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57 ABSTRACT

An optical device includes a membrane. The membrane
includes a plurality of apertures extending at least partially
through a thickness of the membrane. The membrane is
configured to structure incoming light having a wavelength
to produce modified light. The wavelength of the incoming
light in vacuum is in a range of ultraviolet light and
mid-infrared. The membrane is configured to reflect the
modified light away from the membrane or transmit the
modified light through the membrane. A separation between
each of the plurality of apertures is subwavelength relative
to the wavelength of the incoming light. A width of each of
the plurality of apertures is subwavelength relative to the
wavelength of the incoming light. A length of each of the
plurality of apertures is wavelength-scale relative to the
wavelength of the incoming light.
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HIGH-ASPECT RATIO METALENS

CROSS-REFERENCE TO RELATED PATENT
APPLICATIONS

[0001] This application claims the benefit and priority of
U.S. Provisional Patent Application No. 63/106,825, filed on
Oct. 28, 2020, the entirety of which is incorporated by
reference herein.

GOVERNMENT LICENSE RIGHTS

[0002] This invention was made with Government support
under 1541959 awarded by the National Science Foundation
and HRO00111810001 awarded by the Department of
Defense/DARPA. The Government has certain rights in the
invention.

BACKGROUND

[0003] Refractive imaging optics can be bulky and expen-
sive, and can be restricted to single functions. In addition,
each refractive device can require individual optical char-
acterization for sensitive commercial applications. Metasur-
face-based optics exploiting nanostructured surfaces can
offer diffraction-limited, lightweight, multifunctional, and
reproducible optical behavior. However, fabrication and
fragility constraints can limit the maximum device diameter
and the aspect ratio of free-standing structures of metasur-
faces.

SUMMARY

[0004] The systems and methods of the present disclosure
relate to a metasurface platform which expands the range of
accessible optical behavior in flat optics. This class of
metasurfaces can include substrate-less layers of ultra-deep
via-holes with aspect ratios exceeding 30:1 that focus inci-
dent light into diffraction-limited spots. Instead of shaping
the metasurface optical phase profile alone, both transmitted
phase and amplitude profiles can be sculpted simultaneously
by engineering the effective index profile. By using effective
index profiles that improve the impedance match between
the incident and transmitted media, the theoretically achiev-
able silicon holey metalens (sometimes referred to herein as
holey metasurface, optical device or membrane) absolute
efficiency (normalized to the incident intensity) can exceed
the maximum theoretical efficiency of an uncoated bulk
silicon lens by 5%. This holey metalens can pave the way for
a generation of high-aspect ratio, substrate-less, and rugge-
dized flat optics. Optical device including a holey metalens
can withstand harsh cleaning and handling while maintain-
ing focusing performance.

[0005] At least one aspect of the present disclosure is
directed to an optical device. The optical device includes a
membrane. The membrane includes a plurality of apertures
extending at least partially through a thickness of the mem-
brane. The membrane is configured to structure incoming
light having a wavelength to produce modified light. The
wavelength of the incoming light in vacuum is in a range
from ultraviolet light to mid-infrared light. The membrane is
configured to reflect the modified light away from the
membrane. A separation between each of the plurality of
apertures is subwavelength relative to the wavelength of the
incoming light. A width of each of the plurality of apertures
is subwavelength relative to the wavelength of the incoming
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light. A length of each of the plurality of apertures is
wavelength-scale relative to the wavelength of the incoming
light.

[0006] Another aspect of the present disclosure is directed
to an optical device. The optical device includes a mem-
brane. The membrane includes a plurality of apertures
extending at least partially through a thickness of the mem-
brane. The membrane is configured to structure incoming
light having a wavelength to produce modified light. The
wavelength of the incoming light in vacuum is in a range
from ultraviolet light to mid-infrared light. The membrane is
configured to transmit the modified light through the mem-
brane. A separation between each of the plurality of aper-
tures is subwavelength relative to the wavelength of the
incoming light. A width of each of the plurality of apertures
is subwavelength relative to the wavelength of the incoming
light. A length of each of the plurality of apertures is
wavelength-scale relative to the wavelength of the incoming
light.

[0007] Those skilled in the art will appreciate that the
summary is illustrative only and is not intended to be in any
way limiting. Other aspects, inventive features, and advan-
tages of the devices and/or processes described herein, as
defined solely by the claims, will become apparent in the
detailed description set forth herein and taken in conjunction
with the accompanying drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

[0008] The details of one or more implementations of the
subject matter described in this specification are set forth in
the accompanying drawings and the description below.
Other features, aspects, and advantages of the subject matter
will become apparent from the description, the drawings,
and the claims.

[0009] FIG. 1A illustrates a cross-sectional view and a
three-dimensional schematic of a holey metalens, according
to an embodiment.

[0010] FIG. 1B illustrates a plot of a phase profile of an
optimized structure, a hyperbolic phase profile, and a phase
profile of an experimentally measured holey metalens,
according to an embodiment.

[0011] FIG. 1C illustrates an effective index profile of a
holey metalens for optimized and experimental structures,
according to an embodiment.

[0012] FIG. 2A illustrates an optical micrograph of a
fabricated device, according to an embodiment.

[0013] FIG. 2B illustrates a scanning electron micrograph
of a holey metalens, according to an embodiment.

[0014] FIGS. 2C-2E illustrate a simulation of a design
focal spot, an experimental focal spot, and a simulation of an
expected focal spot, according to an embodiment.

[0015] FIGS. 3A-3D illustrate optical characterization
measurements of a holey metalens array, according to an
embodiment.

[0016] FIGS. 4A-4C illustrate transmitted optical proper-
ties for a holey metalens library, according to an embodi-
ment.

[0017] FIG. 5 illustrates a diagram of an optimized geom-
etry of a holey metalens, according to an embodiment.
[0018] FIGS. 6A-6l illustrate robustness of the holey
metalens design to fabrication and spectral imperfections,
according to an embodiment.

[0019] FIG. 7 illustrates a fabrication process for a holey
metalens, according to an embodiment.



US 2022/0128734 Al

[0020] FIGS. 8A-8B illustrate scanning electron micro-
scope (SEM) images of the hole structure of the holey
metalens, according to an embodiment.

[0021] FIG. 9 illustrates a plot of relative etch rate vs. hole
diameter, according to an embodiment.

[0022] FIG. 10 illustrates the focal spot profiles for ten
experimental devices, according to an embodiment.

[0023] FIG. 11 illustrates an experimental setup for imag-
ing of focal spot and efficiency measurements, according to
an embodiment.

[0024] FIG. 12 illustrates a plot of membrane thickness vs.
lens number for ten experimental devices, according to an
embodiment.

[0025] FIG. 13 illustrates a plot of relative focal spot
position vs. wavelength, according to an embodiment.
[0026] FIG. 14 illustrates a plot of efficiency vs. wave-
length, according to an embodiment.

[0027] FIGS. 15A-15D illustrate phase and amplitude
dependence of hole meta-atoms and pillar meta-atoms onto
the nanostructure geometry, according to an embodiment.
[0028] FIGS. 16A-16B illustrate eigenmode properties for
a periodic hole array and a periodic cylindrical pillar array,
according to an embodiment.

[0029] FIG. 16C illustrates a plot of propagating Bloch
eigenmode effective refractive indices as a function of pillar
or hole diameter, according to an embodiment.

[0030] FIG. 16D illustrates complex transmission coeffi-
cient dependence on hole diameter, according to an embodi-
ment.

[0031] FIGS. 17A-17D illustrate scanning electron micro-
graphs of holey metalens arrays with various hole shapes,
according to an embodiment.

[0032] Like reference numbers and designations in the
various drawings indicate like elements.

DETAILED DESCRIPTION

[0033] Following below are more detailed descriptions of
various concepts related to, and implementations of methods
and apparatuses for optical devices including a membrane
(e.g., substrate, film/layer/sheet of material, which can be
flexible or pliable), the membrane including a plurality of
apertures (e.g., holes, voids, depressions) extending at least
partially through a thickness of the membrane. The various
concepts introduced above and discussed in greater detail
below may be implemented in any of a number of ways, as
the described concepts are not limited to any particular
manner of implementation. Examples of specific implemen-
tations and applications are provided primarily for illustra-
tive purposes.

[0034] Metasurfaces can have multifunctionality and abil-
ity to match or exceed the performance of conventional
refractive optics within a lightweight footprint. An all-glass
metasurface fabricated using deep-ultraviolet (DUV) lithog-
raphy can have lower monochromatic aberrations than an
equivalent aspheric lens. A single metasurface can be used
to turn an image sensor into a polarization camera. The
uniformly flat, few-layered geometry of metasurfaces can
simplify optical alignment. These surfaces can be designed
with subwavelength nanostructures (e.g., meta-atoms, meta-
elements) that allow the phase, amplitude, and polarization
of'incident light to be manipulated with precision. The shape
of the nanostructures can produce optical responses that
exceed the capabilities of the bulk material alone. The
nanostructures can be fabricated using CMOS-compatible
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technologies and high throughput nanoimprinting methods
which can enable these devices to be scaled up to high
volumes reproducibly. A metasurface can include an array of
subwavelength features that are subwavelength spaced. For
example, one or more of the dimensions of the features can
be subwavelength relative to the wavelength of the incoming
light in vacuum. The one or more of the dimensions of the
features can be less than the wavelength of the incoming
light in vacuum. The spacing between the features (e.g.,
periodicity) can be subwavelength (e.g., less than the wave-
length of the incoming light). The spacing between the
features can be less than the wavelength of the incoming
light to avoid Bragg diffraction.

[0035] Plasmonic metasurfaces can use nanoholes or slits
in thin sheets of metal as meta-atoms. The application of
these devices can be limited by absorptive losses in metallic
layers and the lack of control over the full a phase delay for
light. The latter limitation can arise from the small aspect
ratio of the fabricated meta-atoms, which can be limited to
5:1 for plasmonic lenses. To address these shortcomings,
high-refractive index dielectric nanopillars can be used as
alternative meta-atoms at visible wavelengths. These dielec-
tric materials can be transparent at the design wavelengths.
They can achieve higher aspect ratio structures (approaching
20:1) compared to the plasmonic nanoholes, which can
allow the fabricated metasurfaces to be highly efficient and
achieve full control over the phase of light. The pillar-based
metasurface platform can include lenses, polarimeters, vor-
tex beam generators, Bessel-beam generators, and holo-
grams.

[0036] A constraint facing meta-atoms can include the
aspect ratio (e.g., the ratio of the out-of-plane height to the
in-plane size for free-standing pillars). The characteristic
in-plane size of meta-atoms may be smaller than the design
wavelength. This can allow for the engineering of the optical
wavefront with high spatial precision and for the suppres-
sion of higher diffraction orders. The meta-atoms may be tall
to maximize the interaction between the incident light and
the nanostructured material. Taller meta-atoms can expand
the range of optical behaviors that can be modulated for a
given range of meta-element shapes. For example, taller
meta-atoms can expand the phase coverage or the range of
optical phases that can be imprinted onto an incident wave-
front. To obtain full phase coverage and arbitrary structuring
of wavefront tilts, meta-atoms can be tall enough to address
the entire a radian span. Taller meta-atoms can increase the
range of group delays that can be achieved, which can be
used for engineering the dispersion (e.g., chromatic depen-
dence) of the device and producing achromatic behavior for
large scale devices.

[0037] Practical fabrication considerations can limit the
maximum aspect ratio used in metasurfaces with free-
standing pillars. Tall, pillar-like structures can be fragile and
easily fall or break during processing. The maximum aspect
ratio used for free-standing titanium dioxide metasurfaces
can be limited to 15:1. The maximum aspect ratio used for
free-standing silicon is 20:1. The systems and methods of
the present disclosure relate to a metasurface platform which
overcomes the limitations of metasurfaces which include
free-standing pillars.

[0038] FIG. 1A illustrates a cross-sectional view and a
three-dimensional schematic of a holey metalens 100 (e.g.,
holey structure, holey metalens array, metalens array, meta-
surface, metasurface array, etc.). Monochromatic light with
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wavelength 1.55 pm can be incident on a 5 um thick
crystalline silicon membrane. The holey metalens 100 can
include a membrane 102. The membrane 102 can include a
plurality of nanoholes (e.g., apertures 104). For example, the
membrane 102 can include at least 700,000 etched via-
nanoholes (e.g., via-holes). The optical wavefront of the
incident beam can be controlled by the holey structure and
can produce a diffraction-limited focal spot upon transmis-
sion. The holey metalens 100 can include a thick silicon
member 106 to improve ease of handling. The holey met-
alens 100 can include a metasurface platform that resolves
the technological limitations associated with limited aspect
ratios and that can allow for large diameter achromatic
metalenses. These metalenses can include ultra-deep via-
holes through the membrane 102 (e.g., thin membrane). The
material around each hole (e.g., recess, cavity, tunnel, chan-
nel, void, aperture, etc.) can form a contiguous structure,
continuous structure, or a monolithic structure. The holey
metalens 100 can be robust and can be fabricated without a
supporting substrate (e.g., glass substrate). This can expand
the application range for this metasurface platform to cases
where substrate cannot be used. An array of monochromatic
metalenses can be fabricated in silicon and their optical
performances in the near-infrared regime can be character-
ized. The membrane 102 can include (e.g., be made of)
silicon dioxide, titanium dioxide, calcium fluoride, silicon
nitride, silicon carbide, titanium nitride, glass, II1I-V and
1I-VI semiconductors, diamond, barium titanate, complex
oxides, or perovskite oxides. The membrane 102 can be
made of a single material as opposed to two or more
different materials. The membrane 102 can be monolithic
(e.g., formed from a single piece of material). The holey
metalens 100 can include a structure without pillars. The
holey metalens 100 can include a structure with only holes
or apertures.

[0039] The radial phase profile OM of a focusing metalens
can be described by a hyperbolic function:

POhV PP, M

where k,=2n/A, is the vacuum wavenumber, f is the focal
length, and r is the radial coordinate on the metalens plane,
which ranges from 0 to D/2, half of the diameter. The
hyperbolic phase profile can introduce an in-plane phase
gradient so that normally-incident light is bent towards an
on-axis focal point located at distance f away from the
surface, producing a diffraction-limited spot.

[0040] To enforce this phase profile, the metalens surface
can be partitioned into pixels of subwavelength in-plane
size. The meta-element for each pixel can be selected based
on its radial position r. These meta-atoms can be selected
from a “library” (e.g., a collection) of meta-atoms, where the
optical response (e.g., phase response, amplitude response,
polarization response, etc.) of each meta-element has been
simulated in advance through techniques such as finite-
difference time-domain (FDTD) simulations or rigorous
coupled-wave analysis (RCWA) simulations. The target
phase distribution can be enforced by use of ultra-deep
via-holes through a silicon membrane.

[0041] The holey metalens 100 can be part of an optical
device for reflection. The optical device can include a
monolithic metasurface or holey metalens 100. The optical
device can operate in an infrared spectral range. The optical
device can withstand harsh cleaning and handling while
maintaining focusing performance. The optical device can
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include the membrane 102. The membrane 102 can include
a plurality of apertures 104 extending at least partially
through a thickness of the membrane 102. The membrane
102 can be configured to structure (e.g., modify, change)
incoming light 120 to produce modified light (e.g., reflected
modified light 122). The incoming light 120 can have a
wavelength (e.g., wavelength of the incoming light). The
incoming light 120 can have one or more wavelengths. The
wavelength of the incoming light 120 in vacuum (e.g.,
vacuum wavelength, vacuum wavelength of the incoming
light) can be in a range from ultraviolet light to mid-infrared
light. Ultraviolet (UV) light can be in a range of 100 nm to
400 nm (e.g., 100 nm, 150 nm, 200 nm, 250 nm, 300 nm,
350 nm, or 400 nm, inclusive). Mid-infrared light can be in
arange of 3 um to 10 um (e.g., 3 um, 5 pm, 8 pm, or 10 pm,
inclusive). The wavelength of the incoming light 120 in
vacuum can be in a range of 100 nm to 10,000 nm (e.g., 100
nm, 500 nm, 1,000 nm, 2,000 nm, 5,000 nm, 7,500 nm, or
10,000 nm, inclusive). The wavelength of the incoming light
120 in vacuum can be UV light, visible light, or infrared
light. Structuring the incoming light 120 can including
modifying the phase profile, amplitude profile, or polariza-
tion profile of the incoming light 120. For example, the
modified light can have a different phase profile, amplitude
profile, or polarization profile than that of the incoming light
120. The membrane 102 can be configured to reflect the
modified light away from the membrane 102. Each of the
plurality of apertures 104 can have a width 150 (e.g.,
diameter) and a length 152 (e.g., depth, height, etc.). Each of
the plurality of apertures 104 can have a length to width
aspect ratio of at least 10:1. At least 10% (e.g., 10%, 20%,
30%, 40%, 50%, 60%, 70%, 80%, 90%, or 100%) of the
plurality of apertures 104 can have a length to width aspect
ratio of at least 25:1 (e.g., 25:1, 50:1, 75:1, 100:1, 150:1,
200:1, etc.).

[0042] In some embodiments, the plurality of apertures
104 can include via-holes or through-holes. The membrane
102 can include a first surface 130 and a second surface 140.
The plurality of apertures 104 can each have an opening 132
(e.g., nano-opening, nanohole, etc.) in a plane defined by the
first surface 130 and can each have another opening 142
(e.g., nano-opening, nanohole, second opening, etc.) in a
plane defined by the second surface 140. For example, the
plurality of apertures 104 can go through the first surface
130 and through the second surface 140. The diameter (e.g.,
width 150, etc.) of the openings (e.g., opening 132, opening
142) can control the reflected phase of light. The openings
can have radial symmetry or non-radial symmetry. The
plurality of apertures 104 can be disjoint. For example, each
of the plurality of apertures can be completely separated
from each other. The plurality of apertures 104 can be
formed via etching or through an etching process. The
membrane 102 can be formed through an etching process as
opposed to an additive manufacturing process to create the
membrane 102. The plurality of apertures 104 can be located
within the membrane 102 as opposed to holes being located
within pillars.

[0043] A separation 154 (e.g., separation distance, such as
aperture edge to aperture edge separation distance, or aper-
ture center to aperture center separation distance) between
each of the plurality of apertures 104 can be subwavelength
relative to the wavelength of the incoming light 120. For
example, the separation 154 between each of the plurality of
apertures 104 can be less than the wavelength of the incom-
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ing light 120 in vacuum. The separation 154 between each
of the plurality of apertures 104 can be 0.5 um and the
wavelength of the incoming light 120 in vacuum can be 1
pm. The separation 154 between each of the plurality of
apertures 104 can be substantially subwavelength. Subwave-
length can include can include a multiple (e.g., 0.1 times, 0.2
times, 0.3 times, 0.4 times, 0.5 times, 0.6 times, 0.7 times,
0.8 times, 0.9 times, etc.) of the wavelength of the incoming
light 120 that is less than the wavelength of the incoming
light 120.

[0044] In some embodiments, the plurality of apertures
104 can include blind holes. The membrane 102 can include
the first surface 130 and the second surface 140. The
plurality of apertures 104 can each have an opening 132 in
a plane defined by the first surface 130 and lacks an opening
142 along a plane defined by the second surface 140. For
example, the plurality of apertures 104 can go through the
first surface 130 but not through the second surface 140.
[0045] In some embodiments, the membrane 102 is con-
figured to operate in reflection as at least one of a converging
reflector, a diverging reflector, a cylindrical reflector, a
corrector of optical aberrations of a second optical element,
a diffraction grating, or a waveplate. For example, the
membrane 102 can operate in reflection by reflecting incom-
ing light 120 towards the source of the incoming light 120
and away from the membrane 102. The membrane 102 can
be configured to operate in reflection as a corrector of optical
aberrations of a second optical element. The membrane 102
can be configured to operate in reflection as a diffraction
grating. The membrane 102 can be configured to operate in
reflection as a waveplate (e.g., retarder). For example, the
membrane 102 can operate as a waveplate by altering the
polarization of the incoming light 120. The membrane 102
can also operate as a spatially-varying waveplate by altering
the polarization of incoming light 120 in a spatially-varying
manner.

[0046] In some embodiments, one or more optical prop-
erties is constant at a plurality of incident wavelengths. The
one or more optical properties of the membrane 102 can be
constant at a plurality of incident wavelengths. The one or
more optical properties of the optical device can be constant
at a plurality of incident wavelengths. A phase profile of the
reflected modified light 122 can produce focusing of inci-
dent light at a plurality of wavelengths with a same focal
length. For example, the optical device can exhibit achro-
matic behavior. The phase profile of the reflected modified
light 122 can produce diffracted orders with a same diffrac-
tion angle at a plurality of wavelengths. For example, the
optical device can exhibit achromatic grating behavior.
[0047] In some embodiments, each of the plurality of
apertures 104 has width 150 and length 152. At least 10%
(e.g., 10%, 20%, 30%, 40%, 50%, 60%, 70%, 80%, 90%, or
100%) of the plurality of apertures 104 can have a length to
width aspect ratio of at least 100:1. For example, the optical
device can include high-aspect ratio or ultra-high aspect
ratio holes (e.g., 100:1, 150:1, 200:1, 300:1, etc.). In some
embodiments, the length 152 of each of the plurality of
apertures 104 is slanted (e.g., tilted, angled, non-perpendicu-
lar) relative to a plane surface of the membrane 102. The
plane surface of the membrane 102 can include a substan-
tially flat surface of the membrane 102. The plane surface of
the membrane 102 can include a top surface of the mem-
brane 102 defined by a plane. The plane surface of the
membrane 102 can include a bottom surface of the mem-
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brane 102 defined by a plane. The plane surface of the
membrane 102 can include an outer surface of the mem-
brane 102 defined by a plane. For example, the length axis
of'the plurality of apertures can intersect the plane surface of
the membrane 102 at an angle (e.g., 40°, 50°, 60°, 70°, 80°,
90°, 100°, 110°, 120°, 130°, 140°, etc.). In some embodi-
ments, the optical device includes a filler material disposed
in the plurality of apertures 104. The filler material can
include a polymer or electro-optical material. The filler
material can completely or partially fill the plurality of
apertures 104, and may extend below the second surface 140
or above the first surface 130.

[0048] The width 150 of each of the plurality of apertures
104 can be subwavelength relative to the wavelength of the
incoming light 120. For example, the width 150 of the
plurality of apertures 104 can be less than the wavelength of
the incoming light 120 in vacuum. The width 150 of the
plurality of apertures 104 can be 100 nm and the wavelength
of'the incoming light 120 in vacuum can be 1 um. The length
152 of each of the plurality of apertures 104 can be wave-
length-scale relative to the wavelength of the incoming light
120. For example, the length 152 of the plurality of apertures
104 can be greater than the wavelength of the incoming light
120 in vacuum. The width 150 of the plurality of apertures
104 can be 5 pm and the wavelength of the incoming light
120 in vacuum can be 1 um. Wavelength-scale can include
a multiple (e.g., 1.5 times, 2 times, 5 times, 10 times, etc.)
of the wavelength of the incoming light 120 that is greater
than the wavelength of the incoming light 120. For example,
the length 152 of each of the plurality of apertures 104 can
be a multiple of the wavelength of the incoming light 120.
[0049] In some embodiments, the modified light (e.g.,
reflected modified light 122) includes light with at least one
of a modified optical phase profile, modified amplitude
profile, or modified polarization profile. The incoming light
can have a first optical phase profile and the modified light
can have a second optical phase profile. The first optical
phase profile can be different from the second optical phase
profile. The incoming light can have a first amplitude profile
and the modified light can have a second amplitude profile.
The first amplitude profile can be different from the second
amplitude profile. The incoming light can have a first
polarization profile and the modified light can have a second
polarization profile. The polarization profile can include the
geometric orientation of light waves. The first polarization
profile can be different from the second polarization profile.
The incoming light can have a first wavelength and the
modified light can have a second wavelength. The first
wavelength can be different from the second wavelength.
The incoming light can exert an optical force upon trans-
mission or reflection.

[0050] In some embodiments, each of the plurality of
apertures 104 can have non-cylindrical symmetry. For
example, the plurality of apertures 104 can include rectan-
gular prism structures. A cross-sectional profile of a first
aperture of the plurality of apertures 104 can vary over the
length 152 of the first aperture. For example, each of the
plurality of apertures 104 can have a variable width 150
along its length 152.

[0051] In some embodiments, the membrane 102 is
mounted onto at least one of a flat solid substrate or a curved
solid substrate to provide structural support. For example,
the holey metalens 100 can be mounted on a glass wafer. The
membrane 102 can include a silicon device layer from a
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silicon-on-insulator (SOI) wafer. The silicon device layer
can include a layer made of silicon that is part of a device.
The membrane 102 can be immersed in a liquid medium and
configured to operate in the liquid medium. The membrane
102 can be immersed in a liquid crystal medium and
configured to operate in the liquid crystal medium. For
example, a contact lens can include the holey metalens 100.
The membrane 102 can have a non-zero in-plane curvature.
For example, a coma-corrected device can include the
membrane 102 with the non-zero in-plane curvature. In-
plane curvature can include the curvature of the membrane
surface. The contact lens can include the membrane 102
with the non-zero in-plane curvature. The optical device can
include a plurality of optical functions for a plurality of light
angles of incidence. For example, the plurality of optical
functions can include a coma-corrected lens. The membrane
102 can include the plurality of optical functions for a
plurality of light angles of incidence.

[0052] In some embodiments, the membrane 102 is con-
figured to be folded one or more times for storage and
unfolded for operation. In some embodiments, the mem-
brane 102 is configured to be rolled-up for storage and
unrolled for operation. In some embodiments, the membrane
102 is a first membrane and the optical device includes a
second membrane cascaded in series with (e.g., adjacent to,
juxtaposed, next to, etc.) the first membrane for multi-
surface applications. The second membrane cascaded in
series with the first membrane can include a bilayer includ-
ing a first membrane and a second membrane. The bilayer
can include the second membrane adjacent to the first
membrane. The bilayer can include the second membrane on
top of the first membrane or a first membrane on top of the
second membrane. In some embodiments, the membrane
102 is sandwiched between two reflective or partially-
reflective layers to produce an optical cavity. This arrange-
ment can increase the Q-factor of resonance. The membrane
102 can include the first surface 130 and the second surface
140. The first surface 130 can be coated with at least one of
a solid (e.g., thin solid such as 20 to 100 microns thick), a
liquid, or a polymeric film. For example, the first surface 130
can be coated with an anti-reflection coating, high reflection
coating, or bio-compatible coating. The first surface 130 can
be coated with a coating to provide structural support or
protection.

[0053] In some embodiments, the plurality of apertures
104 is a first plurality of apertures. The membrane 102 can
include a second plurality of apertures extending at least
partially through the thickness of the membrane 102. The
membrane 102 can include the first surface 130 and the
second surface 140. The first plurality of apertures can each
have an opening 132 in a plane defined by the first surface
130 and can lack an opening 142 along a plane defined by
the second surface 140. The second plurality of apertures
can each have an opening 132 in the plane defined by the
second surface 140 and can lack an opening 142 along the
plane defined by the first surface 130.

[0054] The holey metalens 100 can be part of an optical
device for transmission. The optical device can include a
monolithic metasurface or holey metalens 100. The optical
device can operate in an infrared spectral range. The optical
device can include withstand harsh cleaning and handling
while maintaining focusing performance. The optical device
can include the membrane 102. The membrane 102 can
include the plurality of apertures 104 extending at least
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partially through the thickness of the membrane 102. The
membrane 102 can be configured to structure (e.g., modify,
change) incoming light 120 to produce modified light (e.g.,
transmitted modified light 124). The incoming light 120 can
have a wavelength (e.g., wavelength of the incoming light).
The incoming light 120 can have one or more wavelengths.
The wavelength of the incoming light 120 in vacuum (e.g.,
vacuum wavelength, vacuum wavelength of the incoming
light) can be in a range from ultraviolet light to mid-infrared
light. Ultraviolet (UV) light can be in a range of 100 nm to
400 nm (e.g., 100 nm, 150 nm, 200 nm, 250 nm, 300 nm,
350 nm, or 400 nm, inclusive). Mid-infrared light can be in
arange of 3 um to 10 um (e.g., 3 um, 5 pm, 8 pm, or 10 pm,
inclusive). The wavelength of the incoming light 120 in
vacuum can be in a range of 100 nm to 10,000 nm (e.g., 100
nm, 500 nm, 1,000 nm, 2,000 nm, 5,000 nm, 7,500 nm, or
10,000 nm, inclusive). The wavelength of the incoming light
120 in vacuum can be UV light, visible light, or infrared
light. Structuring the incoming light 120 can including
modifying the phase profile, amplitude profile, or polariza-
tion profile of the incoming light 120. For example, the
modified light can have a different phase profile, amplitude
profile, or polarization profile than that of the incoming light
120. The membrane 102 can be configured to transmit the
modified light through the membrane 102. Each of the
plurality of apertures 104 can have width 150 and length
152. Each of the plurality of apertures 104 can have a length
to width aspect ratio of at least 10:1. At least 10% (e.g., 10%,
20%, 30%, 40%, 50%, 60%, 70%, 80%, 90%, or 100%) of
the plurality of apertures 104 can have a length to width
aspect ratio of at least 25:1 (e.g., 25:1, 50:1, 75:1, 100:1,
150:1, 200:1, etc.).

[0055] In some embodiments, the plurality of apertures
104 can include via-holes or through-holes. The membrane
102 can include the first surface 130 and the second surface
140. The plurality of apertures 104 can each have the
opening 132 (e.g., nano-opening, nanohole, etc.) in the plane
defined by the first surface 130 and can each have another
opening 142 (e.g., nano-opening, nanohole, etc.) in the plane
defined by the second surface 140. For example, the plural-
ity of apertures 104 can go through the first surface 130 and
through the second surface 140. The diameter (e.g., width
150, etc.) of the openings (e.g., opening 132, opening 142)
can control the transmitted phase of light. The openings can
have radial symmetry or non-radial symmetry. The plurality
of apertures 104 can be disjoint. For example, each of the
plurality of apertures can be completely separated from each
other. The plurality of apertures 104 can be formed via
etching or through an etching process. The membrane 102
can be formed through an etching process as opposed to an
additive manufacturing process to create the membrane 102.
The plurality of apertures 104 can be located within the
membrane 102 as opposed to holes being located within
pillars.

[0056] The separation 154 (e.g., separation distance)
between each of the plurality of apertures 104 can be
subwavelength relative to the wavelength of the incoming
light 120. For example, the separation 154 between each of
the plurality of apertures 104 can be less than the wavelength
of the incoming light 120 in vacuum. The separation 154
between each of the plurality of apertures 104 can be 0.5 pm
and the wavelength of the incoming light 120 in vacuum can
be 1 um. The separation 154 between each of the plurality
of apertures 104 can be substantially subwavelength. Sub-
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wavelength can include can include a multiple (e.g., 0.1
times, 0.2 times, 0.3 times, 0.4 times, 0.5 times, 0.6 times,
0.7 times, 0.8 times, 0.9 times, etc.) of the wavelength of the
incoming light 120 that is less than the wavelength of the
incoming light 120.

[0057] In some embodiments, the plurality of apertures
104 can include blind holes. The membrane 102 can include
the first surface 130 and the second surface 140. The
plurality of apertures 104 can each have an opening 132 in
a plane defined by the first surface 130 and lacks an opening
142 (e.g., is closed at one end) along a plane defined by the
second surface 140. For example, the plurality of apertures
104 can go through the first surface 130 but not through the
second surface 140.

[0058] In some embodiments, the membrane 102 is con-
figured to operate in transmission as at least one of a
converging lens, a diverging lens, a cylindrical lens, a
corrector of optical aberrations of a second optical element,
a diffraction grating, or a waveplate. For example, the
membrane 102 can operate in transmission by transmitting
incoming light 120 away from the source of the incoming
light 120 and away from the membrane 102. The membrane
102 can be configured to operate in transmission as a
corrector of optical aberrations (e.g., irregularity, defects) of
(e.g., due to, caused/introduced by) a second optical ele-
ment. The membrane 102 can be configured to operate in
transmission as a diffraction grating. The membrane 102 can
be configured to operate in transmission as a waveplate (e.g.,
retarder). For example, the membrane 102 can operate as a
waveplate by altering the polarization of the incoming light
120. Membrane 102 can also operate as a spatially-varying
waveplate by altering the polarization of incoming light 120
in a spatially-varying manner.

[0059] In some embodiments, one or more optical prop-
erties is constant at a plurality of incident wavelengths. The
one or more optical properties of the membrane 102 can be
constant at a plurality of incident wavelengths. The one or
more optical properties of the optical device can be constant
at a plurality of incident wavelengths. A phase profile of the
transmission modified light 124 can produce focusing of
incident light at a plurality of wavelengths with a same focal
length. For example, the optical device can exhibit achro-
matic behavior. The phase profile of the transmission modi-
fied light 124 can produce diffracted orders with a same
diffraction angle at a plurality of wavelengths. For example,
the optical device can exhibit achromatic grating behavior.
[0060] In some embodiments, each of the plurality of
apertures 104 has width 150 and length 152. At least 10%
(e.g., 10%, 20%, 30%, 40%, 50%, 60%, 70%, 80%, 90%, or
100%) of the plurality of apertures 104 can have a length to
width aspect ratio of at least 100:1. For example, the optical
device can include ultra-high aspect ratio holes (e.g., 100:1,
150:1, 200:1, 300:1, etc.). In some embodiments, the length
152 of each of the plurality of apertures 104 is slanted (e.g.,
tilted, angled, non-perpendicular) relative to a plane surface
of the membrane 102. The plane surface of the membrane
102 can include a substantially flat surface of the membrane
102. The plane surface of the membrane 102 can include a
top surface of the membrane 102 defined by a plane. The
plane surface of the membrane 102 can include a bottom
surface of the membrane 102 defined by a plane. The plane
surface of the membrane 102 can include an outer surface of
the membrane 102 defined by a plane. For example, the
length axis of the plurality of apertures can intersect the
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plane surface of the membrane 102 at an angle (e.g., 40°,
50°, 60°, 70°, 80°, 90°, 100°, 110°, 120°, 130°, 140°, etc.).
In some embodiments, the optical device includes a filler
material disposed in the plurality of apertures 104. The filler
material can include a polymer or electro-optical material.
The filler material can completely or partially fill the plu-
rality of apertures 104, and may extend below the second
surface 140 or above the first surface 130.

[0061] The width 150 of each of the plurality of apertures
104 can be subwavelength relative to the wavelength of the
incoming light 120. For example, the width 150 of the
plurality of apertures 104 can be less than the wavelength of
the incoming light 120 in vacuum. The width 150 of the
plurality of apertures 104 can be 100 nm and the wavelength
of'the incoming light 120 in vacuum can be 1 um. The length
152 of each of the plurality of apertures 104 can be wave-
length-scale relative to the wavelength of the incoming light
120. For example, the length 152 of the plurality of apertures
104 can be greater than the wavelength of the incoming light
120 in vacuum. The width 150 of the plurality of apertures
104 can be 5 pm and the wavelength of the incoming light
120 in vacuum can be 1 um. Wavelength-scale can include
a multiple (e.g., 1.5 times, 2 times, 5 times, 10 times, etc.)
of the wavelength of the incoming light 120 that is greater
than the wavelength of the incoming light 120. For example,
the length 152 of each of the plurality of apertures 104 can
be a multiple of the wavelength of the incoming light 120.
[0062] In some embodiments, the modified light (e.g.,
transmitted modified light 124) includes light with at least
one of a modified optical phase profile, modified amplitude
profile, or modified polarization profile. The incoming light
can have a first optical phase profile and the modified light
can have a second optical phase profile. The first optical
phase profile can be different from the second optical phase
profile. The incoming light can have a first amplitude profile
and the modified light can have a second amplitude profile.
The first amplitude profile can be different from the second
amplitude profile. The incoming light can have a first
polarization profile and the modified light can have a second
polarization profile. The first polarization profile can be
different from the second polarization profile. The incoming
light can have a first wavelength and the modified light can
have a second wavelength. The first wavelength can be
different from the second wavelength.

[0063] In some embodiments, each of the plurality of
apertures 104 can have non-cylindrical symmetry. For
example, the plurality of apertures 104 can include rectan-
gular prism structures. A cross-sectional profile of a first
aperture of the plurality of apertures 104 can vary over the
length 152 of the first aperture. For example, each of the
plurality of apertures 104 can have a variable width 150
along its length 152.

[0064] In some embodiments, the membrane 102 is
mounted onto at least one of a flat solid substrate or a curved
solid substrate to provide structural support. For example,
the holey metalens 100 can be mounted on a glass wafer. The
membrane 102 can include a silicon device layer from a
silicon-on-insulator (SOI) wafer. The silicon device layer
can include a layer made of silicon that is part of a device.
The membrane 102 can be immersed in a liquid medium and
configured to operate in the liquid medium. For example, a
contact lens can include the holey metalens 100. The mem-
brane 102 can have a non-zero in-plane curvature. The
curvature of the membrane 102 can include a non-zero
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amount by which the surface of the membrane 102 deviates
from a plane. For example, a coma-corrected device can
include the membrane 102 with the non-zero in-plane cur-
vature. In-plane curvature can include the curvature of the
membrane surface. The contact lens can include the mem-
brane 102 with the non-zero in-plane curvature. The optical
device can include a plurality of optical functions for a
plurality of light angles of incidence. For example, the
plurality of optical functions can include a coma-corrected
lens. The membrane 102 can include the plurality of optical
functions for a plurality of light angles of incidence.

[0065] In some embodiments, the membrane 102 is con-
figured to be folded one or more times for storage and
unfolded for operation. In some embodiments, the mem-
brane 102 is configured to be rolled-up for storage and
unrolled for operation. In some embodiments, the membrane
102 is a first membrane and the optical device includes a
second membrane cascaded in series with (e.g., adjacent to,
juxtaposed, next to, etc.) the first membrane for multi-
surface applications. The second membrane cascaded in
series with the first membrane can include a bilayer includ-
ing a first membrane and a second membrane. The bilayer
can include the second membrane adjacent to the first
membrane. The bilayer can include the second membrane on
top of the first membrane or a first membrane on top of the
second membrane. In some embodiments, the membrane
102 is sandwiched between two reflective or partially-
reflective layers to produce an optical cavity. This arrange-
ment can increase the Q-factor of resonance. The membrane
102 can include the first surface 130 and the second surface
140. The first surface 130 can be coated with at least one of
a solid (e.g., thin solid such as 20 to 100 microns thick), a
liquid, or a polymeric film. For example, the first surface 130
can be coated with an anti-reflection coating, high reflection
coating, or bio-compatible coating. The first surface 130 can
be coated with a coating to provide structural support or
protection.

[0066] In some embodiments, the plurality of apertures
104 is a first plurality of apertures. The membrane 102 can
include a second plurality of apertures extending at least
partially through the thickness of the membrane 102. The
membrane 102 can include the first surface 130 and the
second surface 140. The first plurality of apertures can each
have an opening 132 in a plane defined by the first surface
130 and can lack an opening 142 along a plane defined by
the second surface 140. The second plurality of apertures
can each have an opening 132 in the plane defined by the
second surface 140 and can lack an opening 142 along the
plane defined by the first surface 130.

[0067] FIG. 1B illustrates a plot of a phase profile of an
optimized structure 110, a hyperbolic phase profile, and a
phase profile of an experimentally measured holey metalens
112. If only the phase profile of meta-atoms is optimized, the
converged phase profile can include the hyperbolic phase
profile. When the effective index is used as the optimization
parameter to maximize the light intensity at the focal point,
the optimized phase profile can deviate from the hyperbolic
phase profile and the optimal objective value obtained can
be superior to that of phase-only optimization. The opti-
mized phase profiles for the case of transmission through a
perforated H=5 pm silicon slab at A=1.55 um are plotted in
FIG. 1B and the optimized effective index profile is plotted
in FIG. 1C. FIG. 1C illustrates an effective index profile of
the holey metalens 100 for optimized and experimental

Apr. 28, 2022

structures. The optimized profile can skip elements that have
low transmission efficiencies in favor of elements with
higher transmission efficiencies, for example, skipping
phase values around

[0068] For the case of an H=5 pm-thick air hole array in
silicon at A=1.55 um, a metalens (f=1 mm, D=480 pum) with
a phase profile optimized using the effective index method
can exhibit a transmission fraction (e.g., transmitted power
normalized to the incident power) of 73.9%. This transmis-
sion fraction can be approximately 5% higher than the
transmitted power percentage through an air/silicon inter-
face at normal incidence, which can be 69.4%, as calculated
using the Fresnel power transmission coefficients

Ans; [ Rair)
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The latter value can arise due to the large refractive index
contrast between air and silicon at 1.55 um of 1:3.48, which
can produce reflective losses at the air/silicon interface.
Since the inverse-designed metalens transmission can
exceed the maximum normal transmission of a thick silicon
slab, metalens performance can exceed a silicon lens with a
hyperbolic phase profile.

[0069] For a device efficiency defined in terms of the
power flux encircled by a 20 pm diameter aperture around
the focal spot on the focal plane (e.g., around 2.4 times the
Airy disk diameter of 8.2 pm), normalized to the incident
power, the efficiency of the effective index-optimized struc-
ture can be 68.9% and that of an ideal hyperbolic bulk
silicon lens (e.g., including the effect of Fresnel reflection)
can be 64.5%. This enhanced transmission effect can arise
due to the Fabry-Perot resonances that occur within the
holey silicon membrane. Around these resonances, the trans-
mission coefficient of the nanoholes can be close to unity
and larger than the Fresnel coefficient for transmission at
normal incidence. This optimization process can exploit
these high transmission effective indices in the design to
achieve higher transmission performance.

[0070] The large aspect ratios afforded by the hole-like
nanostructures can expand the range of group delays

AP(r, )
Jw

(e.g., phase dispersion) that can be achieved by such features
as a result of the thicker optical path length through the
meta-atoms. This can be relevant for the development of
large-area achromatic metalenses, since such devices may
require a spatially variant group delay in addition to the
spatially variant optical phase that produces focusing. The
maximum diameter of an achromatic metalens can be pro-
portional to the maximum range of group delays for the
same lens numerical aperture. The use of ultra-deep hole-
like meta-atoms may open the path towards achieving
centimeter-scale achromatic metasurfaces. The achromatic
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metalens can include meta-atoms with a variety of shapes
(e.g., cylinder, rectangular prism, etc.). The optical phase
and group delay can be controlled for each meta-element.
The cylindrical hole library can have a group delay that is
nonlinearly correlated with the transmitted phase and that
achieves a range of group delays from to —13.0 fs to 64.6 fs
(77.6 fs range) when evaluated on the wavelength domain
A=1.4 um to 1.7 pm. This can enable the fabrication of an
achromatic metalens that is 400 um in diameter for NA=0.
23, provided the library can be expanded to allow indepen-
dent control of the transmitted phase and group delay.
[0071] The metalens elements (or meta-elements) can be
characterized using the transmission phase and/or their local
effective indices. Several hole-like meta-atoms can exhibit
low transmitted amplitudes at smaller hole sizes. These
hole-like meta-atoms may be used for applications which
require the maximum possible transmission efficiency or a
uniform transmission amplitude for each meta-element
selected. Using low-efficiency meta-atoms may reduce the
overall device efficiency. The hole-like meta-atoms can
allow for the tuning of the local effective index in a
point-by-point fashion. The metalens design problem can be
reframed in the language of effective indices instead of
phase profiles alone. An optimized effective index profile
can be identified using the meta-atoms in the effective index
roles. The resulting designs can achieve superior perfor-
mance in numerical simulations compared to devices
designed using a phase-only approach. In addition to hole-
like meta-atoms, pillar-like meta-atoms can also be charac-
terized by their effective indices, and thus can be used in
applications in which a spatially varying effective index is
desired. Devices which rely on spatial gradients in the
effective index can be designed. This can allow for both
transmission phase and amplitude degrees of freedom to be
considered simultaneously.

[0072] FIG. 2A illustrates an optical micrograph of a
fabricated device. The 5 um deep via-holes can be spaced
0.5 um apart in center-to-center distance and their designed
aspect ratio (e.g., depth to diameter, length to width, etc.) can
be 50:1. The spacing between the holes can vary. Due to
overetching in the fabrication process, the highest achieved
experimental aspect ratio in a device can be 30:1. The
highest achieved experimental aspect ratio in dose tests can
be 50:1. Darker regions can represent larger holes. The
effective index and phase profiles achieved by a represen-
tative lens based on the hole sizes obtained experimentally
are plotted in FIGS. 1B and 1C, respectively. There can be
a visual mismatch between the design and experimental
curves because the experimental sample can be fabricated
based on an early effective index profile that was locally
optimal but not globally optimal. Each lens can be designed
to focus incident light at A=1550 nm.

[0073] FIG. 2B illustrates a scanning electron micrograph
of the holey metalens 100 (e.g., membrane with apertures).
The scanning electron micrograph can include a tilted SEM
micrograph of the fabricated device as seen from indented
(e.g., thinned) side. The holey metalens 100 can include a
1.3 mm depression. Focused ion beam (FIB) milling can be
used to capture cross-sections of the silicon membrane (e.g.,
membrane 102). FIB milling can be used to verify the
thickness of the membrane 102. The small opening made by
the FIB can be visible at the center of FIG. 2B.

[0074] FIGS. 2C-2E illustrate a simulation of a design
focal spot, an experimental focal spot, and a simulation of an
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expected focal spot. FIG. 2C illustrates a simulation of the
focal spot produced by the optimized design holey metalens
upon illumination with a plane wave. The efficiency can be
defined as the power flux through a 20 pm diameter aperture
at the focal plane divided by the incident power. FIG. 2D
illustrates experimental measurement of a holey metalens
focal spot upon illumination with a plane wave. Highly
symmetric focal spot profiles can be obtained at the designed
wavelength. The focal spot profile can coincide with that of
the optimized design, which is plotted in FIG. 2C. FIG. 2E
illustrates a simulation of the expected focal spot profile
based on SEM measurements of the experimental hole
diameters attained. The simulated focusing profiles based on
experimental geometries can be similar to that obtained in
experiments. This can validate the simulation pipeline from
nanohole geometry to optical transmission characteristics
and focusing behavior. There may be no difference between
the expected focal spot profile in the optimized case and in
the simulation based on actual lens nanohole diameters. The
focusing efficiency in the latter case can be lower as a result
of the lens being overetched which can produce larger
nanoholes than designed.

[0075] FIGS. 3A-3D illustrate optical characterization
measurements of a holey metalens array. An array of ten
identical holey metalenses can be fabricated on undoped
crystalline silicon. The numbering and spatial positions of
the lenses are displayed in the inset of FIG. 3A. The diameter
of each holey metalens is 480 um and the focal length is 1
mm, giving a numerical aperture (NA) of 0.23. The quality
of the measured focal spots can be evaluated by measuring
their transverse full-width-at-half-maximum (FWHM)
intensity and calculating their Strehl ratios. The Strehl ratio
can include the ratio of maximum value of the measured
focusing intensity profile to the ideal Airy disk maximum
calculated for the same system aperture. The Strehl ratio can
take values between 0 and 1. According to Maréchal’s
criterion, a lens can be considered diffraction limited when
the Strehl ratio is above 0.8. FIG. 3A exhibits the FWHM
obtained for the holey metalens focal spots compared to the
diffraction-limited value. FIG. 3B shows the Strehl ratio for
each lens in the array. The fabricated devices can exhibit
diffraction limited behavior with Strehl ratios exceeding 0.8.

[0076] Although the inverse-designed metalens may not
have a strictly hyperbolic phase profile, the designed focal
spot intensity profile can be equivalent to that of a diffrac-
tion-limited spot from a hyperbolic phase profile. The
designed imaging quality can be equivalent to that of a
diffraction-limited system. The designed imaging quality
can track the diffraction-limit through-focus modulation
transfer function (MTF) at normal incidence, as shown in
FIG. 3C. The MTF can be obtained by Fourier transforma-
tion of the theoretical and experimental point spread func-
tions. When the observed experimental geometry using
SEM-measured nanohole sizes is simulated, the through-
focus MTF can be located close to the diffraction-limit line.
FIG. 3C illustrates the measured efficiencies for each lens in
the array. The efficiency can be defined as the ratio of the
transmitted intensity in the focal spot to the incident inten-
sity. FIG. 3D illustrates the modulation transfer function of
the experimental device as compared to simulated results
and diffraction limited performance.

[0077] The holey metalens efficiencies can be measured
by comparing the transmitted power within the focal spot to
the incident power. A 20 um diameter aperture (e.g., around
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2.4 times the Airy disk diameter of 8.2 um) can be placed in
the focal plane to block out light around the focal spot. The
focal spot and incident laser power values is measured
directly using a laser power meter. The efficiencies for each
holey metalens device are plotted in FIGS. 3A-3D. The
efficiencies obtained can be less than an ideal design value
of 68.9%. This can be attributed to over-etching of the
nanoholes, which can result in the nanoholes being wider
than designed. Numerical simulations based on the mea-
sured nanohole diameters for lens 6 predict an efficiency of
21.6%. This is close to the experimentally measured effi-
ciency for lens 6 of 17.6%.

[0078] FIGS. 4A-4C illustrate transmitted optical proper-
ties for a holey metalens library. The holey metalens library
can include H=5 um deep holes in silicon at A=1550 nm,
with periodicity P=500 nm. The acquired phase of each
meta-element pixel can be controlled by the diameter of the
circular air hole with 2rt phase coverage as shown in FIG.
4A. FIG. 4A shows the transmitted phase as a function of
hole diameter. The phase can be defined relative to that of
the incident plane wave just before the lens. The transmis-
sion amplitude can be strongly dependent on the meta-
element geometry and correlated with the acquired phase,
reaching 100% transmission for certain diameters and
achieving 0 or m phase shift at these values. The holey
meta-atoms can operate in the effective medium regime and
can be described to a degree of approximation by the
behavior of a single dominant Bloch eigenmode with a
single effective refractive index n,_,(D) that depends on the
hole diameter D and slab thickness H as shown in FIG. 4C.
The unity transmission behavior can arise due to Fabry-
Perot resonances n,gk,;H=mzx, m&1,2.3, . . ., of that domi-
nant Bloch eigenmode within the slab. FIG. 4B illustrates
the transmitted amplitude as a function of hole diameter.
FIG. 4C illustrates the effective index of the dominant Bloch
mode as a function of hole diameter. The refractive indices
of silicon and air at A=1550 nm are also shown in dotted
lines.

[0079] Metalens design can involve engineering only the
complex phase of light over the nanostructures. Metalens
design can use the spatially variant effective refractive index
as a design parameter. The spatially variant effective refrac-
tive index can be controlled by the nanohole diameter. The
real-valued effective refractive index can capture the behav-
ior of both the amplitude and phase of light upon transmis-
sion through a meta-element. This design approach can
allow for the improvement of device performance beyond
what a consideration of transmission phase alone would
achieve.

[0080] FIG. 5 illustrates a diagram of an optimized geom-
etry of a holey metalens. The optimum effective refractive
index distribution in space can be chosen using an inverse
design technique. The metalens surface can be discretized
into a series of thin rings of radial thickness 0.5 pum, and the
effective index of each thin ring can be treated as an
optimization parameter. The objective parameter can be
defined to be the intensity of light at the focal point that is
computed using a full vectorial diffraction integral. The
thick metasurface can be partitioned into m=480 thin rings
of radial extension 0.5 pm, and each ring can be associated
with one effective index value n,. The electric field at each
ring position can be computed using the complex amplitude
transmission coefficient associated with each effective index
value. The electric field can be propagated to the focal plane
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using the full vectorial propagator integral. The objective
function for the optimization can include the electric field
intensity at the focal position. The variable parameters can
include the 480 effective index values.

[0081] FIGS. 6A-6l illustrate robustness of the holey
metalens design to fabrication and spectral imperfections.
Although unity transmission can be a resonant phenomenon
and resonance behavior can be highly sensitive to boundary
conditions, the optical behavior of the nanoholes can be
weakly dependent on geometrical perturbations. Systematic
fabrication errors that change the geometry of the entire
holey metalens device can be studied. Stochastic variations
that are spatially distributed over the same device can be
studied. The variation of two fabrication parameters on the
focusing properties and efficiency of the holey metalens
devices and the wavelength of the incident light can be
studied. The two fabrication parameters can include the
thickness of the membrane and the diameter of the holes.
The results of this study are summarized in FIGS. 6A-6l.
The focusing quality as measured through the transverse size
of the focal spot can remain high under these perturbations.
The device efficiency can decrease away from the designed
parameter values. These robust behaviors can be attributed
to the fact that there is only one dominant Bloch eigenmode
associated with each meta-element and that the formed
cavity finesse is small (F ~2.5) owing to the relatively low
reflectivity at the silicon/air interface, which reduces the
sensitivity of the resonance.

[0082] The effect of systematic over-etching or under-
etching of the nanoholes can be studied. The holey metalens
system can be tolerant to systematic deviations of the
nanohole diameters from the design values as shown in
FIGS. 6A-61. The FWHM of the focal spot can remain
constant when the nanohole diameters are systematically
perturbed, although the device efficiency can decrease away
from the design value. The fabrication tolerance of the holey
metalens to systematic variations in the membrane thickness
and the hole depth can show similar behavior in which the
focal spot quality remains constant when the membrane
thickness deviates from the design value. The device effi-
ciency can decrease as the thickness deviates from the
design value.

[0083] Three types of systematic errors can be considered.
For example, membrane thickness variations, spectral varia-
tions, and hole diameter variations can be considered. FIG.
6A illustrates membrane thickness variations. FIG. 6B illus-
trates hole diameter variations. FIG. 6C illustrates spectral
variations. FIG. 6D illustrates a plot of the transverse focal
spot full-width-at-half-maximum (FWHM) intensity as a
function of membrane thickness. The dotted line indicates
the design value. FIG. 6E illustrates a plot of the transverse
focal spot FWHM intensity as a function of hole diameter
variation. The dotted line can indicate zero diameter varia-
tion from the design values. FIG. 6F illustrates a plot of the
transverse focal spot FWHM intensity as a function of
incident wavelength. The dotted line indicates the design
value. FIG. 6G illustrates a plot of primary focal spot
efficiency as a function of membrane thickness. FIG. 6H
illustrates a plot of primary focal spot efficiency as a
function of hole diameter variation. FIG. 6] illustrates a plot
of primary focal spot efficiency as a function of incident
wavelength. Simulations of optimized geometry can indicate
larger oscillations of the efficiency with the incident wave-
length as plotted in FIG. 61. The smaller efficiency devia-
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tions as a function of wavelength may be attributed to a
stochastic fabrication imperfection within the same device.

[0084] The holey metalens can have a high fabrication
tolerance and robustness compared to metalens with free-
standing nanopillars. The variation of fabrication parameters
(e.g., the thickness of the membrane, diameter of the holes,
the wavelength of incident light) can be studied. For each
condition, the focusing profile of the resulting device can be
simulated and the intensity FWHM and efficiency can be
calculated. The efficiency can be defined as the power flux
concentrated within a 20 um diameter of the optical axis,
normalized to the incident power on the lens. The plots of
FWHM and efficiency against the three variables are dis-
played in FIGS. 6A-61. The FWHM of the focal spot may
not change for a wide range of parameters. A systematic
error of +1 um in membrane thickness, +100 nm change in
hole diameter, and chromatic variations of 150 nm in
spectral space may not change the FWHM of the focal spot.
However, these errors can decrease the efficiency of the lens.
The lens efficiency can decay in an oscillatory fashion to
around 20% when the membrane thickness varies by 1 pm.
Oscillatory variations of lens efficiency with wavelength
change can be observed. To maintain the efficiency of the
holey metalens above half its design value, hole diameters
can be fabricated to within +30 nm of precision.

[0085] The transmission behavior and Bloch eigenmodes
of pillar and hole arrays can be computed using the Rigorous
Coupled Wave Analysis (RCWA) software RETICOLO. The
phase of the meta-element can be the complex argument of
the transmitted zeroth order amplitude, using the &7 con-
vention for time harmonicity. The focal spot profiles for a
given diameter profile can be computed using the locally
periodic approximation, where each hole or pillar meta-
element was replaced with the zeroth-order complex trans-
mission amplitude calculated for an infinite periodic array of
that meta-element, and the resulting complex amplitude
profile can be propagated into free space using a fully
vectorial diffraction integral. For numerical optimization,
the limited memory Broyden-Fletcher-Goldfarb-Shanno
bound constrained optimization algorithm (L-BFGS-B) can
be used to maximize the objective parameter with respect to
the effective index distribution. Multiple optimization runs
can be performed with different starting parameter distribu-
tions. Runs can converge to the same configuration suggest-
ing that that the global optimum was reached.

[0086] FIG. 7 illustrates a fabrication process for a holey
metalens. In brief overview, electron beam lithography and
reactive-ion etching (RIE) steps can be used to pattern a
silicon dioxide hard mask on a silicon chip with the desired
(e.g., target) holey metalens pattern. The silicon chip can be
flipped over, and the silicon directly opposite each pattern
can be selectively thinned through RIE dry etching. The
process time can be thoroughly controlled to produce thin
silicon membranes, each 1.3 mm in diameter with the target
thickness of 5 um. The chip can be flipped back, and deep
meta-element via-holes can be etched using a Bosch deep
RIE process using the patterned hard mask. First, a SiO,
hard mask layer and electron beam resist layer can be
deposited on the Si substrate. The resist layer can be
patterned with electron-beam lithography and the pattern
can be transferred to the SiO, layer through dry etching
using the resist as an etch mask. Next, the electron beam
resist can be removed, and the chip can be flipped. The
reverse side of the chip can be coated with optical resist and
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large circular patterns can be written using a maskless
aligner. The exposed silicon in the circle can be dry etched
and thinned using the optical resist as an etch mask. This can
produce a thin membrane at the base of the circular patterns.
Finally, the chip can be flipped back so that the patterned
SiO, hard mask faces up, and the deep high-aspect ratio
holes can be etched into the silicon membrane using deep
reactive-ion Bosch etching.

[0087] Holey metalenses can be fabricated on a 12.7
mmx12.7 mm wafer of undoped crystalline <100> silicon. A
200 nm Sift layer can be deposited onto the 200 pm-thick Si
wafer using plasma enhanced chemical vapor deposition
(e.g., PECVD, Surface Technology Systems). The SiO,
layer can be patterned through electron beam lithography
(e.g., electron beam resist ZEP520A and Elionix HS-50
system) to introduce the circular meta-element patterns. The
pattern can be transferred onto the SiO, layer with induc-
tively coupled plasma reactive ion etching (e.g., ICP RIE,
Surface Technology Systems) using the electron beam resist
as an etch mask. Argon/tetrafluoromethane/trifltuorometh-
ane/hydrogen (Ar/CF,/CHF,/H,) can be used for this etch
step.

[0088] After etching the SiO, mask, the silicon chip can be
flipped over, and 1.3 mm diameter circular membranes can
be defined on the opposite side of each metalens pattern
using optical lithography and dry etching with the optical
resist as an etch mask. In this process, a maskless aligner
(e.g., Heidelberg MILA150) can be used to introduce the
circular membrane patterns onto a positive photoresist layer
(e.g., AZ4620, developed in AZ 400K). The photoresist
layer can be used as an etch mask to define the membrane
depressions in a deep reactive ion etch (e.g., DRIE, SPTS
Technologies, Omega LPX Rapier model). The process time
for this dry etch can be tightly controlled to produce thin
silicon membranes within each depression, each with the
target thickness of 5 um. Two etching steps can be used in
the DRIE process, in which the first “fast” etching recipe is
used to etch the bulk of the material down to an estimated
remaining membrane thickness of 8 um. This step can
alternate deposition steps with octafluorocyclobutane
(CIF’s) and etch steps with sulfur hexafluoride (SF;) gas.
The second process can be used to etch the membrane more
slowly to reach the desired thickness of 5 um. This etching
process can include a continuous etch using a combination
of C,F, and SF. The membrane thickness can be monitored
intermittently during the etching process with non-contact
scanning white light interferometry (e.g., Taylor Hobson,
CCI HD) based on the known starting thickness of the
silicon wafer.

[0089] After the circular membrane structure has been
etched down to the desired design thickness, the deep
meta-element via-holes can be etched using a Bosch process
with alternating cycles of deposition with CIF’s, dry etching
in oxygen, and dry etching in SF,. The patterned SiO, on the
opposite side of the membrane structure can be used as a
hard mask for this Bosch process. During the etching
process, the SiO, mask can be slowly etched away from the
substrate, leaving approximately 20 nm of SiO, upon
completion.

[0090] For focal spot measurements, a supercontinuum
laser (NKT Photonics SuperK) with a laser-line tunable
bandpass filter (NKT Photonics LLTF Contrast, bandwidth
<5 nm) can be used for illumination. The expanded and
collimated laser output from a single-mode fiber can be
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passed through a 500 um diameter aperture and normally
incident on the indented side of the holey metalens array.
The diameter of the aperture can be larger than the diameter
of'the holey metalens. The holey metalens focal plane can be
imaged using a microscope objective (e.g., S0x Mitutoyo
Plan Apo NIR HR), tube lens (e.g., Thorlabs TTL180-A),
and a near-infrared camera (e.g., Raptor Photonics OW1.7-
VS-CL-640). The spatial coordinates of the microscope
imaging system can be calibrated by imaging the divisions
on a microscope stage calibration slide at the same wave-
length. For each lens, four intensity cross sections can be
extracted. The Strehl ratios and FWHMs obtained over the
four values can be averaged to give the parameter uncer-
tainty. Each extracted cross section can be normalized to
ensure that the same energy is concentrated within the given
transverse area.

[0091] For efficiency measurements, an expanded 1.55 um
laser beam can be passed through a 500 um aperture to
selectively illuminate each 480 um diameter holey metalens
device. A 20 um diameter aperture (the Airy disk diameter
is 8.2 um) can be placed in the focal plane to block out light
around the focal spot. The focal spot and incident laser
power values can be measured directly using a laser power
meter (e.g., Thorlabs S132C) placed after the 20 um aper-
ture. The nanostructures can be imaged using scanning
electron microscopy (e.g., Zeiss FESEM Ultra Plus) and
focused ion beam microscopy (e.g., FIB, FEI Helios 660).
[0092] FIGS. 8A-8B illustrate scanning electron micro-
scope (SEM) images of the hole structure of the holey
metalens 100. High resolution micrographs of the hole
structures on both sides of the chip for lens 6 are shown.
FIG. 8A illustrates the hole structures on the indented
(thinned) side. FIG. 8B illustrates the hole structures on the
flat (SiO, mask) side.

[0093] FIG. 9 illustrates a plot of relative etch rate vs. hole
diameter. The relative deep reactive-ion Bosch etch rate can
be measured for various hole diameters within a uniform
hole array. The etch rate can be normalized to that of an open
surface. The fitted line (e.g., second order polynomial) can
be plotted as the dotted line. A nonlinear dependence of Si
etch rate with the nanohole diameter can be observed. The
etch rate dependence is plotted in FIG. 9. To ensure that the
smallest nanoholes with the slowest etch rate are etched all
the way through the 5 um membrane, the number of cycles
for this etch step can be chosen based on the smallest feature
diameter in the design. The use of via-holes through a thin
membrane, as opposed to holes with only one open end, can
remove the effect of this aspect ratio-dependent etch rate and
can ensure that all the nanoholes have the same depth,
despite the design comprising holes of various diameters.
[0094] FIG. 10 illustrates the focal spot profiles for ten
experimental devices, according to an embodiment. The ten
experimental devices include lens 1, lens 2, lens 3, lens 4,
lens 5, lens 6, lens 7, lens 8, lens 9, and lens 10.

[0095] FIG. 11 illustrates an experimental setup for imag-
ing of focal spot and efficiency measurements. The experi-
mental setup can be used to characterize the optical trans-
mission properties of the fabricated holey metalens array.
Each holey metalens can be illuminated by a plane wave
with approximately the same diameter as the lens, and the
transmitted light focal plane can be imaged using a micro-
scope. The focused spot at the focal plane of each holey
metalens can correspond to the point-spread-function from a
point source placed at infinity, since such a point source can
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produce an illuminating plane wave. The 20 pm pinhole can
be in place for efficiency measurements.

[0096] A supercontinuum laser (e.g., NKT Photonics
SuperK) with a laser-line tunable bandpass filter (e.g., NKT
Photonics LLTF Contrast, bandwidth <5 nm) can be used for
illumination. The laser beam can be collimated to produce a
Gaussian spot with a diameter of 4 mm, which can be much
larger than the 480 um diameter of each holey metalens. The
beam size can be reduced by passing the beam through a 500
um pinhole (e.g., Thorlabs P500D) before it is incident on
each holey metalens. The beam is focused by the holey
metalens 100 and the focal plane can be imaged with a 50x
microscope (e.g., 50x Mitutoyo Plan Apo NIR HR Infinity
Corrected Objective and Thorlabs TTL.180-A tube lens) and
NIR camera (e.g., Raptor OW1.7-VS-CL-640). Object sizes
in the microscope can be calibrated by imaging a reference
reticle comprising tick marks spaced 10 um apart using the
incident beam wavelength of 1550 nm.

[0097] FIG. 12 illustrates a plot of membrane thickness vs.
lens number for ten experimental devices (lens 1, lens 2, lens
3, lens 4, lens 5, lens 6, lens 7, lens 8, lens 9, and lens 10).
The differences in optical behavior between the lenses can
occur because each of the ten lenses were fabricated using
different doses during electron beam lithography and thus
have different diameter profiles. Scanning electron micros-
copy can be used to directly measure the nanohole sizes in
each holey metalens sample to simulate the expected com-
plex amplitude at each position and hence the focusing
profiles in the focal plane. The experimental focal spots for
each of the ten lenses fabricated under plane wave illumi-
nation at A=1550 nm is shown in FIG. 12. FIG. 12 illustrates
the thickness of fabricated membranes. The membrane
thickness for ten lenses (lens 1, lens 2, lens 3, lens 4, lens 5,
lens 6, lens 7, lens 8, lens 9, and lens 10) are shown. FIG.
12 illustrates the thickness of the fabricated membranes for
each holey metalens device in comparison to the designed
value of 5 um. The thickness of lens 4, lens 5, and lens 6 can
be directly measured by focused ion beam (FIB) milling.
The thicknesses of the other devices can be deduced based
on these three thickness measurements and measurements of
the relative silicon dry etch rate over the entire chip. To
measure the thickness of the fabricated membranes, a
focused ion beam (e.g., FIB, FEI Helios 660) can be used to
mill through the membrane immediately adjacent to three of
the ten fabricated devices (lenses 4, 5, and 6 in the FIG. 3A
inset). The cross-sectional thicknesses can be measured with
scanning electron microscopy. The membrane thicknesses
for the other devices can be estimated indirectly based on
these three measurements. This can be performed based on
direct white-light interferometry (e.g., Taylor Hobson CCI
HD) measurements of the relative silicon etch rate over the
entire device during the membrane dry etching process.

[0098] FIG. 13 illustrates a plot of relative focal spot
position vs. wavelength. The focal distance as a function of
wavelength is shown. This is compared to the simulated
results for lens 6. The spectral behavior of the lens can be in
agreement with the simulated data. The focal spot can
become shorter with a wavelength, such as in a diffractive
lens. FIG. 13 illustrates the relative focal spot position along
the optical axis, relative to the focal spot position at A=1550
nm, for a range of incident wavelengths for lens 6. There can
be agreement with the numerically simulated focal shift
values (plotted as the solid line).
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[0099] FIG. 14 illustrates a plot of efficiency vs. wave-
length. Efficiency measurements as a function of incident
wavelength can be plotted. There can be a weak dependence
of efficiency on wavelength. The maximum efficiency can be
achieved at the design wavelength of 1550 nm and can
decrease away from the design wavelength. FIG. 14 illus-
trates experimental efficiency measurements of lens 6 plot-
ted as a function of incident wavelength.

[0100] FIGS. 15A-15D illustrate phase and amplitude
dependence of hole meta-atoms and pillar meta-atoms onto
the nanostructure geometry. FIGS. 15A and 15B depict short
(e.g., 500 nm) holes and pillars. FIGS. 15C and 15D depict
tall (e.g., 4 um) holes and pillars, respectively. FIG. 15A
illustrates the transmitted phase for pillar and hole arrays of
500 nm height. FIG. 15B illustrates amplitude (relative to
the incident amplitude) for structures of 500 nm height. FI1G.
15C illustrates transmitted phase for pillar and hole arrays of
5 pm height. FIG. 15D illustrates amplitude (relative to the
incident amplitude) for structures of 5 pm height.

[0101] For the same unit cell periodicity, increasing the
diameter of pillar-like structures can increase the phase
delay (relative to an incident plane wave) imposed on
transmitted light as more light is confined within the high
refractive index material. Conversely, increasing the diam-
eter of hole-like structures can have the opposite effect
where the phase delay decreases, since less light remains
within the low refractive index air material. The phase
behaviors of circular pillar and hole structures as computed
by RCWA are compared in FIG. 15A (for 500 nm tall
structures) and FIG. 15C (for 5 pm tall structures). While the
phase variation as a function of structure diameter can
appear similar up to a change in direction for the transmitted
phase, the amplitude of the transmitted light can exhibit
qualitative differences in pillar and hole arrays. For pillar-
like structures, the transmitted amplitude (relative to the
amplitude of incident light) can remain high and approxi-
mately constant for small diameters (FIG. 15B for 500 nm
tall structures and FIG. 15D for 5 pum tall structures).
Pillar-like meta-atoms that span the full 2r radian phase
range and that have similar transmission efficiencies can be
selected. However, for hole-like structures, the transmitted
amplitude can exhibit large variations with hole diameter,
especially for small holes. The maxima in amplitude that
reaches unity can correspond to the Fabry-Perot resonances
of the dominant Bloch eigenmode. The transmitted ampli-
tude can be strongly correlated to the transmitted phase. The
maxima in amplitude can coincide with a phase delay of 0
or 2x radians, and the minima in amplitude can correspond
to phase delays of

radians. Thus, a range of hole-like meta-atoms that span the
full 2t phase range and have constant transmission effi-
ciency may not be selectable. The pillar-like meta-atoms can
also exhibit this correlation between phase and amplitude
values, but the fluctuations in transmission amplitude with
pillar diameter can be small and negligible.

[0102] The strong correlation of phase and amplitude for
hole-like meta-atoms can suggest that there will be low-
efficiency hole-like meta-atoms for phase delays around
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radians. For phase profiles such as the hyperbolic lens phase
profile, which may require phase delays across the full O or
2m radians range, these low meta-element efficiencies can
reduce the overall device efficiency.

[0103] Amplitude fluctuations with feature diameter can
be understood in terms of Bloch eigenmodes (e.g., leaky
modes). The electromagnetic field distribution in any loss-
less structure with transverse periodic boundary conditions
can be written as a linear combination of these eigenmodes.
Bloch eigenmodes can be parametrized by the effective
index n,z which is proportional the rate of phase accumu-
lation n_ 4k, in the direction of propagation orthogonal to the
plane with periodicity. Propagating Bloch eigenmodes can
contribute to transmissive optical behavior since they may
not be attenuated upon propagation through the structure. If
there is only one propagating Bloch eigenmode and the layer
H is much thicker than the exponential decay length of the
evanescent modes, then the system can be in the effective
medium regime in which the optical properties can be
predicted by replacing the structure with a uniform slab of
refractive index equal to n.,. In particular, the complex
transmission coefficient can be written using the Fabry-Perot
formalism as:
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[0104] For the parameter range studied in silicon with a
vacuum wavelength of 1.55 pm, every Bloch mode with an
imaginary effective index can have a characteristic expo-
nential decay length under 12 nm, thus the imaginary
effective index Bloch modes (evanescent modes) can con-
tribute minimally to optical transmission properties through
thick structures exceeding hundreds of nanometers.

[0105] FIGS. 16A-16B illustrate eigenmode properties for
a periodic hole array and a periodic cylindrical pillar array.
FIG. 16A illustrates the eigenmode properties for the peri-
odic hole array geometries as a function of the normalized
periodicity P (to the incident vacuum wavelength k) and the
normalized diameter D (to P). FIG. 16B illustrates the
eigenmode properties for the periodic cylindrical pillar array
geometries as a function of the normalized periodicity P (to
the incident vacuum wavelength k) and the normalized
diameter D (to P). The surface plots illustrate prediction
error in the complex transmission coefficient t when using a
single FP mode as compared to the full calculation from
RCWA. The contour plots illustrate the number of propa-
gating Bloch eigenmodes N,,,.,,,.

[0106] The Bloch mode characteristics of hole and pillar
arrays are plotted in FIGS. 16A and 16B, respectively.
Square-periodic hole and pillar arrays parametrized by the
normalized periodicity P (to the vacuum wavelength of
incident light A,=1.55 pum) and the normalized feature
diameter D (to the periodicity) are considered. The contour
plot can show the number of propagating Bloch eigenmodes
for each (D, P) combination for the silicon/air platform. For
small periodicities approximately around P<0.3 (P<0.28 for
holes and P<0.31 for pillars), the array only supports one
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propagating mode, indicating that the system is in the
effective medium regime. This single-mode regime can
occupy a larger fraction of the (D, P) phase space for pillar
arrays as compared to hole arrays. As the amount of material
(e.g., silicon) increases (P—1, D—0 for hole arrays or P—1,
D—=1 for pillar arrays), the number of propagating modes
can also increase.

[0107] To examine the validity of this effective medium
regime approximation over the (D, P) phase space, the
predicted complex transmission coefficient using the largest
Bloch mode n,; for a slab thickness of 5 pm can be
computed. This can be compared with the true value t; .,
(for the zeroth transmitted order) obtained with 256 plane
waves in a RCWA computation. The surface plots in FIGS.
16A and 16B plot the deviation value of It ~t | over the
(D, P) phase space for hole and pillar arrays, respectively.
This deviation may be small in the few-propagating-mode
regime and small in the small-hole diameter regime, despite
the number of propagating Bloch modes being large for
large periodicities. This can be indicative of the small-hole
arrays having only one dominant Bloch eigenmode into
which most of the incident energy is coupled, so these arrays
can also be treated using the effective medium formalism.

[0108] FIG. 16C illustrates a plot of propagating Bloch
eigenmode effective refractive indices as a function of pillar
or hole diameter for the case where A=1550 nm, P=500
nm=0.32A. The inset plots exhibit the eigenmode electric

field intensity distributions |E12 for the labelled eigenmodes.
The dominant Bloch mode can correspond to the branch
with the highest refractive index in this regime. FIG. 16C
illustrates a plot of the effective index of the hole and pillar
modes as a function of the feature diameter for the case
where P=0.32A=500 nm. This periodicity can correspond to
that used in this holey metalens design for A,=1.55 um. In
both hole and pillar cases, the dominant Bloch mode can
correspond to the band with the highest effective index

displayed. The electric field intensity |E1? distribution for
each mode is displayed within the figure insets.

[0109] FIG. 16D illustrates complex transmission coeffi-
cient (phase and absolute efficiency) dependence on hole
diameter for the hole array where A=1550 nm, P=500
nm=0.32A. Crosses represent full RCWA computations with
many eigenmodes and lines represent predictions using the
dominant Bloch eigenmode effective index alone. The cor-
respondence between the FP predictions and RCWA calcu-
lations can indicate that the hole array is well-approximated
by the behavior of the dominant Bloch eigenmode.

[0110] The dominant Bloch mode effective index can be
used to predict the transmission phase and amplitude for the
hole array with P=0.32A,=500 nm. In FIG. 16D, the RCWA-
computed transmission phase and amplitude is plotted
against the hole diameter, and compared with those pre-
dicted based on the dominant Bloch mode effective index
substituted into the Fabry-Perot approximation. The close
correspondence between the two methods can indicate that
the complex transmission amplitude can be well-approxi-
mated by the Fabry-Perot transmission formula, despite the
hole array exhibiting more than one propagating eigenmode
for small diameters. The single real value of the dominant
Bloch mode effective index can capture the combined
behavior of both transmitted phase and amplitude simulta-
neously.
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[0111] The insight that meta-atoms can be replaced with
their corresponding effective index can allow for the engi-
neering of devices that require a spatially variant refractive
index. The optimal spatially variant refractive index profile
can be identified for a flat lens that produces a diffraction
limited spot. This can be a paradigm shift in viewing these
hole-like meta-atoms. Instead of being inferior elements for
enforcing a phase delay (due to their low transmission
efficiencies at specific phase delays), they function as a way
for enforcing a local effective index.

[0112] FIGS. 17A-17D illustrate scanning electron micro-
graphs of holey metalens arrays with various hole shapes.
The plurality of apertures can have various shapes. For
example, the plurality of apertures can have a shape such as
a square, ellipse, circle, cross, square with rounded corners,
rectangle, triangle, or other shape. The plurality of aperture
can have anisotropic structures to allow for the optical
device or holey metalens 100 to have polarization function-
ality. Polarization functionality can include the capability of
changing the polarization of incoming light (e.g., reflecting
or transmitting polarized light). FIG. 17A illustrates a peri-
odic array of hole clusters (e.g., clusters of holes or aper-
tures). The clusters of holes can include a plurality of
apertures. For example, the clusters of holes can include four
holes arranged with the center of each hole at the corner of
a square. The clusters of holes can be separated by the
separation distance. The clusters of holes can include the
plurality of apertures 104 extending at least partially through
a thickness of the membrane 102. FIG. 17B illustrates a
periodic array of square apertures. The square apertures can
include the plurality of apertures 104 extending at least
partially through a thickness of the membrane 102. The
plurality of apertures 104 can be separated by the separation
distance. FIG. 17C illustrates a periodic array of cross-
shaped apertures. The cross-shaped apertures can include
the plurality of apertures 104 extending at least partially
through a thickness of the membrane 102. The plurality of
apertures 104 can be separated by the separation distance.
FIG. 17D illustrates a periodic array of square apertures. The
square apertures can include the plurality of apertures 104
extending at least partially through a thickness of the mem-
brane 102. The plurality of apertures 104 can be separated by
the separation distance.

[0113] As used herein, the singular terms “a,” “an,” and
“the” may include plural referents unless the context clearly
dictates otherwise. Spatial descriptions, such as “above,”
“below,” “up,” “left,” “right,” “down,” “top,” “bottom,”
“vertical,” “horizontal,” “side,” “higher,” “lower,” “upper,”
“over,” “under,” and so forth, are indicated with respect to
the orientation shown in the figures unless otherwise speci-
fied. It should be understood that the spatial descriptions
used herein are for purposes of illustration only, and that
practical implementations of the structures described herein
can be spatially arranged in any orientation or manner,
provided that the merits of embodiments of this disclosure
are not deviated by such arrangement.

[0114] As used herein, the terms “approximately,” “sub-
stantially,” “substantial” and “about” are used to describe
and account for small variations. When used in conjunction
with an event or circumstance, the terms can refer to
instances in which the event or circumstance occurs pre-
cisely as well as instances in which the event or circum-
stance occurs to a close approximation. For example, when
used in conjunction with a numerical value, the terms can
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refer to a range of variation less than or equal to £10% of
that numerical value, such as less than or equal to 5%, less
than or equal to 4%, less than or equal to 3%, less than or
equal to +2%, less than or equal to £1%, less than or equal
to £0.5%, less than or equal to £0.1%, or less than or equal
to £0.05%. For example, two numerical values can be
deemed to be “substantially” the same if a difference
between the values is less than or equal to £10% of an
average of the values, such as less than or equal to 5%, less
than or equal to 4%, less than or equal to 3%, less than or
equal to +2%, less than or equal to £1%, less than or equal
to £0.5%, less than or equal to £0.1%, or less than or equal
to +0.05%.

[0115] Additionally, amounts, ratios, and other numerical
values are sometimes presented herein in a range format. It
is to be understood that such range format is used for
convenience and brevity and should be understood flexibly
to include numerical values explicitly specified as limits of
a range, but also to include all individual numerical values
or sub-ranges encompassed within that range as if each
numerical value and sub-range is explicitly specified.
[0116] Any references to implementations or elements or
acts of the systems and methods herein referred to in the
singular can include implementations including a plurality
of these elements, and any references in plural to any
implementation or element or act herein can include imple-
mentations including only a single element. References in
the singular or plural form are not intended to limit the
presently disclosed systems or methods, their components,
acts, or elements to single or plural configurations. Refer-
ences to any act or element being based on any information,
act or element may include implementations where the act or
element is based at least in part on any information, act, or
element.

[0117] Any implementation disclosed herein may be com-
bined with any other implementation, and references to “an
implementation,” “some implementations,” “an alternate
implementation,” “various implementations,” “one imple-
mentation” or the like are not necessarily mutually exclusive
and are intended to indicate that a particular feature, struc-
ture, or characteristic described in connection with the
implementation may be included in at least one implemen-
tation. Such terms as used herein are not necessarily all
referring to the same implementation. Any implementation
may be combined with any other implementation, inclu-
sively or exclusively, in any manner consistent with the
aspects and implementations disclosed herein.

[0118] References to “or” may be construed as inclusive
so that any terms described using “or” may indicate any of
a single, more than one, and all of the described terms.
References to at least one of a conjunctive list of terms may
be construed as an inclusive OR to indicate any of a single,
more than one, and all of the described terms. For example,
a reference to “at least one of ‘A’ and ‘B”” can include only
‘A’, only ‘B’, as well as both ‘A’ and ‘B’. Elements other
than ‘A’ and ‘B’ can also be included.

[0119] The systems and methods described herein may be
embodied in other specific forms without departing from the
characteristics thereof. The foregoing implementations are
illustrative rather than limiting of the described systems and
methods.

[0120] Where technical features in the drawings, detailed
description or any claim are followed by reference signs, the
reference signs have been included to increase the intelligi-
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bility of the drawings, detailed description, and claims.
Accordingly, neither the reference signs nor their absence
have any limiting effect on the scope of any claim elements.
[0121] The systems and methods described herein may be
embodied in other specific forms without departing from the
characteristics thereof. The foregoing implementations are
illustrative rather than limiting of the described systems and
methods. Scope of the systems and methods described
herein is thus indicated by the appended claims, rather than
the foregoing description, and changes that come within the
meaning and range of equivalency of the claims are
embraced therein.

[0122] While the present disclosure has been described
and illustrated with reference to specific embodiments
thereof, these descriptions and illustrations do not limit the
present disclosure. It should be understood by those skilled
in the art that various changes may be made and equivalents
may be substituted without departing from the true spirit and
scope of the present disclosure as defined by the appended
claims. The illustrations may not be necessarily drawn to
scale. There may be distinctions between the artistic rendi-
tions in the present disclosure and the actual apparatus due
to manufacturing processes and tolerances. There may be
other embodiments of the present disclosure which are not
specifically illustrated. The specification and drawings are to
be regarded as illustrative rather than restrictive. Modifica-
tions may be made to adapt a particular situation, material,
composition of matter, method, or process to the objective,
spirit and scope of the present disclosure. All such modifi-
cations are intended to be within the scope of the claims
appended hereto. While the methods disclosed herein have
been described with reference to particular operations per-
formed in a particular order, it will be understood that these
operations may be combined, sub-divided, or re-ordered to
form an equivalent method without departing from the
teachings of the present disclosure. Accordingly, unless
specifically indicated herein, the order and grouping of the
operations are not limitations of the present disclosure.

What is claimed is:

1. An optical device, comprising:

a membrane comprising a plurality of apertures extending
at least partially through a thickness of the membrane,
configured to:
structure incoming light having a wavelength to pro-

duce modified light, wherein the wavelength of the
incoming light in vacuum is in a range from ultra-
violet light to mid-infrared light; and
transmit the modified light through the membrane or
reflect the modified light away from the membrane;
wherein a separation between each of the plurality of
apertures is subwavelength relative to the wavelength
of the incoming light;

wherein a width of each of the plurality of apertures is
subwavelength relative to the wavelength of the incom-
ing light; and

wherein a length of each of the plurality of apertures is
wavelength-scale relative to the wavelength of the
incoming light.

2. The optical device of claim 1, wherein:

the membrane comprises a first surface and a second
surface; and

the plurality of apertures each has an opening in a plane
defined by the first surface and has another opening in
a plane defined by the second surface.
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3. The optical device of claim 1, wherein:

the membrane comprises a first surface and a second

surface; and

the plurality of apertures each has an opening in a plane

defined by the first surface and lacks an opening along
a plane defined by the second surface.

4. The optical device of claim 1, wherein the membrane
is configured to operate in transmission or reflection as at
least one of a converging lens, a diverging lens, a cylindrical
lens, a corrector of optical aberrations of a second optical
element, a diffraction grating, or a waveplate.

5. The optical device of claim 1, wherein one or more
optical properties is constant at a plurality of incident
wavelengths.

6. The optical device of claim 1, wherein a phase profile
of the modified light produces focusing of incident light at
a plurality of wavelengths with a same focal length.

7. The optical device of claim 1, wherein a phase profile
of the modified light produces diffracted orders with a same
diffraction angle at a plurality of wavelengths.

8. The optical device of claim 1, wherein at least 10% of
the plurality of apertures has a length to width aspect ratio
of at least 25:1 or at least 100:1.

9. The optical device of claim 1, wherein the length of
each of the plurality of apertures is slanted relative to a plane
surface of the membrane.

10. The optical device of claim 1, further comprising:

a filler material disposed in the plurality of apertures.

11. The optical device of claim 1, wherein the modified
light includes light with at least one of a modified optical
phase profile, modified amplitude profile, or modified polar-
ization profile.

12. The optical device of claim 1, wherein the incoming
light has a first polarization profile and the modified light has
a second polarization profile.

13. The optical device of claim 1, wherein the incoming
light has a first wavelength and the modified light has a
second wavelength.

14. The optical device of claim 1, wherein the incoming
light exerts an optical force upon transmission or reflection.

15. The optical device of claim 1, wherein each of the
plurality of apertures has non-cylindrical symmetry.

16. The optical device of claim 1, wherein a cross-
sectional profile of a first aperture of the plurality of aper-
tures varies over a length of the first aperture.

17. The optical device of claim 1, wherein the membrane
is mounted onto at least one of a flat solid substrate or a
curved solid substrate to provide structural support.

18. The optical device of claim 1, wherein the membrane
is a silicon device layer from a silicon-on-insulator (SOI)
wafer.
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19. The optical device of claim 1, wherein the membrane
is immersed in a liquid or liquid crystal medium and
configured to operate in the liquid medium or liquid crystal
medium.

20. The optical device of claim 1, wherein the membrane
has a non-zero in-plane curvature.

21. The optical device of claim 1, further comprising a
plurality of optical functions for a plurality of light angles of
incidence.

22. The optical device of claim 1, wherein the membrane
is configured to be folded one or more times for storage and
unfolded for operation.

23. The optical device of claim 1, wherein the membrane
is configured to be rolled-up for storage and unrolled for
operation.

24. The optical device of claim 1, wherein the membrane
is a first membrane, the optical device further comprising a
second membrane cascaded in series with the first mem-
brane.

25. The optical device of claim 1, wherein the membrane
is sandwiched between two reflective or partially-reflective
layers to produce an optical cavity.

26. The optical device of claim 1, wherein:

the membrane comprises a first surface and a second

surface; and

the first surface is coated with at least one of a solid, a

liquid, or a polymeric film.

27. The optical device of claim 1, wherein the plurality of
apertures is a first plurality of apertures, the membrane
further comprising:

a second plurality of apertures extending at least partially

through the thickness of the membrane; and

wherein the membrane comprises a first surface and a

second surface;

wherein the first plurality of apertures each has an open-

ing in a plane defined by the first surface and lacks an
opening along a plane defined by the second surface;
and

wherein the second plurality of apertures each has an

opening in the plane defined by the second surface and
lacks an opening along the plane defined by the first
surface.

28. The optical device of claim 1, wherein the membrane
comprises at least one of silicon dioxide, titanium dioxide,
calcium fluoride, silicon nitride, silicon carbide, titanium
nitride, glass, 11I-V and II-VI semiconductors, diamond,
barium titanate, complex oxides, or perovskite oxides.
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