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Sampling is a pivotal element in the design of metasurfaces, enabling a broad
spectrum of applications. Despite its flexibility, sampling can result in reduced
efficiency and unintended diffractions, which are more pronounced at high
numerical aperture or shorter wavelengths, e.g. ultraviolet spectrum. Prevail-
ing metasurface research has often relied on the conventional Nyquist sam-
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pling theorem to assess sampling appropriateness, however, our findings
reveal that the Nyquist criterion is insufficient guidance for sampling in
metasurface. Specifically, we find that the performance of a metasurface is
significantly correlated to the geometric relationship between the spectrum
morphology and sampling lattice. Based on lattice-based diffraction analysis,
we demonstrate several anti-aliasing strategies from visible to ultraviolet
regimes. These approaches significantly reduce aliasing phenomena occurring
in high numerical aperture metasurfaces. Our findings not only deepen the
understanding in phase gradient metasurface but also pave the way for high
numerical aperture operation down to the ultraviolet spectrum.

Metasurfaces are flat optical components that have drawn substantial
attention for their various abilities to control electromagnetic waves.
Among these, phase gradient metasurfaces, which manipulate the
wavefront of light at a subwavelength scale, stand out due to their
versatility'>. Wavefront transformation is achieved by periodically
arranged subwavelength scatterers, so-called meta-atoms. They can
encode the local phase within each pixel according to the desired
phase profile. When incident waves pass through the metasurface, the
desired wavefront becomes reconstructed. This sampling-based
design principle can be applied to various applications, e.g. lenses*™,
holograms’ 2, vortex beams™", and structured light>¢,

However, sampling is a double-edged sword. Despite the flex-
ibility, metasurfaces encoded by high numerical aperture (NA)
phase function suffer from fundamental efficiency limits"%. Fur-
thermore, coarse sampling leads to unintended diffractions having
distorted momenta™*°, which can be understood as a wagon-wheel

effect in the metasurface (Fig. 1). These issues hinder the metasur-
face from high NA operation with high signal-to-noise ratio (SNR),
which is crucial in extending detection ranges in light detection and
ranging (LiDAR) systems™'*?, broadening the field of view (FOV) in
augmented reality/virtual reality (AR/VR) devices?>”, and enhan-
cing resolution in imaging and fabrication systems***. Fine sam-
pling through smaller pixel size can alleviate those challenges,
however, it leads to decreased effective index or reduced aniso-
tropy of meta-atoms, which demands a high aspect ratio for full
phase modulation, making fabrication more challenging?®?. Fur-
thermore, a small area of unit cells limits the degree of freedom in
designing meta-atoms having complex topology®*%. As the wave-
length shortens, especially in the ultraviolet (UV) regime, sampling
problems become severe due to the more stringent sampling con-
dition and relatively low refractive index of a lossless dielectric in
the UV spectrum®’. Nevertheless, not only an analysis of distorted
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Fig. 1| The wagon-wheel effect in metasurface. a Schematic illustration of the
temporal sampling system. The arrow rotating in a clockwise (CW) direction is
captured over a few frames in time, leading observers to perceive it as rotating
counterclockwise (CCW) after reconstruction. This visual illusion is commonly
referred to as the ‘wagon-wheel effect'”. b Schematic illustration of spatial sam-
pling in a metasurface. The desired phase profile (blue line) is sampled by a few

meta-atoms on the metasurface. However, the set of sampled phases (denoted as
yellow circles) also can reconstruct another phase profile (red line), which has an
opposite sign of slope. This ambiguity leads to the spatial wagon-wheel effect
occurring in the metasurface, manifesting as unwanted diffractions having dis-
torted transverse momenta.

diffractions but also the anti-aliasing strategies have yet to be fully
studied.

Here, we investigate the aliasing phenomena occurring in meta-
surfaces. We find that the higher-order spectra encoded in meta-
surfaces can be outcoupled into free space, manifesting as the wagon-
wheel effect in diffraction. Moreover, the Nyquist sampling criterion,
which is commonly employed in assessing sampling appropriateness,
cannot fully determine the exact condition for avoiding distorted
diffraction. Through expanding the diffraction analysis into a two-
dimensional spectral space, we find that the geometric relationship
between the phase spectrum and lattice structure plays a crucial role in
determining the aliasing condition of the metasurface. Based on
insights obtained from aliasing analysis, we propose anti-aliasing
strategies to eliminate distorted diffraction. These approaches mark-
edly eliminate aliasing phenomena occurring in high NA metasurfaces
for visible to near-UV metasurfaces.

Results

Diffraction regimes of metasurface

Before proceeding with our discussion, we will use a momentum unit
(k=2mtf) in the form of spatial frequency (f) multiplied by 2m as a
standard unit for describing a spectrum of phase profile. First, we start
with the simplest case, a one-dimensional (1ID) phase gradient meta-
surface for monochromatic light (A = Ao). The meta-atoms are arranged
along the x-axis with a subwavelength interval (A) to sample the
desired phase profile (Fig. 2a). Discrete sampling of the phase profile
reproduces the periodic array of the spatial spectrum with interval
G =21/A in the momentum space®. Among them, the n'™-order spectra
have shifted momenta by nG for an integer n. When the momentum (k)
from higher-order spectra falls within the light cone (i.e. | k | <ko where
ko=21/Ap), they can propagate into free space, manifesting as an
aliasing of metasurface (Supplementary Note 1). To identify the spec-
tral range where aliasing occurs, we construct the diffraction diagram
from repetitive light cones in reciprocal space (Supplementary Note 2).
Here, the light-cone array is arranged with interval G in the momentum
space (Fig. 2a, b). One can imagine that the light cones become closer
together as the shorter wavelength (1p) and the wider sampling
interval (A). Especially, when the parameter Ao/A is under the value of 2,
light cones start to overlap each other. For any target momentum to be
encoded (kmera) in the desired spectrum, it can be coupled to a higher-

order light cone when it belongs to an overlap spectral region (Fig. 2b).
It results in the aliasing of the metasurface. The parameter Ao/A thus
can be regarded as a sampling level of the metasurface since it
determines the spectral range susceptible to distortion.

Here, we consider the 1D metasurface where light cones overlap
each other, i.e. Ao/A <2. Assumes an arbitrary momentum Kpee, >0
within the desired spectrum (Fig. 2b). Depending on the magnitude of
kmeta, there are three distinct diffraction scenarios for 1D metasurface:

Aliasing-free (AF) regime - When ke is in @ non-overlap spectral
region, i.e. |kmeta | <G — ko, only the O™-order light cone is coupled.
Therefore, the ideal order (Ti4ea) radiates to the free space whereas the
aliasing order (Tajasing) doesn’t appear. This aliasing-free spectral
region is colored yellow in Fig. 2b. Here, the ideal order is defined as
the diffraction order that has a desired spectrum while the aliasing
order has a higher-order spectrum.

Weak wagon-wheel effect (WW) regime - If ko, is within the
range where light cones overlap but still inside the Brillouin zone (BZ),
i.e. G- ko <lkmew | <G/2, the incident light is coupled to both 0™"-order
and adjacent higher-order light cones. Different from the AF regime,
the coupling of higher-order light cones leads to the outcoupling of
aliasing order having the shifted momentum Kajiasing = Kmeta — G. The
magnitude of imparted transverse momentum of aliasing order is
larger than those of ideal order, i.e. Kjiasing > Kmeta- NOte that the
spectrum belonging to the WW regime satisfies the Nyquist criterion
since the BZ boundary corresponds to the Nyquist limit (| kmeea | = G/2),
which is defined as half of the sampling frequency in momentum unit
(G). This implies that, counterintuitively, the Nyquist criterion cannot
ensure unintended diffraction in the free space. This spectral region is
colored red in Fig. 2b.

Strong wagon-wheel effect (SW) regime - When k.., lies outside
the BZ, i.e. G/2 <|kmeta |, incident light is coupled to both 0™-order and
adjacent higher-order light cones where the transverse momentum of
aliasing order is smaller than those of ideal order, i.e. |[kneta =Gl =
[Katiasing |< |kmeta | - The spectrum belonging to this regime does not
satisfy the Nyquist sampling criterion since it is outside of BZ. This
spectral region is colored blue in Fig. 2b.

As a proof of concept, the diffraction efficiencies of the beam
steering metasurface are calculated for various sampling levels
(Fig. 2c-e). The metasurface is targeted for normally incident light with
awavelength of 325 nm. The rigorous coupled-wave analysis (RCWA) is
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Fig. 2 | Aliasing in 1D beam steering metasurface. a Schematic illustration of 1D
metasurface and reproduced light cones in the momentum space. The spectral
range where aliasing occurs can be obtained from overlapping light cones.
Depending on the target frequency of light (wo) and the sampling interval (A), the
range of overlap spectral region is determined. b The cross-section of light cones at
the target frequency. Depending on the magnitude of the encoded momentum
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(| Kmeta | ), the normally incident light can couple not only the 0™-order light cone
but also the adjacent higher-order light cone. c-e Calculated diffraction efficiency
for various sampling levels where (c) A/A = 2.04, (d) A/A =1.82, (e) A/A = 1.6],
respectively. Yellow, red, and blue colors in the graphs represent the three dif-
fraction regimes, AF, WW, and SW regimes, respectively.

employed to determine diffraction efficiencies of various steering
angles (Methods). Different sets of meta-atoms are used for each
sampling level whose refractive index is 2, and their height is deter-
mined to ensure full phase modulation from O to 2 (Supplementary
Note 3). The red and blue curves in Fig. 2c-e represent the diffraction
efficiency of Tigear and Tajiasing, respectively. Here, we define diffraction
efficiency as the ratio of power coupled into each diffraction order to
the total transmitted light.

In Fig. 2c-e, Ti4ea decreases as the steering angle increases, due to
the reduced number of sampled phases since the phase gradient
becomes steeper. When the light cones overlap, i.e. the sampling level
is under 2, the WW and SW regimes emerge (Fig. 2d, e). At the WW
regime, aliasing starts to emerge, and its efficiency increases as the
steering angle increases. This is because the magnitude of imparted
momentum of aliasing order (Kajiasing = |kmeea— G |) decreases as the
desired momentum k.., increases. In the SW regime, the efficiency of
the aliasing order eventually surpasses the ideal order. Note that as
long as the sampling level of the metasurface remains unchanged, the
ideal and aliasing order cannot be decoupled from each other (Sup-
plementary Note 4). The sampled surface profile obtained by K,
inherently includes the sampling of K jjying- In Other words, an observer
cannot distinguish whether the surface profile was generated by
Sampling kmeta or kaliasing'

For instance, if k,,,, is coarsely sampled, this results in two dif-
fraction channels, Tigea and Tajiasing. Here, Tigear Will carry the trans-
verse momentum of K,,..,, wWhile Tajasing Will carry the transverse
momentum of Kggsing. Conversely, if Kgjgsing is sampled, Tajiasing
becomes the desired order, and the aliasing channel would then be
represented by Tigea. This demonstrates that the aliasing channel is not
merely an independent, unwanted diffraction channel but rather
considered as an ideal diffraction channel with a different transverse

momentum. Therefore, efforts to enhance the diffraction efficiency of
Tigea—Such as by increasing the transmittance of the meta-atom or
enhancing the conversion efficiency of PB-meta-atom—will inevitably
lead to an increase in the efficiency of Tajasing, Provided the sampling
level remains unchanged.

Anisotropic performance of sampling lattice

Now, the aliasing analysis is further extended to a metasurface com-
posed of a two-dimensional (2D) lattice, which is a more general case
(Supplementary Note 5). While square lattice and hexagonal lattice are
commonly employed in metasurfaces, it is possible to generate an
arbitrary sampling lattice using two nonparallel vectors™. Akin to a
previous 1D case, we can construct a diffraction diagram for identify-
ing diffraction regimes from the array of light cones positioned at each
point generated by the linear combination of the reciprocal basis
vectors (Fig. 3a, b). For instance, Fig. 3c presents the diffraction dia-
gram for a square lattice at a sampling level of 1.58, where yellow, red,
and blue colored spectral regions in the diagram represent AF, WW,
and SW diffraction regimes, respectively.

Consider the scenario where arbitrary momentum I?me[a is
imparted to incident light through this sampling lattice. Here, NA for
I?meta, i.e. II?n1eta | /ko, is assumed to be 0.82, which is represented by
the red dashed circle (Fig. 3c). Although its sampling lattice doesn’t
satisfy the Nyquist criterion ( II?meta | /ko >Ao/2A = 0.79), interestingly,
one can observe that the diffraction regimes vary depending on the
azimuthal direction of Kmeta: Specifically, if the direction of the
momentum is parallel to the lattice vectors, along the x or y-axis, then
the momentum falls into the SW region, however, if the momentum’s
direction is diagonal, the spectrum then belongs to the AF regime
(Fig. 3¢). This observation implies that each sampling lattice has spe-
cific directions that are particularly advantages for large-angle
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Fig. 3 | Anti-aliasing of metasurface by rotating sampling lattice. a Schematics
of a metasurface and its corresponding light cone array in the momentum space.
b Cross-section of the light cones at the target frequency (@ = wo). ¢ Diffraction
diagram obtained from overlap light cones, identifying different diffraction
regimes. The regimes of AF, WW, and SW are indicated in yellow, red, and blue,
respectively. d Illustration of rotated sampling lattices with an identical phase map,
highlighting how diffraction regimes change in terms of the rotation angle of the
sampling lattice. e The efficiency ratio between ideal and aliasing order as a

Rotation angle (°)

Experiment
Simulation

function of the sampling lattice’s rotation angle. The measurements were repeated
5 times; error bars represent the standard deviation. The solid line represents
calculated data from finite-difference time-domain (FDTD) simulation.

f Presentation of experimental (black line) and calculated (red line) far-field
radiation pattern (top). The momentum space images (bottom) are calculated from
FDTD simulation. The outer and inner dotted circles in the momentum space image
represent the light cone and the NA of the objective lens, respectively.

diffraction, which is not observed phenomenon in the 1D sampling
case. Moreover, simply aligning the superior direction of the sampling
lattice with that of the directional spectrum can serve as an effective
anti-aliasing strategy.

As a proof of concept, we experimentally demonstrate the
Pancharatnam-Berry metasurface"* designed for steering light at an
angle of 55°, which corresponds to the NA of about 0.82. The meta-
surface is designed based on a square lattice with a periodicity of
400 nm, targeting a wavelength of 632 nm, which corresponds to a
sampling level of 1.58. For the meta-atoms, hydrogenated amorphous
silicon (a-Si:H) is employed, with a refractive index of 2.42 at the target
wavelength (Methods and Supplementary Note 6). To validate the
anisotropic performance of the metasurface, we fabricate ten different
metasurfaces with identical phase profiles, but different sampling
grids rotated from 0° to 45° with 5° intervals (Fig. 3d and scanning

electron microscope (SEM) images are in Supplementary Note 7). Note
that the metasurfaces don’t satisfy the Nyquist criterion (NA>Ao/
2A =0.79). Figure 3e shows the efficiency ratio between the ideal and
aliasing diffraction order measured by a power meter. Blue, red, and
yellow colors denote the diffraction regimes obtained from the dif-
fraction diagram represented in Fig. 3c. When the rotation angle is
below about 15°, the diffraction belongs to the SW regime where the
efficiency of aliasing slightly surpasses those of ideal order. When the
rotation angle exceeds approximately 33°, aliasing nearly disappears
even though the periodicity of the lattice doesn’t meet the Nyquist
criterion. Figure 3f shows the measured momentum space images
compared with simulated results (measurement setup is in Supple-
mentary Note 8). One can find that while the direction of the ideal
order is invariant due to the identical phase profile for metasurfaces,
the aliasing order moves toward the outer edge of the light cone as the
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Fig. 4 | Anti-aliasing for wide field of view (FOV) meta-hologram. a, b Spectrum
of hologram aligns with the x-axis. ¢, d Spectrum of hologram is rotated by 45° from
the x-axis. a, ¢ Diffraction diagram for the meta-hologram with a maximum NA of
0.94. b, d Measured wide FOV (FOV of hologram is about 140.2°) hologram images.

rotation angle increases. It is because the transverse momentum of the
aliasing order, which can be calculated as Emeta -V,, varies according
to the grid rotation angle since lattice rotation changes the lattice
vector V,. At rotation angles above 25°, the aliasing order moves
beyond the NA of the objective lens (0.9) and is no longer observable
(Supplementary Note 9).

To further demonstrate the versatility of the anti-aliasing method
through lattice rotation, we extended its application to wide FOV
holograms (Fig. 4). The set of meta-atoms composing the metasurface
is the same as that used for beam steering. Note that the maximum NA
of the hologram is 0.94 (the FOV of a hologram is about 140.2°),
exceeding the Nyquist limit NA of 0.79. We fabricate two metasurfaces
with the lattice of the square grid aligned at 0° and 45° relative to the
hologram spectrum. In the aliasing map for the 0° alignment, the let-
ters ‘P’ and ‘B’ fall into the SW region, while the letters ‘0’,‘S’, L', and ‘A’
are partially in the WW region (Fig. 4a). In contrast, when rotated by
45°, all letters fall into the AF region (Fig. 4c). We fabricate meta-
surfaces for both cases and measure the hologram (see Fig. 4b and d,
and measurement setup is in Supplementary Note 10). As expected,
when the spectrum is rotated by 45°, aliasing is effectively suppressed,
even at high-NA region (see inset boxes for Fig. 4b and d). In Fig. 4b, the
letters ‘P’ and ‘O’ are overlapped with the aliasing order of the letters ‘A’
and ‘B’, however, there is no aliasing observed in Fig. 4d (Supple-
mentary Video 1).

Lattice-dependent characteristics in metalens

Now we investigate the effect of sampling lattice in a metalens, which is
one of the prominent applications for phase-gradient metasurfaces.
Unlike the directional momentum encoded for beam steering, the
spectrum for beam focusing is isotropic for all azimuthal directions. In
addition, for a high NA metalens, the spectrum nearly spans the entire
cross-section of a light cone. Consequently, high NA metalenses can
exhibit varying diffraction regimes depending on the radial distance
from the center. For example, for the high NA metalens having a low
sampling level, aliasing can prevail at the edge of the metalens. Thus,
the light transmitted through the high NA metalens mostly coupled to

the focusing ideal orders, diverging aliasing orders, and non-diffracted
zeroth orders (Fig. 5a).

Figure 5b presents a diffraction diagram for a hexagonal lattice
and a square lattice. Although two lattices have an identical sampling
level (1.26), they exhibit distinct shapes and areas for diffraction
regimes (Supplementary Note 11). The range of NA of metalens for
avoiding the SW regime, i.e. the Nyquist criterion, becomes NA< % ~
0.58% for a hexagonal lattice. In contrast, the coefficient on the right-
hand side of the equality becomes 0.5 for the square lattice case,
indicating a more stringent condition compared to a hexagonal lattice
(Supplementary Note 12).

As a proof of concept, we fabricate the hexagonal lattice and
square lattice metalenses for NA of 0.99 and 0.65, respectively
(Methods and SEM images are in Supplementary Note 13). All
metalens are based on a hyperbolic phase profile and have the same
periodicity (500 nm), a target wavelength (632 nm), and a sampling
level of 1.26. Note that the periodicity of the metasurface is set to be
much more relaxed than the capability limit of E-beam lithography,
intentionally allowing us to observe how aliasing occurs on the
metalens. The meta-atom table for the square lattice and hexagonal
lattice is in Supplementary Note 14. Figure 5c-f shows the light
intensity distribution after passing through the metalenses for NA
of 0.99 and 0.65, respectively (measurement setup is in Supple-
mentary Note 15). Metalenses sampled on different lattices show
distinct diffraction patterns, particularly associated with aliasing
radiating outward to the optical axis. When NA approaches unity,
the spectrum spans the almost entire light cone so that clear alias-
ing patterns are observed (Fig. 5¢, d and Supplementary Video 2).
The calculated focusing efficiencies for the hexagonal and square
lattice metalens (NA=0.65) are 49.3% and 40.2%, respectively,
where the focusing efficiency is calculated as the ratio of incoming
power in the circle encircling with a radius of 3 times full-width half
maximum of PSF to the input power. The total quantity of the sum
of unwanted diffraction and non-diffracted 0™ order for two dif-
ferent lattice metalenses, which can be obtained as the difference
between the transmittance and the focusing efficiency, is 18.4% and
26.3%, respectively. When NA is 0.65, almost no aliasing is observed
in hexagonal lattice metalens (Fig. 5e), whereas the square lattice
metalens exhibit aliasing channels radiating to four orthogonal
directions due to coupling with adjacent light cones (Fig. 5f). The
diffraction diagram in Fig. 5b reveals the existence of partial spectra
coupling with the adjacent light cones even in hexagonal lattice
metalens, but these are nearly unobserved since the NA of the
objective lens used in measurements limits the observable spec-
trum in the momentum space (Supplementary Note 16).

Anti-aliasing by integrated lattice

The resolution of standard lithography techniques constrains the
feasible dimensions for unit cells of metasurface. Consequently, the
sampling level of a metasurface inevitably decreases with a shorter
wavelength, leading to more pronounced sampling-induced issues in
the UV spectrum application. To mitigate this, we counteract aliasing
phenomena in the high NA (0.9) metalens targeted for near-UV light
(405 nm), by integrating an array of meta-dimers on the periphery of
the metalens (Fig. 6d). Although heterogeneous designs of metalenses,
where metasurfaces are combined with grating structures, have been
proposed in recent years®***~¢, the anti-aliasing aspect, particularly in
short wavelength regimes, remains underexplored. It should be noted
that the reason we demonstrated the anti-aliasing at a 405 nm wave-
length is not due to an inability to implement it at shorter wavelengths,
but rather because commercial high-NA objective lenses for precise
characterization, such as PSF and aliasing pattern spreading with high
NA angle, are rarely available in the UV wavelength range (Demon-
strations at shorter wavelength of 320 nm and 255 nm are in Supple-
mentary Note 17).
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intensity distribution of diffracted light after transmitting (e) the hexagonal lattice
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The meta-atom table for near-UV metalens is in Supplementary
Note 18. Each meta-dimer consists of two closely located nanos-
tructures (Fig. 6a). The small intervening gap facilitates non-local
coupling between two vertical waveguides. This coupling results in
directional energy flows” (its time-averaged Poynting vector repre-
sentation is depicted in Fig. 6b) within the meta-dimer. This resulted
from the ‘beating effect’ that is interference between several coupled
guided modes, rendering it more effective for large-angle scattering
compared to conventional sampling-based metasurfaces®*"*’.

The integration of meta-dimers has been optimized for various
steering angles using RCWA (Supplementary Note 19). Notably, the
diffraction efficiency of the meta-dimer array exceeds that of con-
ventional metasurfaces at an angle of approximately 24° (Supple-
mentary Note 20). Beyond this transition angle, we combine the meta-
dimer array with the hexagonal lattice metalens, taking into account
the phase of light diffracted after transmission through the meta-
dimers, as shown in Fig. 6d. The meta-dimer array is strategically
positioned along the peripheries of concentric circles, with each cir-
cle’s radius tailored to align the meta-dimers’ phase with the hexagonal
lattice metalens’ phase profile. It is crucial to achieve coherent align-
ment, as the light scattered from both the meta-dimer and meta-atom
arrays must constructively converge at the focal point (Supplementary
Note 21).

In Fig. 6¢, the hatched area in the diffraction diagram represents
the spectrum where meta-dimers are integrated, which includes all
overlap spectral regions where aliasing occurs. In this regard, the
replacement of a high NA part with a meta-dimer array can significantly
reduce the distorted diffraction. As a proof of concept, we fabricate

two conventional metalens based on a square lattice and hexagonal
lattice and anti-aliased metalens based on the integrated lattice
(Methods and SEM images are in Supplementary Note 22). Figure 6e, f
illustrates the measured intensity profiles at the focal plane for both
integrated lattice metalens and conventional metalens (measurement
setup is in Supplementary Note 23). The aliasing radiating outward
from the optical axis is substantially reduced in the integrated lattice
metalens (Supplementary Note 24 and Supplementary Video 3).
Moreover, the measured peak intensity at the focal plane for the
integrated lattice metalens is about twice higher than that of other
hexagonal and square metalenses (Supplementary Note 25). The
measured (simulated) focusing efficiency of the integrated lattice
metalens is around 48.5% (57.8%), while the focusing efficiencies of the
hexagonal and square lattice metalenses are significantly lower, at
approximately 21.3% (28.6%) and 19.8% (25.4%), respectively. Here, the
focusing efficiencies are measured based on the total flux of the
aperture at the focal plane where the aliased diffractions are not
counted (Supplementary Note 26). The radius of the aperture is set to
0.05 times the diameter of the metalens. Although the undiffracted
light can enter the aperture, its effect is negligible since the aperture
area accounts for only 1% of the total lens area. And the aliasing
channel is also barely counted within the aperture (see Supplementary
Note 24).

Discussion

In this study, we analyze aliasing in metasurfaces and develop
effective anti-aliasing strategies. We discover that inadequate
sampling leads to the outcoupling of higher-order spectra into the
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Fig. 6 | Anti-aliasing metalens via integration of meta-dimer. a Schematic of
meta-dimer consists of two coupled vertical waveguides. b Calculated time-
averaged Poynting vector in xz-plane of meta-dimer. ¢ Diffraction diagram of
hexagonal metalens. Hatched area represents the spectrum where meta-dimers are

Meta-atom

integrated, including all the spectrum where aliasing occurs. d Schematic illustra-
tion of meta-dimer integrated metalens and SEM image of the fabricated UV
metalens. e, f, g Intensity distribution at the focal plane for (e) hexagonal lattice
metalens, (f) square lattice metalens, and (g) meta-dimer integrated metalens.

free space, manifesting as aliasing radiating in distorted directions.
We find that the commonly employed Nyquist sampling criterion
cannot prevent unintended diffraction. Moreover, we suggest that
achieving aliasing-free reconstruction by a metasurface is not solely
determined by its sampling periodicity; It requires a comprehensive
understanding of the geometric interplay between the spectrum
morphology and the sampling lattice structure. Table 1 summarizes
the key findings of our research. Note that this is still valid for
immersion oil applications where refractive index of output med-
ium is nonzero (ngyu#1).

This insight leads to the development of anti-aliasing strategies
for metasurfaces. For beam steering metasurfaces with directional
spectra and wide FOV meta-holograms with anisotropic spectra, the
rotation of the sampling lattice effectively eliminates aliasing by
disrupting the coupling between the spectrum and higher-order
light cones. In metalenses represented by isotropic spectra, the
selection of the proper sampling lattice or coherent integration of
optimized scatterers can significantly reduce aliasing phenomena.
Combining with inverse design enables more efficient exploration
of super-pixel geometries, considering the stitching error or fabri-
cation constraints, achieving high-efficiency metasurface
applications®?*%,

Anti-aliasing can not only eliminate undesired diffractions but also
allow for larger unit cell sizes, which enables the complex design of
meta-atoms>***! or relaxation of fabrication constraints. Additionally,
the diffraction diagram obtained from light cone arrays helps identify
the most effective diffractive direction for a given sampling lattice, in
terms of both aliasing and efficiency. Therefore, based on the mor-
phology of the desired spectrum, we can select a more effective
sampling lattice. Additionally, exploring other sampling lattices, such
as periodic Bravais lattices, quasi-periodic lattices, or even random
lattices, which are not covered in this study, can be a very intri-
guing topic.

In conclusion, the aliasing in metasurface has been largely over-
looked during rapid advancements in the field of metasurface. It is
noted that aliasing should be regarded as a distinct issue, separated
from the efficiency reduction of the desired diffraction. Aliasing that
radiates unintended directions can serve as a non-negligible noise in
optical devices. We emphasize that our findings are not limited to
steering or focusing; they can be applied to the whole spectrum of
metasurfaces, including various holograms, structured beams, and
other multi-functional wavefronts. With a deeper understanding of
metasurface, we envision that our research paves the way for advanced
high NA operation even in UV light.
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Table 1| The aliasing-free condition for the metasurface

Aliasing-free condition in the Previous The Nyquist sampling criterion
metasurface research
Our work When The Nyquist sampling criterion
G > 2nouko
When 1D periodic kmeta | < G Noutko

G <2noutko lattice

(L|ghlt CO”Z? 2D Bravais Isotropic spectrum |Kmeta | <min(| G|, | G2 | )= noutko
RVELaRRE lattice (e.g., lens, axicon) where G; and G, are reciprocal

vectors for the Bravais lattice.

It can be a more stringent or
relaxed condition compared to
the Nyquist criterion, depending
on the geometric relationship
between the sampling lattice and
the spectrum morphology.

Anisotropic spectrum
(e.g., beam steering,
hologram)

Here, kmeta is the momentum to be sampled in the metasurface, G = 2m/A is from the sampling periodicity (A) of metasurface, no is the refractive index of output medium, and kg is the wavevector of

incident light.

Methods

Metasurface fabrication

Beam steering metasurface, visible metalens, and UV metalens were
fabricated on a 500-pum-thick silica substrate.

For the beam steering metasurface, holography metasurface, and
visible metalens, an 700-nm-thick a-Si:H was deposited using plasma
enhanced chemical vapor deposition (PECVD, BMR Technology
HiDep-SC) with a flow rate of 10 sccm for SiH, and 75 sccm for H,.
Chamber pressure and operating temperature were 20 mTorr and 200
°C, respectively. Metasurfaces were transferred onto the positive
photoresist (Microchem, 495 PMMA A2) by using a standard electron
beam lithography process (ELINOIX, ELS-7800, acceleration voltage:
80 kV, beam current: 100 pA). Then, a 50-nm-thick chromium layer was
deposited using electron beam evaporation (KVT, KVE-ENS4004). A
lift-off process was proceeded and residual chromium patterns were
used as a hard mask for the a-Si:H etching. After a dry etching process
(DMS, silicon-metal hybrid etcher), the remaining chromium was
removed using chromium etchant.

For the UV metalens, a 450-nm-thick silicon nitride was deposited
using plasma-enhanced chemical vapor deposition (PECVD, BMR
Technology HiDep-SC) with a flow rate of 35 sccm for SiH, and 35 sccm
for H,. Chamber pressure and operating temperature were 60 mTorr
and 300 °C, respectively. Metasurfaces were transferred onto the
positive photoresist (ZEON, ZEP520A) by using a high-speed electron
beam lithography process (ELINOIX, ELS-BODEN 50H, acceleration
voltage: 50 kV, beam current: 1 nA). Then, 50-nm-thick aluminum layer
was deposited using electron beam evaporation (KVT, KVE-ENS4004).
A lift-off process was proceeded and residual aluminum patterns were
used as a hard mask for the silicon nitride etching. After a dry etching
process (DRM85DD, TEL), the remaining aluminum was removed using
aluminum etchant.

Calculating the diffraction efficiency of metasurface with the
rigorous coupled-wave analysis

We calculated the diffraction efficiency of a metasurface by the rig-
orous coupled-wave analysis (RCWA) method. Typically, metasurfaces
are aperiodic, rendering the RCWA method unsuitable. However, if the
number of samplings (N) within a projected period is a rational num-
ber, i.e. Nxa=>b for a, b € 7, the meta-atom array becomes periodic
for the direction parallel to the phase gradient with the periodicity of
bA.Here, N can be represented as sin}lB- 7 Where 1is the wavelength of the
incident light, 8 is the deflection angle, and A is the period of meta-
atom. A/sin(6) can be understood as the projected period so that the
imparted momentums by ideal and aliasing order are kg, = 2& = 212
and Kijigsing = Kideal — G= 2’%””, respectively. The ideal and aliasing

order of the metasurface can be defined as a™ and (a — b)" diffraction
order in the meta-atom supercell. For example, suppose a metasurface
with the number of samplings as N=1.75 for which the integers are
a=4 and b=7. The ideal and aliasing order correspond to the 4™ and
3" diffraction order for respectively where the periodicity for supercell
is 7A. Additionally, to account for the various meta-atom combinations
within the super-periodicity, we calculate a set of diffraction effi-
ciencies by varying the phase shift added to the phase profile and take
the averaged efficiency as a representative value*.

Calculating the beam steering efficiency of metasurface

In our study, the simulation of the metalens was conducted utilizing
the three-dimensional Finite Difference Time Domain (FDTD) method,
as implemented by Lumerical Inc. To ensure accuracy and minimize
reflections, Perfectly Matched Layer (PML) boundary conditions were
applied along all three axes. Our approach involved a full-wave simu-
lation of the metalens, distinctively omitting the utilization of far-field
propagation techniques. The diameter of metalens used for calcula-
tion is 25 pm, considering the computational cost.

Data availability
The data that support the findings of this study are available from the
corresponding author upon request.
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