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IMAGING SYSTEM AND METHOD OF MANUFACTURING A METALENS ARRAY

BACKGROUND
Field

[0001] Embodiments of the invention relate to an apparatus and a method and,
more specifically, to an imaging system and a method of manufacturing a metalens

array.

Description of the Related Art

[0002] Imaging systems used to take pictures are common in the art, with varied
applications, including cameras and scanners. One application of imaging systems
is for virtual reality (VR) or augmented reality (AR) systems, where images or
holograms are projected to an observer in such a way that the images appear to be
real objects, unlike pictures or screens where the object is obviously simply a
picture. The image sent to the user can either replace what the user sees, or be

added to what the user sees.

[0003] In order to project objects to be used in VR or AR applications, the
imaging system must be able to project images so that they appear to be in front of
the user, which typically requires a variety of collimation optics (for instance,
focusing lenses) and light combining optics (for instance, beam splitters, light
guides, tiny mirrors and mirror arrays). In the scenario of the mirror arrays system,
the mirror arrays reflect the image of the object so that the image appears to be in
front of the user, giving the user a VR experience. In addition, if the imaging system
allows the user to also see his or her environment, the combination of the image and

the environment allows for an AR experience.

[0004] One drawback in the art is that mirror arrays block the vision of the user,
which makes projecting the image onto the user's environment more difficult. The
mirrors can blur the users view of the real world, and the metallic shine of the
mirrors are distracting for the user. In addition, arrays of mirrors are hard to
manufacture, and controlling spacing and alignment of mirrors is a costly and time-

consuming process. Also, the imaging systems in the art typically also require
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focusing lenses to be used, adding even more time and cost for the manufacturer to

properly align the imaging system.

[0005] Therefore, there is a need for imaging systems that allow for increased

visibility for the user for VR and AR simulations.
SUMMARY

[0006] In one embodiment, an imaging system is provided, including one or more
metalens arrays. The one or more metalens arrays include a plurality of metalens
elements, and a plurality of substrates, the plurality of metalens elements disposed
on the plurality of substrates. The one or more metalens arrays are configured such
that a first beam of light incident on the one or more metalens arrays is reflected and
collimated into a reflected beam. The one or more metalens arrays are at least
partially transparent to visible light in a direction parallel to the direction of the

reflected beam.

[0007] In another embodiment, an imaging system is provided, including a frame,
a lens attached to the frame, and one or more metalens arrays. The one or more
metalens arrays include a plurality of metalens elements, and a plurality of
substrates, the plurality of metalens elements disposed on the plurality of substrates.
The one or more metalens arrays are configured such that a first beam of light
incident on the one or more metalens arrays is reflected and collimated into a
reflected beam. The one or more metalens arrays are at least partially transparent

to visible light in a direction parallel to the direction of the reflected beam.

[0008] In another embodiment, a method of manufacturing a metalens array is
provided, including bonding together a plurality of substrates to create a substrate
stack, dicing the substrate stack into a plurality of metalens arrays, and placing the
metalens array into an imaging system. Each substrate includes a plurality of

metalens elements.

[0009] The imaging system allows the observer to see both the projected object

and the environment, allowing for a VR or AR experience. The metalens arrays are
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easy to manufacture and are compatible with existing semiconductor manufacturing

processes, and the metalens arrays can be grown on traditional glass substrates.

BRIEF DESCRIPTION OF THE DRAWINGS

[0010] 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
embodiments, 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 typical embodiments of this disclosure
and are therefore not to be considered limiting of its scope, for the disclosure may

admit to other equally effective embodiments.

[0011] FIGs. 1A and 1B illustrate an imaging system, according to one

embodiment.
[0012] FIG. 1C illustrates a metalens array, according to one embodiment.

[0013] FIG. 1D illustrates an overhead view of a portion of a plurality of metalens

features, according to one embodiment.

[0014] FIG. 1E illustrates a side view of a portion of a plurality of metalens

features, according to one embodiment.

[0015] FIG. 2 is a flow chart of method operations for creating a metalens array,

according to one embodiment.
[0016] FIG. 3A illustrates a plurality of substrates, according to one embodiment.
[0017] FIG. 3B illustrates a substrate stack, according to one embodiment.

[0018] FIG. 3C illustrates metalens arrays created from the substrate stack,

according to one embodiment.

[0019] FIG. 3D illustrates a metalens array placed into an imaging system,

according to one embodiment.
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[0020] FIG. 3E illustrates an imaging system with a frame, 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. Itis
contemplated that elements and features of one embodiment may be beneficially
incorporated in other embodiments without further recitation.

DETAILED DESCRIPTION

[0022] Embodiments of the disclosure provided herein include an imaging system
including a metalens array, and a method of manufacturing a metalens array. The
imaging system allows the observer to see both a projected object and the
environment of the observer, allowing for a VR or AR experience. The method of
manufacturing includes bonding together a stack of substrates, wherein the
substrates include a plurality of metalens elements. The stack of substrates is diced
into metalens arrays, and the metalens arrays are added to the imaging system.
Embodiments of the disclosure may be useful for, but are not limited to, an

apparatus using a metalens array for VR or AR experiences.

[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 an imaging system 100, according to one embodiment.
As shown, the imaging system 100 includes one or more metalens arrays 120, a
frame 130, a fastener 131, an eyepiece 125, and a micro display 111. The frame
130 holds the eyepiece 125 with respect to an observer 101, according to one
embodiment. The one or more metalens arrays 120 are embedded in the eyepiece
125, according to one embodiment. Although only one metalens array 120 is shown
for clarity, it is understood that the imaging system 100 can include any number of
metalens arrays, such as 1 to 100 metalens arrays. The metalens arrays 120 can
be arranged in any desired arrangement, such as a grid, or rows and columns of the

metalens array. The metalens arrays 120 can be separated from each other by a
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distance of from about 1 mm to about 1 cm. The frame 130 can include fasteners

131, which secure the imaging system 100 to the observer 101.

[0025] A first beam of light 110 emanates from an object 109. In some
embodiments, the object 109 is present on the micro display 111, the micro display
displays the object which is to be shown to the observer, and the first beam of light
110 is created from each pixel of the micro display. The first beam of light 110 is
incident on the metalens array 120. The metalens array 120 collimates and reflects
the beam of light 110 to a reflected beam 112. The reflected beam 112 forms a
virtual image 114, which is seen by the observer 101. The virtual image 114 is
created from the real image 109 on the micro display 111, and the image is
upstream from the observer 101, according to one embodiment. The first beam of
light 110 is reflected and collimated to the reflected beam 112 because the metalens
array 120 is configured such that the first beam of light reflects off of the metalens
array. Each of the metalens arrays 120 are composed of nanostructure features
with spatially varying dimensions (height, width, diameters, etc.). The nanostructure
features with different sizes generate different phase delays to incident light. The
nanostructure features of the metalens arrays 120 can be designed in such a way
that the metalens array functions as a reflective lens, such as a parabolic mirror.
Therefore, light from a single pixel on the micro display 111 will be reflected and
collimated into a parallel beam by the metalens arrays 120, and then re-focused by

human eye of the observer 101 onto a single pixel on the retina of the eye.

[0026] FIG. 1B illustrates the imaging system 100 of FIG. 1A, according to one
embodiment. It is to be understood that the imaging system 100 of FIG. 1B is the
same as the imaging system of FIG. 1A, and that the additional figure is shown for
clarity. An environment light beam 151 is scattered from an environment 150, which
is incident on the metalens array 120. The metalens array 120 is constructed such
that metalens array is at least partially transparent to the environment light beam
151, such that the observer 101 can see the environment 150. The environment
light beam 151 consists of visible light. The environment light beam 151 passes
through the metalens array 120 because the metalens array is configured such that

the metalens array is transparent to the environment light beam. The phase delay
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imposed by the nanostructure features of the metalens array 120 is sensitive to the
incident angle of the environment light beam 151. The reflective metalens array 120
is designed such that it only efficiently reflects and collimates light incident within a
certain angle range, while the metalens arrays has a lesser effect on light outside
this angle range. In addition, due to the small size of the metalens arrays 120, the
environment light beam 151 can pass around the metalens arrays, increasing

visibility of the environment 150 for the observer 101.

[0027] The imaging system 100 as described allows the observer 101 to see both
the virtual image 114 and the environment 150, and thus the imaging system 100 is
an AR imaging system, allowing for an augmented reality experience for the
observer 101, according to one embodiment. For example, the imaging system 100
is a headset, glasses, or goggles, the frame 130 can secure the glasses, goggles, or
headset to the ears of the observer 101 by fasteners 131 (e.g., earhooks or glasses
arms), and the metalens array 120 is part of the eyepiece 125 of the headset,
glasses, or goggles. For example, if the observer 101 is using the imaging system
to play a video game, the micro display 111 can project the object 109 from the
game such that the object appears as a part of the environment 150 of the observer,

allowing for a merging of the video game and reality.

[0028] Traditional beam splitters or mirrors are not transparent to visible light,
allowing the observer 101 to see only the virtual image 114, and not the environment
150. Traditional beam splitters or mirrors can only be made to a certain size,
making them obvious and leading to unattractive metallic spots caused by the
mirrors in the lenses of eyewear. In addition, metalens arrays 120 are lighter than
traditional beam splitters. Also, metalens arrays 120 do not require additional lenses

to focus light.

[0029] FIG. 1C illustrates the metalens array 120, according to one embodiment.
As shown, the metalens array 120 includes a plurality of metalens elements 121A,
121B, 121C, and one or more substrates 122A, 122B, 122C. Although three sets of
metalens elements 121 and three substrates 122 are shown, any number of

metalens elements or substrates can be used. Substrate 122A includes a plurality
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of metalens elements 121A, substrate 122B includes a plurality of metalens
elements 121B, and substrate 122C includes a plurality of metalens elements 121C.
It is important to note that the metalens elements 121 are extremely thin in
comparison to the thickness of the substrates 122, and the thickness of the
metalens elements is exaggerated for clarity. The width wm of the metalens
elements 121 range from about 100 um to about 2 mm. The separation distance sd
between adjacent metalens elements 121 range from about 0.5 mm to about 1 cm.
The thickness dm of the metalens elements 121 range from about 10 nm to about 2
um. The thickness dm of the metalens elements 121 is much smaller than traditional
lenses, resulting in less bulk. In addition, the total size of the metalens array 120
can be increased for higher resolution imaging systems 100, because the larger
metalens array does not interfere with the vision of the observer 101, as the

metalens array is transparent.

[0030] The metalens elements 121B on substrate 122B can be arranged such
that the metalens elements 121A are not directly above the metalens elements
121B, as shown in FIG. 1C. Likewise, the metalens elements 121B on substrate
122B can be arranged such that the metalens elements 121C on substrate 122C are
not directly below the metalens elements 121B. The metalens elements 121 do not
overlap with each other, so that after bonding and dicing the substrates as described
below, each of the metalens elements can be used to image different part of the
micro display 111. The entire image on the micro display 111 will be reflected and
collimated by all the metalens elements 111 and fed into human eye of the observer
101.

[0031] FIG. 1D illustrates an overhead view of a portion 300 of a plurality of
metalens features 305, according to one embodiment. The metalens element 121
includes repeated patterns of the metalens features 305. The metalens features
305 are nanosized columns grown on a substrate 310. The metalens features 305
have differing shapes depending on the desired spectrum of light to filter. The
metalens features 305 can be substantially circular, triangular, square, rectangular,
or have an uneven shape. The metalens features 305 can be made from any

suitable high refractive index material, such as, but not limited to, silicon, silicon
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oxide, silicon nitride, titanium oxide, tantalum oxide, zirconium oxide, hafnium oxide,
gallium arsenide, gallium nitride, and niobium oxide. The metalens features 305 can
also be made from metallic materials such as gold (Au), silver (Ag), or copper (Cu).
The substrate 310 can be any typical transparent substrate, such as glass or plastic.
The substrate 310 can include any number of layers disposed thereon. The

substrate 310 is, for example, the substrate 122 of FIG. 1C.

[0032] FIG. 1E illustrates a side view of the portion 300 of the plurality of
metalens features 305, according to one embodiment. The metalens features 305
have a radius of r, which is from about 20 nm to about 500 nm. The metalens
features 305 have a height of h, which is from about 10 nm to about 2 ym. The
metalens features 305 are separated from each other by a separation distance d,
which is from about 30 nm to about 500 nm. The radius, height, shape, material,
and feature separation distance of the metalens features 305 are selected to create

metalens elements 121 that filters out all but a narrow wavelength band of light.

[0033] In one embodiment, the metalens elements 121 have metalens features
305 with circular or elliptical shaped columns, the columns containing silicon dioxide
(Si0O2), silicon (Si), titanium dioxide (TiO2), gallium nitride (GaN) material, the
columns having a radius of about 30 nm to 500 nm, the columns having a height of
about 10 nm to 2 um, and the columns having a separation of about 30 nm to 500

nm.

[0034] The metalens elements 121 can be designed to focus light at a certain
wavelength, and thus can be used to selectively focus visible light of a given color.
Some of the metalens elements 121A are designed to focus red light (red metalens
element), some of the metalens elements 121A are designed to focus green light
(green metalens element), and some of the metalens elements 121A are designed
to focus blue light (blue metalens element), according to some embodiments. Each
red metalens element 121 is located directly adjacent to at least one green metalens
element and at least one blue metalens element, according to one embodiment. A
combination of red, green, and blue metalens elements 121 allows for a 3-color red-

green-blue (RGB) VR or AR imaging system 100.
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[0035] The metalens elements 121 can also be designed to focus broadband
wavelengths. These achromatic metalens elements 121 will reduce the complexity
of the optics, because all RGB colors can be reflected and collimated by one

metalens element instead of three.

[0036] The substrates 122 can be made of any transparent material. The
substrates 122 include glass and/or plastic, according to some embodiments. The

substrates 122 have a thickness that varies from about 1 mm to about 1 cm.

[0037] The metalens elements 121 reflects the first beam of light 110, and the
metalens array 120 collimates the first beam of light into the reflected beam 112.
The metalens array 120 is also transparent to visible light, allowing the observer to
see the environment 150 at the same time as the virtual image 114, providing an
augmented reality experience for the observer. The metalens elements 121 can
also be reflective holograms, which function in a similar way as reflective metalens.

Holograms can also reflect and collimated light beam simultaneously.

[0038] FIG. 2 is a flow chart of method 200 operations for creating a metalens
array, according to one embodiment. Although the method 200 operations are
described in conjunction with FIGs. 2 and 3A-E, 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. FIG. 3A
illustrates a plurality of substrates 122A, 122B, according to one embodiment. The
substrates 122A, 122B have a plurality of metalens elements 121A, 121B disposed
thereon. Although two substrates 122 are shown in FIG. 3A, it is understood that

any number of substrates could be used.

[0039] The method 200 starts at operation 210, where the plurality of substrates
122 are bonded to create a substrate stack 324. FIG. 3B illustrates the substrate
stack 324, according to one embodiment. The plurality of substrates 122 can be
bonded together using any conventional process. For example, the substrates 122
can be bonded by gluing the edges of the substrates together, or by filling the entire

space between the substrates with optical glue.
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[0040] At operation 220, the substrate stack 324 is diced into individual metalens
arrays 120, 120°. The dice line 325 is shown in FIG. 3B to illustrate the dicing of the
substrate stack 324. The substrate stack 325 can be laser diced. In other
embodiments, the substrate stack 325 can be diamond scribed, and then the
substrate stack is diced afterwards. Although the dice line 325 shown in FIG. 3B is
at an angle to the surface of the substrate 122, any arbitrary angle of dicing could be
used, such as between about 20° to about 70°. FIG. 3C illustrates metalens arrays
120, 120’ created from the substrate stack 324, according to one embodiment. The

metalens arrays 120, 120’ are similar to the metalens array 120 of FIGs. 1A and 1B.

[0041] At operation 230, the metalens array 120 is placed in the imaging system
100. FIG. 3D illustrates the metalens array 120 placed into the imaging system 100,
according to one embodiment. The metalens array 120 can be embedded into the
eyepiece 125, and the eyepiece 125 is attached to the frame 130, according to one
embodiment. Although only one metalens array 120 is shown for clarity, it is
understood that the imaging system 100 can include any number of metalens
arrays, such as 1 to 100, and thus operation 230 can include placing any number of
metalens arrays, either one at a time or simultaneously. The metalens arrays 120
can be arranged in any desired arrangement, such as a grid, or rows and columns of

the metalens array.

[0042] As described above, an imaging system includes a metalens array. Light
scatters from the object to be displayed in the imaging system, and the light beam
from the micro display is incident on the metalens array. The metalens array reflects
and collimates the light to the observer, resulting in a VR or AR experience for the
observer. The metalens array is at least partially transparent to visible light, allowing
scattered light from the environment to penetrate the metalens array and reach the

observer.

[0043] The metalens arrays act as reflectors for the image light beam, and the
metalens arrays are transparent for light scattered from the environment, allowing

the observer to see both the image and the environment. Metalens growth on glass
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substrates is much simpler than control of curvature and alignment of traditional lens

arrays.

[0044] While the foregoing is directed to implementations of the present
invention, other and further implementations of the invention 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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CLAIMS

1. An imaging system, comprising:
a metalens array, comprising:
first metalens elements disposed on a first substrate, wherein:
the first metalens elements are spaced from each other; and
each of the first metalens elements has a first width from a first
leading sidewall to a first trailing sidewall; and
second metalens elements disposed on a second substrate and contacting a
lower surface of the first substrate and an upper surface of the second substrate,
wherein:
the second metalens elements are spaced from each other;
each of the second metalens elements has a second width from a
second leading sidewall to a second trailing sidewall;
the second trailing sidewall extends past the first trailing sidewall of
each of the first metalens elements disposed on the first substrate; and
the second leading sidewall of each of the second metalens elements
extends past the first leading sidewall of each of the first metalens elements
disposed on the first substrate,
wherein the metalens array is configured such that a first beam of light incident on the
metalens array is reflected and collimated into a reflected beam, and
wherein the metalens array is at least partially transparent to visible light in a direction

parallel to the direction of the reflected beam.

2. The imaging system of claim 1, wherein at least one of the first substrate and

the second substrate comprises glass.

3. The imaging system of claim 1, wherein at least one of the first substrate and

the second substrate comprises plastic.

4. The imaging system of claim 1, wherein the imaging system is an augmented

reality (AR) imaging system.
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5. The imaging system of claim 1, further comprising a micro display, wherein

light created from the micro display forms the first beam of light.

6. The imaging system of claim 5, wherein the reflected beam creates a virtual
image of an object on the micro display with respect to an observer positioned upstream from

the reflected beam.

7. The imaging system of claim 1, further comprising:
third metalens elements disposed on a third substrate and contacting the lower surface
of the second substrate and the upper surface of the third substrate, wherein:

the third metalens elements are spaced from each other;

each of the third metalens elements has a third width from a third leading
sidewall to a third trailing sidewall;

the third trailing sidewall of each of the third metalens elements extends past
the second trailing sidewall of each of the second metalens elements disposed on the
second substrate; and

the third leading sidewall of each of the third metalens elements extends past
the second leading sidewall of each of the second metalens elements disposed on the

second substrate.

8. An imaging system, comprising:
a frame;
a lens attached to the frame; and
a metalens array disposed in the lens, the metalens array comprising:
first metalens elements disposed on a first substrate, wherein:
the first metalens elements are spaced from each other; and
each of the first metalens elements has a first width from a first
leading sidewall to a first trailing sidewall; and
second metalens elements disposed on a second substrate and contacting a
lower surface of the first substrate and an upper surface of the second substrate,
wherein:
the second metalens elements are spaced from each other;
each of the second metalens elements has a second width from a

second leading sidewall to a second trailing sidewall;
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the second trailing sidewall extends past the first trailing sidewall of
each of the first metalens elements disposed on the first substrate; and
the second leading sidewall of each of the second metalens elements
extends past the first leading sidewall of each of the first metalens elements
disposed on the first substrate,
wherein the metalens array is configured such that a first beam of light incident on the
metalens array is reflected and collimated into a reflected beam, and
wherein the metalens array is at least partially transparent to visible light in a direction

parallel to the direction of the reflected beam.

9. The imaging system of claim 8, wherein at least one of the first substrate and

the second substrate comprises glass.

10. The imaging system of claim 8, wherein at least one of the first substrate and

the second substrate comprises plastic.

11. The imaging system of claim 8, wherein the imaging system is an augmented

reality (AR) imaging system.

12. The imaging system of claim 8, further comprising a micro display, wherein

light created from the micro display forms the first beam of light.

13. The imaging system of claim 12,
wherein the reflected beam creates a virtual image of an object on the micro display
with respect to an observer positioned upstream from the reflected beam; and

wherein the imaging system is configured to be worn by the observer.

14. The imaging system of claim 8, further comprising:
third metalens elements disposed on a third substrate and contacting the lower surface
of the second substrate and the upper surface of the third substrate, wherein:
the third metalens elements are spaced from each other;
each of the third metalens elements has a third width from a third leading

sidewall to a third trailing sidewall;
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the third trailing sidewall of each of the third metalens elements extends past
the second trailing sidewall of each of the second metalens elements disposed on the
second substrate; and
the third leading sidewall of each of the third metalens elements extends past the
second leading sidewall of each of the second metalens elements disposed on the second

substrate.
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