.

[0040] At operation 701, a first portion of a substrate 105 having a grating material
103 disposed thereon is positioned in a path of an ion beam. The ion beam with the
beam angle o contacts the grating material 103 at an ion beam angle 9 relative to a
surface normal 115 of the substrate 105 and forms one or more first gratings in the
grating material 103. The substrate 105 is positioned at a first rotation angle ¢
between the ion beam and a grating vector of the one or more first gratings. The first

rotation angle ¢ is selected to result in the one or more first gratings having a first slant

11
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angle 9 relative to the surface normal 115 of the substrate. The first rotation angle ¢
is selected by the rotation angle ¢ equation of ¢ = cos™(tan(&')/tan(9)). At operation
702, a second portion of a substrate 105 having the grating material 103 disposed
thereon is positioned in a path of the ion beam with the beam angle ¢. The ion beam
contacts the grating material 103 at the ion beam angie 9 relative to a surface normal
115 of the substrate 105 and forms one or more first gratings in the grating material
103. The substrate 105 is positioned at a second rotation angle ¢ between the ion
beam and a grating vector of the one or more second gratings. The second rotation
angle ¢ is greater than the first rotation angle ¢ is selected to result in the one or more
second gratings having a second slant angle & greater than the second slant angle
¥'. Atoperation 703, a third portion of a substrate 105 having the grating material 103
disposed thereon is positioned in the path of the ion beam with the beam angle a.
The ion beam contacts the grating material 103 at the ion beam angle 9 relative to a
surface normal 115 of the substrate 105 and forms one or more first gratings in the
grating material 103. The substrate 105 is positioned at a third rotation angle ¢
between the ion beam and a grating vector of the one or more second gratings. The
third rotation angle ¢ is greater than the second rotation angle ¢ is selected to result
in the one or more third gratings having a second slant angle ¥ different than the
second slant angle &. In other embodiments, which can be combined with other
embodiments described herein, the rotation actuator 220 rotates the substrate 105
about the x-axis of the platen 206 to the first, second, and third rotation angles ¢. The
third rotation angle ¢ may be greater than the second rotation angle ¢ and the second
rotation angle ¢ may be greater than the first rotation angle ¢. The first rotation angle
¢ may be greater than the second rotation angle ¢ and the second rotation angle ¢

may be greater than the third rotation angle ¢.

[0041] In summation, methods of forming gratings with rolling-k vector slant angles
on a substrate are provided. The methods described herein may be performed in
combination such that a rolling k-vector of the slant angles & of the two or more
portions of gratings is provided by at least two of modulating the beam angle a, the tilt

angle 3, and a rotation angle ¢ for portions of a substrate.

12
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[0042] 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 grating forming method, comprising:
projecting an ion beam toward a substrate at ion beam angle 9 relative to a
surface normal of the substrate, wherein:

a first portion of a grating to be formed on the substrate is positioned at
a first rotation angle ¢1 between the ion beam and a first grating vector of one
or more first first fins to be formed by the ion beam contacting the first portion;

the first rotation ¢1 angle is selected to form the one or more first fins
with a first slant angle 9'1;

a second portion of the grating to be formed on the substrate is
positioned at a second rotation angle ¢2 between the ion beam and a second
grating vector of one or more second fins to be formed by the ion beam
contacting the second portion; and

the second rotation angle ¢z is selected to form the one or more second
fins of the grating with a second slant angle 9’2 different than the first slant angle
1.

2. The method of claim 1, wherein the ion beam angle 9 for the forming the one

or more first fins and the one or more second fins is the same.

3. The method of claim 2, wherein forming the one or more first fins and the one

or more second fins comprises moving the platen along an x-axis thereof.

4. The method of claim 1, wherein forming the one or more first fins and the one

or more second fins comprises moving the platen in an x-direction and/or a z-direction.

. The method of claim 1, wherein forming the one or more first fins and the one

or more second fins comprises tilting the platen relative to a z-direction.

6. The method of claim 1, further comprising bending the ion beam relative to the

platen.

14
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7. The method of claim 6, wherein bending the ion beam comprises moving one

or more pairs of electrodes relative to the ion beam.

8. The method of claim 7, wherein the one or more electrodes comprises:

a plurality of entrance electrodes;

a plurality of suppression electrodes positioned downstream of the entrance
electrodes; and

a plurality of exit electrodes positioned downstream of the suppression

electrodes.

9. The method of claim 1, wherein the ion beam is produced by an ion beam
source having a plurality of electrodes positioned along a beam path of the ion beam,
and wherein the first beam angle ¢ and the second beam angle a are provided by

varying voltages to electrodes.

10. A grating forming method, comprising:

projecting an ion beam toward a substrate at ion beam angle 9 relative to a
surface normal of the substrate, a first portion of a grating to be formed on the
substrate is positioned at a first rotation angle ¢1 between the ion beam and a first
grating vector of one or more first first fins to be formed by the ion beam contacting
the first portion, the first rotation ¢1 angle is selected to form the one or more first fins
with a first slant angle 9'1;

rotating the substrate such that a second portion of the grating to be formed on
the substrate is positioned at a second rotation angle ¢2 between the ion beam and a
second grating vector of one or more second fins to be formed by the ion beam
contacting the second portion, the second rotation angle ¢2 is selected to form the one
or more second fins of the grating with a second slant angle §'2 different than the first

slant angle &'1.

11.  The method of claim 10, wherein the ion beam angle 9 remains static.

12. The method of claim 10, wherein forming the one or more first fins and the one

or more second fins comprises moving the platen in an x-direction and/or a z-direction.

15



WO 2020/131394 PCT/US2019/064592

13.  The method of claim 10, wherein forming the one or more first fins and the one

or more second fins comprises tilting the platen relative to a z-direction.

14. The method of claim 10, wherein the first tilt angle § and the second tilt angle

{3 are provided by moving the platen relative to the ion beam.

15.  The method of claim 14, wherein the ion beam angle 8 remains static.

16
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