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Nonlocal Metasurfaces-Enabled Analog Light Localization

for Imaging and Lithography

Minkyung Kim,* Dasol Lee,* Jaekyung Kim, and Junsuk Rho

Localization of light spots in a given image is a common task in digital
processing but is challenging in analog. Herein, a periodic nonlocal
metasurface that has an optical transfer function defined in reciprocal space is
proposed to resolve this issue. Assuming an ideal optical transfer function
that encodes that of a local lens, the selective spot size reduction of incident
Gaussian beams and sharpening of a patterned incidence with a Gaussian
line shape are demonstrated. A realistic nonlocal metasurface comprising a
trilayer structure with air grating on top that operates as a 2D analog light
localizer under unpolarized incidence is presented. Nonlocal metasurfaces,
combined with conventional optics, are expected to improve the resolution by
sharpening the spatial features and find applications in diverse scientific

fields such as medical, materials, and life science.

1. Introduction

Optics permeates our everyday existence and is at the forefront
of scientific exploration. One important component that is indis-
pensable in most optical systems is the lens. The underpinning
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of lenses is the locality in that the
illuminated light interacts locally and
pointwise with each spatial point of the
lenses. To tailor the wavefront and ac-
cordingly the flow of light, refractive
lenses with geometric curvatures!!! and
artificially engineered materials called
metasurfaces comprising spatially vary-
ing unit structures/?!3! have been devel-
oped. These local lenses have an optical
transfer function (OTF) defined in real
space and thus can be understood as mul-
tiplication operators in real space.

Alternatively, one may design a peri-
odic metasurface with strong nonlocality,
i.e., a nonlocal metasurface,['*15] to focus
light as the local lens but in a wavevector
(k) space. Because of translational symmetry, the nonlocal meta-
surface has an OTF defined purely in the k spacel’! and corre-
sponds to a multiplication operator in the k space rather than
in real space. Therefore, in contrast to a local lens that uni-
formly magnifies or demagnifies all the spatial features of an in-
put image, including the spot size and spatial positions, a non-
local metasurface cannot alter the spatial position of the gener-
ated beams, leading to selective control of the size of the light
spot while preserving other spatial information. Furthermore,
nonlocality-based imaging mitigates spatial image distortions
originating from misalignment between the lens center and im-
age. However, despite these advantages and potential applica-
tions, a nonlocal metasurface with such functionalities remains
unexplored.

This paper presents nonlocal metasurfaces that act as 2D ana-
log light localizers under unpolarized incidence. We first demon-
strate that a nonlocal metasurface with an ideal OTF selectively
reduces the spot sizes of incident Gaussian beams while main-
taining their initial positions intact. The localization effect of
the nonlocal metasurface not only occurs under an ideal Gaus-
sian beam, but also can be found under a patterned incidence
with a smooth line shape. Finally, we propose a realistic nonlo-
cal metasurface with a trilayer structure, the top of which has
a diffractive air grating in a square lattice, and investigate its
applicability in imaging and lithography. The nonlocal metasur-
face sharpens the spatial features of the incidence at the speed
of light without requiring digital image processing, thereby en-
hancing the resolution of a given system. Analog light local-
ization empowered by nonlocal metasurfaces has widespread
applications in various fields that involve imaging and light
illumination.

© 2024 The Authors. Laser & Photonics Reviews published by Wiley-VCH GmbH
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Figure 1. Principle of a nonlocal metasurface for light localization. a) Schematic of a local metalens and its spatial nonuniformity and locality. b) Unity
amplitude and quadratic phase profiles of the optical transfer function (OTF) in real space. c¢) Schematic of a nonlocal metasurface and its spatial
uniformity and nonlocality. d) Amplitude and phase profiles of the OTF in the k space.

2. Results and Discussion

2.1. Principle

First, we briefly revisit focusing using local lenses and compare
it with nonlocality-based focusing. Consider a coordinate system
whose origin lies at the lens center and let z be the direction of
propagation. The beam transmitted through the local lens follows
(Figure 1a)

wi(r) = Ty(r)y;(r) 1)
where y is the electric field, the subscripts i and t repre-
sent the incident and transmitted beams, respectively, Tj(r) =

exp [—iko(\/x2 + 92+ f? —f)] is the OTF of the lens (Figure 1b),

r = (x, y) is the lateral spatial coordinates of the lens, k, is the free
space wavenumber, and f is the focal length. When f is much
larger than the lateral dimension of the lens (x? + y* < 4f?), it
has a quadratic phase profile and converts the incident Gaus-
sian into another Gaussian that has a Rayleigh length of 2}, =
2 /(1 + 2% /f?) where z is the Rayleigh length of the incidence. It
can be demonstrated that after propagating through free space by
adistance of z, < fzy/(f + z;), the incident Gaussian centered at
1, is converted to a Gaussian that is centered at rj and has a beam
radius of w', where

z
r=(1-2)r,

’ f
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W = (1= Ly, @)

f

and w, denotes the incident beam waist. This uniform rescaling
holds with a slightly modified ratio when the previous assump-
tion (z, < fzz/(f + zg)) is invalid. A detailed analysis, including
the derivation, can be found in the Section S1 (Supporting In-
formation). Equation (2) implies that the local lens reduces not
only the beam radius by 1 — z,/f but also every piece of spatial in-
formation the incidence contains, including the feature size and
position, by the same ratio. This uniform rescaling of an input
image is an imperative aspect of optics, but cannot provide a se-
lective localization of the spatial features.

The lack of such analog light localization can be overcome
using recently attracted nonlocal metasurfaces.['*15] We consider
an ideal nonlocal metasurface that provides the same functional-
ity as local lenses when the incidence is a Gaussian aligned at the
lens center (Figure 1c). To obtain such a nonlocal metasurface,
we encode the OTF of the local lens in the k space by dividing
the Fourier transform of the transmitted beam by that of the
incidence, as follows:

Tk = ,(k) /¥ (k)
= F[Tin)y;(0)]/F [w;(1)] 3)
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Figure 2. Imaging applications of the nonlocal metasurface compared to the local metalens. a—c) Intensity profiles of beams propagated through (a)
free space, (b) local metalens, and (c) nonlocal metasurface when the incidence consists of multiple Gaussian beams. The wavelength and beam waist
of all beams are 632.8 nm and 100 um, respectively. The propagation distance from the nonlocal metasurface and focal length of the local metalens are
both 30 mm. The intensity profile in (b) is shown at 0.49f apart from the metalens. d, e) Cross-sectional intensity profiles along the dashed lines A and
B in (a—c). Black: free space, blue: local metalens, red: nonlocal metasurface. Blue and red curves in (d) are overlapped. All intensities are normalized to

have a maximum value of unity.

where & denotes the Fourier transform operation, tilde in-
dicates that the quantity is defined in the k space, y; is an
incident Gaussian centered at the origin, and y, is the beam
transmitted through the local lens obtained by Equation (1).
The resultant OTF exhibits a strong incident angle dependence
with a negligible amplitude at k=0 and a diverging feature
that broadens the field profile in the k space (Figure 1d). For
simplicity, we do not specify any polarization and assume that
the OTF is polarization-independent.

The virtue of the nonlocal metasurface appears when the inci-
dence is not aligned with the lens center. Because the OTF of the
nonlocal metasurface is defined in the k-space (Equation (3)) and
spatial operations, such as translations in the xy plane, cannot
affect the k space multiplication, the center positions of the in-
cident and generated beams cannot differ. Thus, for an incident
Gaussian that is centered at r, = (x,, y,), the transmitted beam
also has its center at r,, regardless of the propagation distance
from the lens. Meanwhile, diverging OTF (Figure 1d) broadens
the k space profiles, resulting in the localization of the light spot
by the same ratio as the local lens (Figure 1c). The proof can be
found in the Section S1 (Supporting Information). Therefore, the
nonlocal metasurface compresses each individual beam without
changing its initial position. In this sense, the nonlocal meta-
surface operates as a light localizer. It is a stark contrast to the
locality-based focusing (Equation (2)), where the beam center ap-
proaches the lens center as the beam propagates toward the fo-
cal point and hence the entire image is demagnified uniformly.
Nevertheless, using nonlocal optics to selectively reduce the light
spot size or to sharpen spatial features without destroying other
information has not been attempted before.
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The analog localization of light may also be achieved by con-
structing an optical setup to filter low k components in a nar-
row k space regimel’’! (Section S2, Supporting Information) but
this nonlocal metasurface provides the same effect in a few
micrometer-scale thickness, reducing the form factor by several
orders of magnitude. The nonlocal metasurface as a light local-
izer should be distinguished from recently reported spaceplates
or space compressors!1823] in that the nonlocal metasurface com-
presses the incident Gaussian regardless of its converging or di-
verging characteristics (see Section S3, Supporting Information
for details).

2.2. Imaging Applications

A straightforward application of nonlocal metasurface is in imag-
ing. For quantitative analysis, we define the localization ratio as
w'/w, where w' is the radius of the beam transmitted through
the metasurface and then propagating in free space by z, and
w is the radius without the metasurface. Here, the beam radius
is defined as the distance from the center at which the inten-
sity decreases to 1/e?. We simulate the propagation of multi-
ple Gaussian beams that have a wavelength A = 632.8 nm and
beam waist w, = 100um (Figure 2a) and pass through the local
metalens (Figure 2b) and nonlocal metasurface (Figure 2c), re-
spectively. The local metalens has a focal length of 30 mm. The
OTF of the nonlocal metasurface is selected to serve the same
function as that of the local metalens under a Gaussian beam
with w, = 100um centered at the origin using Equation (3). Note
that the OTF diverges rapidly within |k| < 0.01k, and the OTF
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Figure 3. Lithography applications of the nonlocal metasurface compared to the local metalens. a—c) Intensity profiles of beams propagated through
(a) free space, (b) local metalens, and (c) nonlocal metasurface when the incidence consists of multiple doughnut-shaped beams. The half-line width
of the doughnut shape is 75 um. The propagation distance from the nonlocal metasurface and the focal length of the local metalens are both 1 mm.
The intensity profile in (b) is shown at 0.49f apart from the metalens. d) Cross-sectional intensity profiles along the dashed line in (a—c). Black: free
space, blue: local metalens, red: nonlocal metasurface. e) Binary images of (a—c) when the threshold value is 0.3. Black and white denote unpatterned
and patterned areas, respectively. All intensities are normalized to have a maximum value of unity.

at [k| > 0.01k, is set to zero to prevent divergence as the k space
profile of the incidence is negligible in this regime (See Section
S1 and Figure S2, Supporting Information).

For z,=0.49f, the local metalens squeezes the incidence
uniformly by a ratio of 0.56 (Figure 2b, also see Equation (S8)
and Figure S1, Supporting Information for details). In contrast,
the nonlocal metasurface reduces only the spot size of the beams
by the same ratio and preserves their initial positions (Figure 2c).
The difference between the local and nonlocal operations is indi-
cated more definitely in the cross-sectional profiles (Figure 2d,e).
Local metalens and nonlocal metasurface operate the same
manner under a single Gaussian (Figure 2d), but they result in
distinct images when two Gaussians partially overlap (Figure 2e).
Whereas the distance between the two centers of the beam trans-
mitted by the local metalens is significantly reduced due to
the uniform demagnification (Figure 2e, blue), it remains un-
changed when using the nonlocal metasurface (Figure 2e, red).

The image of the multiple Gaussians shown in Figure 2 is
not just a proof-of-concept demonstration but is a realistic ex-
ample that nicely models the imaging of fluorescent particles in
biology, medical science, chemistry, etc. Interestingly, the sharp-
ening of the spatial features not only applies to single or mul-
tiple Gaussians but also works for other patterns with a Gaus-
sian line shape (as presented in the following section). Further-
more, although our simulations do not include other optical com-
ponents, such as an objective lens, a nonlocal metasurface can
be implemented in conventional optics to improve the resolu-
tion. Nonlocal metasurface-based imaging is diffraction-limited
in that it cannot defeat the fundamental Abbe diffraction limit.[24]
Nevertheless, for a given setup, the nonlocal metasurface can
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improve the setup resolution, originally determined by the nu-
merical aperture of the system, by reducing the spot size or
by sharpening the line width. See Section S4 (Supporting In-
formation) for further details on the minimum resolvable dis-
tance. In addition, here we only present light localization, but
selective magnification of the beam spots is also possible by en-
coding the OTF of a local concave lens (Section S5, Supporting
Information).

2.3. Lithography Applications

The OTF of a nonlocal metasurface defined by the abovemen-
tioned method (Equation (3)) depends on the incidence parame-
ters, such as the beam waist. Thus, it may result in distinct op-
erations, i.e., the failure of the localization effect, under different
incidences. Nevertheless, a nonlocal metasurface designed for a
specific condition applies to other incidences with a smooth line
shape to a certain level. For example, a nonlocal metasurface can
sharpen patterned illumination with a Gaussian line shape. This
makes it suitable for another promising application: photolithog-
raphy. Implementing a nonlocal metasurface between the mask
and photoresist sharpens the patterns and provides better res-
olution under the same conditions. To demonstrate this effect,
a doughnut-shaped incidence periodically arranged in 3 x 3 pat-
tern is considered (Figure 3a). The line shape of the ring is Gaus-
sian with a half-line width of 75 ym (Figure 3d, black). When the
incidence passes through the local metalens with f = 1 mm and
propagates through the free space by 0.49f, all features, includ-

© 2024 The Authors. Laser & Photonics Reviews published by Wiley-VCH GmbH
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ing the distance between two neighboring rings, ring diameter,
and line width, shrink by the same ratio of 0.56 (Figure 3D).

We imagine a nonlocal metasurface, the OTF of which is
obtained by Equation (3) with different parameters: w, = 75um
and the cutoff of 6 x 10~3k,. Despite the difference between the
k space profile of the single Gaussian and doughnut-shaped
incidence, a localization effect is observed; only the line width is
demagnified, whereas the distance between the rings and ring
diameter barely changes (Figure 3c). This confirms the wide
applicability of nonlocal metasurface for different incidences
with smooth line shapes. The cross-sectional intensity profiles
clearly show that the nonlocal metasurface selectively reduces
the line width by a ratio of approximately 0.53 while retaining
the spatial position of the patterns (Figure 3d). The discrepancy
between the incidence used to determine the OTF and the
doughnut-shaped incidence makes the localization ratio slightly
different from the analytic value and also induces the four-fold
rotational (C,) pattern in Figure 3c. Moreover, the transmitted
beam profiles can be converted into binary images by assuming
a threshold value, above which the photoresist is polymerized.
Binary images with a threshold of 0.3 (Figure 3e) demonstrate
the successful line width reduction using the nonlocal meta-
surface. Note that the line width of the binary patterns depends
on the threshold and can be changed by setting a different
value.

2.4. Proposal of a Realistic Nonlocal Metasurface

As a proof-of-concept, we suggest a nonlocal metasurface con-
sisting of a perforated high-index dielectric layer, a low-index di-
electric layer, and another high-index dielectric layer, from top
to bottom, on a silicon dioxide (SiO,) substrate as a 2D analog
light localizer working under unpolarized light (Figure 4a). The
air hole in the top layer is periodically arranged in a square lat-
tice and functions as a high-contrast grating. This trilayer design
is adapted from previous studies on space compression and im-
age differentiation by Guo et. al.l'®%] for its strong nonlocality
originating from the guided-mode resonance. Considering the
conceptual nature of the previously reported design, which is
not experimentally feasible due to the requirement of a lossless
high-index material and structures being freestanding and float-
ing in air, we propose an alternative design using readily avail-
able materials, hydrogenated amorphous silicon (a-Si:H) as the
high-index dielectric and SiO, as the low-index dielectric. The
refractive indices of a-Si:H and SiO, are 3.5 + 0.046i and 1.457,
respectively.2%?’] The five geometric parameters, lattice constant
a, radius of the air hole r, upper a-Si:H thickness t,, SiO, thick-
ness t,, and bottom a-Si:H thickness t,, are obtained using par-
ticle swarm optimization by setting the localization ratio as the
cost function to be minimized. Because of the significant depen-
dence of the localization ratio on the lattice constant (Section S8,
Supporting Information), the inertia weight in the optimization
is set as zero. The optimized geometric parameters for operation
at 4 =632.8 nm and w, = 100um are as follows: a = 438 nm,
r=194nm, t;, = 171 nm, ¢, = 1492 nm, and t; = 151 nm.

For light incident from the air, the OTF of this nonlocal meta-
surface has strong polarization- and incident-angle-sensitive
characteristics, which are common features of the guided-mode

Laser Photonics Rev. 2024, 18, 2300718 2300718 (5 of 9)
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resonancel?®32! (Figure 4b). Under normal incidence, the inci-
dent light couples with the evanescent channel in the SiO, slab
via diffraction and propagates laterally, guided by adjacent high-
index layers. When the incidence is obliquely injected, this in-
plane guided mode is maintained under p polarization at a suffi-
ciently small incident angle (< 5°) but breaks down rapidly un-
der s polarization where diffraction does not occur, leading to
polarization- and incident-angle-selective behaviors within a nar-
row k regime (|k| < 0.01k,) (see Section S6, Supporting Informa-
tion for details).

The major cause of light localization in this metasurface is
the low OTF at k = 0, which suppresses the relative strength of
the zero-spatial-frequency component, thereby broadening the
overall k space profile. Without satisfying this requirement, ana-
log light localization cannot be achieved because the transmitted
beam is a superposition of the original beam and higher-order
terms, which are insufficient to alter the overall beam shape (Sec-
tion S2, Supporting Information). Another noticeable feature of
the OTF is that |t| exhibits a diverging amplitude along the k-
and k -axes at small k, whereas |t,| maintains a low amplitude.
These distinct behaviors result in the compression of the inci-
dent light spot when combined, as follows: The k space profile
of the incidence is decomposed into s and p polarizations and
then multiplied by the 2 x 2 OTF matrix (see the Experimental
Section for details). For an incidence polarized along the hori-
zontal (x-axis) direction, the p-polarized component of the trans-
mitted beam has an elliptical beam shape similar to that of the
incidence but has a slightly elongated feature along the vertical
direction. In contrast, the s-polarized component has two verti-
cally aligned, strong hotspot-like beam shapes at approximately
y = +£1.05w, due to the increasing amplitude. Importantly, the p-
and s-polarized components have opposite phases at the hotspots,
thereby leading to destructive interference that reduces the over-
all spot size, particularly along the y-axis. This corresponds to 1D
light localization. Similar but a 90°-rotated feature is observed
under vertical polarization because of the C, symmetry of the
structure. The details can be found in the Section S7 (Support-
ing Information).

The superposition of the two results in a beam with a smaller
spot size along both horizontal and vertical directions under un-
polarized incidence, indicating the realization of 2D analog light
localization (Figure 4c,d). The OTF (Figure 4b) not ideal as that
shown in Figure 1d gives rise to sidelobes. The sidelobes are C,
symmetric originally but have a slightly tilted pattern due to the
nonzero cross-polarized components. The cross-sectional inten-
sity profiles show that the localization ratio is approximately 0.74
and the sidelobe intensity is less than 1/¢?. Because of the guided-
mode resonance, the OTF and consequently the light localization
effect depend strongly on the lattice constant. Such strong depen-
dence is a common characteristic found in similar designs.!'8%]
This allows us to design nonlocal metasurfaces with the desired
localization ratio and sidelobe by fine-tuning the lattice constant
(Section S8, Supporting Information). For easier experimental
demonstration, searching for a metasurface design that is robust
to changes in geometric parameters holds promise. In addition,
a nonlocal metasurface can be designed for a smaller w, that
reaches a few micrometers using the same principle, for exam-
ple, by optimizing the geometric parameters to produce an OTF
similar to those shown in Figure 4b in a wider k space range.
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Figure 4. Realistic nonlocal metasurface for the light localization. a) Unit cell and b) OTF of the metasurface. ¢, d) Intensity profiles of beams propagated
(c) without and (d) with the metasurface when the incidence is an unpolarized single Gaussian beam and z, = 30 mm. e) Cross-sectional intensity profiles
along the x-axis. f, g) Intensity profiles in the yz plane (f) without and (g) with the metasurface. Black curves indicate the beam waist of the Gaussian

beam in the free space.

For completeness, Figure 4f,g present the evolution of the
intensity profile with and without the metasurface during the
free space propagation. Note that the metasurface and Gaussian
focus of the incidence lie at z = 0. A Gaussian beam propagating
in free space without passing through the metasurface follows a
Gaussian beam expression and exhibits a diverging beam radius
that obeys w(z) = w,V/1 + F2, where F = z/z, is the propagation
factor (Figure 4f). In contrast, the simulation results of the beam
propagating through the metasurface prove that the metasurface

Laser Photonics Rev. 2024, 18, 2300718 2300718 (6 of 9)

compresses the incidence not only at a specific propagation
distance, but over a broad range (Figure 4g). Considering that
the beam radius of the propagating Gaussian naturally enlarges
(Figure 4g, black dashed), the central beam remains well local-
ized even at a relatively far distance. However, compared to the
center intensity, which decreases during propagation, the change
in the sidelobe intensity is considerably less, leading to an in-
crease in the relative strength of the sidelobe with increasing
propagation distance (see Section S9, Supporting Information).

© 2024 The Authors. Laser & Photonics Reviews published by Wiley-VCH GmbH
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Figure 5. Imaging and lithography applications of the realistic nonlocal metasurface. a) Intensity profiles of the beam transmitted through the nonlocal
metasurface when the incidence is the three Gaussian beams with wy = 100um (Figure 2a). b) Cross-sectional intensity profiles along the black dashed
line. ) Intensity profiles of the transmitted beam when wy = 80um. d, €) Intensity profiles of the (d) incidence and (e) beam transmitted through the
nonlocal metasurface when the half-line width of the doughnut-shaped beam is 100 um. f) Binary image of (e) when the threshold is 0.5. z, = 30 mm

for imaging and 3 mm for lithography.

Finally, diffraction-limited imaging and lithography applica-
tions using a realistic nonlocal metasurface are demonstrated
(Figure 5). Under triple Gaussian incidence shown in Figure 2a,
the nonlocal metasurface selectively compresses the individual
spots and retains their initial positions, as expected (Figure 5a).
For two Gaussians placed nearby, the localized beam and side-
lobe spatially overlap, generating unwanted noise, but their in-
tensities are low compared with the spot intensity. Because of
the localization effect, the two beams are more clearly distin-
guishable (Figure 5b). Although the nonlocal metasurface is op-
timized to operate for w, = 100um, it also localizes a Gaussian
with a different spot size w, = 80um (Figure 5c¢, see also Sec-
tion S10 and Figure S13, Supporting Information). Meanwhile,
when the incidence has nonsmooth patterns, such as images
with sharp edges, the metasurface supports 2D analog edge de-
tection rather than lightlocalization (Section S10 and Figure S14,
Supporting Information). This is because a metasurface for edge
detection has similar requirements: a vanishing OTF at the k
space origin.!?>3-3¢] Therefore, although it has not been men-
tioned before, the previously proposed metasurface for 2D edge
detection may provide light localization if the incidence changes
from a binary, sharp image to a smooth one such as the Gaussian
beam.!?>] However, it does not imply that all metasurfaces for 2D
edge detection provide such an effect, because most of their OTF
do not change drastically in a narrow k regime. For instance, the

Laser Photonics Rev. 2024, 18, 2300718 2300718 (7 of 9)

single-layer metasurface for 2D edge detection!® cannot reduce
the light spot size for w, = 100um (Section S11, Supporting In-
formation).

We then examine the nonlocal metasurface under a pe-
riodically arranged doughnut-shaped incidence to prove its
applicability to lithography (Figure 5d—f). Although this nonlocal
metasurface is designed to localize a Gaussian beam, it success-
fully operates under patterned illumination with smooth line
shape; the metasurface selectively reduces the line width of the
incidence without altering any other features or compromising
the overall pattern (Figure 5d,e). The distortion originating from
the lack of rotational symmetry of the OTF is insignificant,
especially at their binary patterns (Figure 5e,f). These results
demonstrate that despite its incident-dependent characteristics,
the nonlocal metasurface covers a wide range of incidences and
thus is applicable to various circumstances.

3. Conclusion

A nonlocal metasurface that operates as a 2D analog light local-
izer is proposed and numerically demonstrated. Gaussian beams
or patterned illumination with a Gaussian line shape are sharp-
ened after propagating through the metasurface with an ideal
OTF. To realize this 2D localization effect under unpolarized inci-
dence, an experimentally feasible metasurface is suggested based

© 2024 The Authors. Laser & Photonics Reviews published by Wiley-VCH GmbH
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on a trilayer structure with periodically arranged air holes on the
top layer. The nonlocal metasurface localizes multiple Gaussian
incidences and sharpens ring patterns with Gaussian line shapes,
confirming its applicability to diffraction-limited imaging and
lithography. In comparison to local lenses, the nonlocal metasur-
face has the advantage of controlling the spot size and line width
of individual features while preserving other spatial information
intact. The nonlocal metasurface also has a limitation in that it
does not perform well under incidences that significantly differ
from the predefined one. Because of their complementary func-
tionalities, combined use of the local lenses and nonlocal meta-
surfaces will create new possibilities in analog image processing.
Finally, the experimental realization of the light localization and
its implementation in biological, medical, and environmental sci-
ence and other interdisciplinary area will be promising.

4. Experimental Section

The OTFs of the nonlocal metasurfaces were computed using the com-
mercial software COMSOL Multiphysics. Bloch periodic boundary con-
ditions were applied along two lateral boundaries and periodic ports
with perfectly matched layer conditions were applied along the vertical
boundaries. The full-wave simulations were conducted under oblique in-
cidences by varying the incident angle and plane. The beam profile after
the nonlocal metasurface was then obtained by first decomposing the inci-

dence F (w;(r)) = Wi (k) = (¥, (k) y“/,-s(k))T in the k space and then apply-
ing w,(r) = F~'[T,;(K)F (;(r))] using a home-built code written in MAT-
LAB where the OTF of the metasurface

PP\ TS
700 = (T% O “") @)

is a 2 by 2 matrix. Small but nonzero off-diagonal elements (amplitude
< 0.1) were not shown in this paper but were included in the calculation.
The beam after propagating for a distance could be obtained by applying
a scalar diffraction operation. The Rayleigh-Sommerfeld diffraction theory
was used to calculate the results shown in Figures 3 and 5e; the Fresnel
diffraction theory was used for the remaining.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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