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ABSTRACT: Artificial color pixels based on dielectric Mie resonators are
appealing for scientific research as well as practical design. Vivid colors are
imperative for displays and imaging. Dielectric metasurface-based artificial
pixels are promising candidates for developing flat, flexible, and/or wearable
displays. Considering the application feasibility of artificial color pixels, wide
color gamuts are crucial for contemporary display technology. To achieve a
wide color gamut, ensuring the purity and efficiency of nanostructure
resonance peaks in the visible spectrum is necessary for structural color
design. Low-loss dielectric materials are suitable for achieving vivid colors
with structural color pixels. However, high-order Mie resonances prevent
color pixels based on dielectric metasurfaces from efficiently generating
highly saturated colors. In particular, fundamental Mie resonances (electric/
magnetic dipole) for red can result in not only a strong resonance peak at
650 nm but also high-order Mie resonances at shorter wavelengths, which
reduces the saturation of the target color. To address these problems, we fabricated silicon nitride metasurfaces on quartz
substrates and applied Rayleigh anomalies at relatively short wavelengths to successfully suppress high-order Mie resonances,
thus creating vivid color pixels. We performed numerical design, semianalytic considerations, and experimental proof-of-
concept examinations to demonstrate the performance of the silicon nitride metasurfaces. Apart from traditional metasurface
designs that involve transmission and reflection modes, we determined that lateral light incidence on silicon nitride
metasurfaces can provide vivid colors through long-range dipole interactions; this can thus extend the applications of such
surfaces to eyewear displays and guided-wave illumination techniques.
KEYWORDS: high-refractive-index nanostructures, metasurfaces, color, Mie resonances, lattice resonances, silicon nitride

Using metasurfaces in image applications has become a
crucial subject.1−4 A wide color gamut and high display
resolution are desired to achieve an immersive

experience. Compared with components that actively generate
color (e.g., organic light-emitting diodes), components that
generate color passively are more durable. Passive colors arise
from light−matter interactions. Dyes and pigments constitute
the most commonly used materials for rendering colors;
however, they are chemically unstable at high temperatures
and bleach when exposed to intense ultraviolet (UV)
illumination. In addition, most dyes and pigments are composed
of toxic materials. To achieve an environmentally friendly
display with a high resolution and long lifetime, plasmonic4−10

and dielectric metasurfaces with Mie resonances have been
proposed and extensively studied.11−14 However, colors
generated by plasmonic nanostructures are marred by high
optical loss, which is not conducive to the generation of efficient
and highly saturated colors. By contrast, dielectric metasurfaces
are characterized by low optical loss and a high refractive index

(e.g., TiO2,
15,16 Si,17,18 and Ge19); they are thus considered

suitable candidates for an efficient color generation.14,20,21 In
designing dielectric metasurfaces, controlling the Mie reso-
nances of each meta-atom is crucial.22−25 Color pixels based on
dielectric metasurfaces with Mie resonances have been
proposed.26−29 Nevertheless, color pixels based on such
metasurfaces cannot efficiently generate highly saturated colors
because of high-order Mie resonances, particularly when Mie
resonances are designed for long wavelengths (e.g., red color).
To overcome this difficulty and suppress the excitation of high-
order Mie resonances, some researchers proposed the use of
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additional layers (antireflection coating) on top of and/or below
the Mie resonator.30 However, the inclusion of additional layers
increases the steps in the nanofabrication process and
considerably complicates color pixel realization. To address
these limitations, we propose and demonstrate the concept of
color pixel design for controlling the reflection gamut using Mie
resonator arrays on transparent substrates.

RESULTS AND DISCUSSION

Design and Simulation. Nanoparticle lattices facilitate
efficient excitation of additional nanostructure resonances, also
called lattice resonances, which occur at wavelengths close to
Rayleigh anomalies (RAs; wavelengths of diffraction).31−40 In
the design of metasurfaces for display, Mie lattice resonances
should be considered because of the coupling effect in array
structures. Mie lattice resonances have been demonstrated by
Evlyukhin et al.41,42 in theory and simulation, and they have
been demonstrated experimentally and applied in the design of
an optical absorber.43 The excitation of Mie lattice resonances
can be influenced by the substrate below the metasurface, which
has been studied in detail in the research.44 Notably, high-order
Mie resonances can be suppressed by RAs at relatively short
wavelengths. The enhanced coupling can dominate the
reflection spectrum, resulting in a single sharp resonance. To
produce a high-purity color, combining a fundamental magnetic
dipole resonance (MDR) and a Mie lattice resonance is a viable
and reasonable approach because no other Mie resonances
occur at longer wavelengths. Simultaneously, the contribution of
an electric dipole resonance (EDR) to reflection can be
suppressed, which is explained as follows.
High-refractive-index dielectrics are suitable for nanoresona-

tors and metasurfaces. Silicon,29 GaN,13 TiO2,
14,45−47 and

Si3N4
21 have been proposed for designing nanoparticle arrays for

use in color imaging. Among these dielectric materials, silicon
and GaN have the highest refractive indices. However, GaN is
difficult to fabricate, and silicon is marred by a high optical loss at
visible wavelengths, which engenders difficulty in producing
acceptable green and blue colors. Compared with TiO2, Si3N4 is
more suitable for nanostructures that induce magnetic dipole
lattice resonances (MDLRs); the superior suitability of Si3N4 is

attributed to its moderate refractive index. As presented in
Figure 1, Si3N4 nanoresonators induce a stronger MDLR than
TiO2 nanoresonators do. To explain this, reflection spectra
observed for different refractive indices of Mie resonators are
compared in this figure. For a fixed period (p) of 350 nm, the
quality factor of the MDLR is shown to increase (narrower, thus
preserving strength) when the refractive index decreases from
2.5 (close to TiO2) to 2 (close to Si3N4) (Figure S1).
Because of the RA, the wave propagating in the nanoresonator

array established on the substrate (n = 1.46) reaches the
diffraction limit; the black dashed line in Figure 1 represents the
RAwavelength at λ = p× n = 350× 1.46 = 511 nm, where p is the
period of the array, and n is the refractive index of the resonators.
In the region of wavelengths shorter than RA, the Mie lattice
resonances can be suppressed because each Mie resonator does
not couple with its neighbors. In the subdiffractional regime,
zero-order reflection is suppressed because the nanoparticles in
the array scatter light in different directions. For a wavelength
longer than 511 nm, only zero-order light propagation occurs.
Thus, the MDLR is stronger because the coupling of all
resonators dominates and appears as a single peak in the
reflection.When the refractive index ofMie resonators is 2.5, the
shoulder of the MDLR is noticeable because of the weak Mie
resonator−substrate coupling, and most of the mode energy is
localized inside the resonator. Consequently, the lattice
resonance from the substrate is not noticeable. When the
refractive index of the resonator is 2, the mode profile spreads
into the substrate, signifying strong coupling between the
resonator and the substrate.48,49 According to the comparison in
Figure 1, a Si3N4 resonator engenders a sharper lattice
resonance. In addition, Si3N4 is advantageous because of its
high compatibility with the complementary metal−oxide−
semiconductor process and its suitability for integrated
photonics.
In this study, we developed a design approach involving the

use of Si3N4 metasurfaces for realizing MDLR color pixels. We
performed numerical analysis through full-wave simulations and
experimentally demonstrated vivid color pixels afforded by the
nanoparticle arrays with pure single-peak resonances. Compared
with related concepts, the MDLR from the substrates could

Figure 1. (a) Schematics of dielectric metasurfaces with nanoresonators with different refractive indices. Period (p) and thickness (t) are fixed at
350 and 270 nm, respectively. The width (w) of nanobricks with n = 2.5, 2.23, and 2 is 175, 210, and 255 nm, respectively. The refractive indices
of the surrounding medium and substrate are 1 and 1.46, respectively. (b) Reflectance spectra of dielectric metasurfaces with nanoresonators
with different refractive indices changing from n = 2.5 to n = 2 (without imaginary part). The RA (black dashed line) corresponding to the
substrate (n = 1.46) occurs at the wavelength of 532 nm. The weak coupling effect (no lattice effect) occurs in the region under the RA (light
blue shading). Above the RA, the strong coupling effect dominates the reflection in the zero-order diffraction. The insets show the normalized
electric field distributions at the MDR wavelength (left and right pictures are for n = 2.5 and n = 2, respectively).
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suppress high-orderMie resonances successfully through the RA
at shorter wavelengths, thus enabling the creation of a highly
saturated color without complex structures or design rules. By
varying the size and period of nanostructure arrays, we generated
vivid colors in both numerical simulations and experimental
demonstrations. The color Si3N4 metasurfaces were determined
to be effective for generating reflection images upon free-space
excitation and for long-range dipole interactions when subjected
to laterally incident light. These metasurfaces are thus suitable
for waveguide applications in which light can propagate in
compact and flat devices. The proposed phenomena and
nanostructures are also applicable in integrated photonic
devices. We expect that Si3N4 metasurfaces have considerable
promise for application in eyewear displays and guided-wave
illumination devices.
Si3N4 color pixels could be obtained using cubic arrays of

varying nanoresonator width (w), interresonator gap (g), and

lattice period (p) (Figure 2a,b). These parameters are related as
follows:

= +p w g (1)

To excite anMDLR, the relevantMDRmust be in the vicinity of
the RA at longer wavelengths, as demonstrated by Babicheva et
al.41 The optical response of a dielectric nanostructure array can
be approximated as a periodic electric and magnetic dipole
coupling system. To avoid high-order Mie resonances and an
EDR appearing in the reflectance spectrum, we designed the
structure such that the EDRwavelength was shorter than the RA
wavelength. Throughout the study, we maintained g at 100 nm
for all Si3N4 metasurfaces under consideration to ensure that the
EDR wavelength was shorter than the RA wavelength and that
the MDR wavelength was longer than the RA wavelength in
order to create robust MDLRs. Thus, the design rule for
metasurfaces with MDLRs is expressed as follows:

= +p w 100 nm (2)

To create an appropriate cubic nanostructure in order to
maintain the MDR as the width changes, we set the Si3N4
nanostructure thickness to 270 nm. Different Si3N4 nanostruc-
ture thickness may slightly change the baseline of the reflectance
spectrum; nevertheless, because the reflectance spectrum was

dominated by MDLRs, different Si3N4 thicknesses would not
engender obvious changes in color. To calculate the reflectance
of the metasurfaces, we used the finite-difference time-domain
(FDTD) method implemented in the Lumerical software
package (see Methods). The numerically derived reflectance
of the Si3N4metasurfaces withMDLRs is presented in Figure 2c.
When the period (p) and width (w) of each Si3N4 metasurface
were varied, the MDLR wavelength along with the RA
wavelength shifted from 400 to 750 nm, covering the entire
visible range.

Characterization. Figure 3a depicts scanning electron
microscope (SEM) (FEI Helios G3CX) images of the Si3N4

metasurfaces with different periods and widths. The insets
present the optical image of each color pixel. Optical images
were captured using an optical microscope (BX51, Olympus)
with a 100× objective lens (LMPLFLN 5X BD, numerical
aperture [NA] = 0.13). The spectra of color pixels were collected
using a spectrometer (Kymera 193i, Andor) with a charge-
coupled device (iVac 316 LDC-DD, Andor). The periods of
blue, green, and red pixels fabricated in the study were 295, 355,
and 435 nm, respectively (left to right, Figure 3a). The
corresponding reflectance spectra in Figure 3b demonstrate
suitable agreement between simulations and measurements.
Because of the NA of the objective lens, the measured
reflectance spectra were lower than ones obtained with the
numerical simulation. The simulated and measured Si3N4 color
pixels were plotted in CIE 1931 chromaticity coordinates for
comparison with pixels plotted in the standard red−green−blue
(sRGB) and Adobe RGB color spaces. For both the simulated
and the measured pixels, the triangular area of the Si3N4 color
pixels in CIE 1931 chromaticity coordinates could cover most of
the sRGB and Adobe RGB color spaces, thus providing vivid
colors.
To demonstrate the rich color features of Si3N4 color pixels,

several possible color pixels are illustrated in Figure 4. Figure 4a
depicts the optical images of different color pixels corresponding
to array periods ranging from 295 to 435 nm. Figure 4b presents
a comparison of the simulation and experimental results,

Figure 2. (a,b) Schematic of color pixel based on Si3N4metasurfaces.
In panel (a), the yellow arrow indicates the direction of the
broadband incident light. (c) Simulated reflectance spectra with
different periods (p) and widths (w = p− 100 nm). The thickness (t)
of each cube is 270 nm. The inset presents the cross-section of Si3N4
nanoresonators (black dotted line) and the near-field distribution of
the MDLR.

Figure 3. (a) SEM images of the Si3N4 color pixels with different
periods and widths: the periods are 295, 355, and 435 nm (left to
right). The insets are the optical reflection images. (b) Simulated
and measured reflectance spectra of three-color pixels presented in
panel (a). (c) Color gamut of Si3N4 metasurfaces, sRGB, and Adobe
RGB color spaces in CIE 1931 chromaticity coordinates.

ACS Nano www.acsnano.org Article

https://dx.doi.org/10.1021/acsnano.0c00185
ACS Nano 2020, 14, 5678−5685

5680

https://pubs.acs.org/doi/10.1021/acsnano.0c00185?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.0c00185?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.0c00185?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.0c00185?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.0c00185?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.0c00185?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.0c00185?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.0c00185?fig=fig3&ref=pdf
www.acsnano.org?ref=pdf
https://dx.doi.org/10.1021/acsnano.0c00185?ref=pdf


indicating good agreement. For the red pixels, the peaks at
relatively short wavelength ∼450 nm are due to the lattice
resonance of surrounding medium (n = 1) which are also close
to the RAwavelength of the period in the air. However, this extra
resonance peak is not apparent in the experiment due to the
nonideal plane wave incidence from the objective lens (NA =
0.13). The color gamut obtained in the simulations and
experiments is plotted in CIE 1931 chromaticity coordinates
in Figure 4c. In the results, the colors are not affected much by
the extra lattice resonances at the shorter wavelengths due to the
low intensity.
The characters “NANO” presented in Figure 5a were

fabricated using electron-beam lithography and Si3N4 meta-
surfaces with varying nanoresonator sizes and periods; the
varying sizes and periods thus resulted in “NANO” being
displayed in a rainbow-like color pattern. The different color
pixel sizes, namely 25, 13, 5.5, and 2.5 μm, are presented in
Figure 5b. This figure indicates that to obtain a high-resolution
display using the vivid color pixels, the smallest Si3N4
metasurface that can be used should measure approximately
2.5 μm × 2.5 μm. The resolution can at least achieve about
10160 dpi with 2.5 μm × 2.5 μm pixels, which is sufficient for
image or display applications. Furthermore, the pixels can also
provide high saturated colors even when the numbers of periods
are 6 × 6, 8 × 8, and 9 × 9 for red, green, and blue, respectively
(Figure 5c,d,e). The angle-dependent properties of Si3N4 color
pixels are investigated for both s- and p-polarization in Figures
S3 and S4. The color of Si3N4 metasurfaces is approximately
unaffected when the reflection angle is within ±30° in s-
polarization (see Figure S5). According to the approximate field
of view of an individual human eye, the symbol recognition
viewing angle is about±30°,50 whichmeans the Si3N4 color pixel
in this report is adaptive for display application.

Lateral Incidence and Long-Range Dipole Interac-
tions. To evaluate the potential applications of nanostructures
in eyewear displays and integrated photonics, studying laterally
incident light on Si3N4 metasurfaces is essential. Figure 6a
illustrates schematics of the concept underlying laterally incident
light on Si3N4 color pixels and the corresponding optical images.
To demonstrate the concept, Figure 6b shows the image
obtained after the characters “NANO” had been subjected to
lateral light incidence. To accurately consider laterally incident
light on an array structure, long-range dipole interactions
between nanoresonators in the lattice must be considered.
Schatz et al.51,52 and Markel53 have extensively investigated
long-range dipole interactions in one-dimensional plasmonic
chain structures; however, such interactions on dielectric
metasurfaces have received less attention. Robust long-range
dipole interactions can be observed by analyzing the spectrum of
the extinction cross section of a nanostructure subjected to
laterally incident light along the chain. The extinction cross
section of each nanoresonator in a two-dimensional lattice or a
one-dimensional chain can be considered an electric dipole or
magnetic dipole and calculated as follows

π
α
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−
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1/ext
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where S represents either the summation of retarded electric
dipoles over the two-dimensional lattice (or one-dimensional
chain) or the summation of retarded electric dipoles over
magnetic dipoles, as expressed in the following equations,
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Figure 4. (a) Optical image of color pixels of the Si3N4 metasurfaces
with different colors from blue (295 nm) to red (435 nm). (b)
Simulated and measured reflectance spectra of corresponding color
pixels in (a). (c) CIE 1931 chromaticity coordinates with different
colors obtained in the simulations and experiments.

Figure 5. (a) Optical images of characters “NANO” created by
gradually varying the size and period of Si3N4 color pixels. The scale
bars are 10 μm. (b) Optical images of red, green, and blue Si3N4
metasurfaces of different areas: the lateral size changes from 25 to
2.5 μm, and the scale bar is 25 μm. Top-view SEM images for the 2.5
μm patterns with pixels (c) red, (d) green, and (e) blue in (b), and
the scale bar is 1 μm.
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To approximate the shapes of nanoresonators using dielectric
spheres, the polarizabilities of electric and magnetic dipoles in
vacuum can be derived as follows

α α= =
a
k

b
k

3
2

and
3
2s ED s MD,

1
3 ,

1
3 (5)

where k denotes the wavenumber of incident light with
wavelength λ, and a1 and b1 denote the expansion coefficients
in Mie theory associated with the fundamental electric and
magnetic dipoles, respectively. For a two-dimensional lattice
structure, to facilitate the realization of an efficient in-phase
interaction of lattice nanoresonators, the array parameters and
wavelength must satisfy the following condition

π λ= =kr n r n2 (or alternatively )ij ij (6)

where n is an integer, and rij is the radius vector (spacing). Thus,
the optimum spacing for the most robust in-phase interaction of
electric dipoles is as follows

λ
θ

=
+

r
n

1 sinij (7)

where θ is the angle between the normal vector of the two-
dimensional array and the wavevector of the incident light. For
normal incidence (i.e., wavevector of incident light perpendic-
ular to the surface of the two-dimensional array), the in-phase
interaction is strongest if rij = nλ. By contrast, for lateral
incidence (i.e., wavevector of the incident light parallel to the
lattice vector of the two-dimensional array), the in-phase
interaction is strongest if rij = nλ/2. The condition for lateral
incidence resembles the antireflection condition for layer
thickness in multilayer thin-film optics.
Figure 6c,d presents a robust long-range dipole interaction of

periodic nanoresonators for a Si3N4 metasurface (see Methods).
Measurement and simulation results revealed apparent and
sharp peaks near the RA wavelength for the resonator lattice on
the substrate. The images of bright color pixels with lateral
incidence are shown in Figure 6e,f, and the corresponding CIE

map is presented in Figure S6. In Figure S6, the Si3N4 color
pixels with lateral incidence shows the large color space, which
implies that the vivid colors can be achieved by lateral incidence.
The experimental results also demonstrated a ripple beside the
resonance peak (Figure 6d) that was caused by light propagating
in the direction perpendicular to that of the incident light, a
finding that is consistent with that demonstrated by a previous
study.51 As shown in Figure 6c, the ripple was not observed
because compared with the experiments, the simulations had a
lower number of nanoresonators in which light propagated in
the direction perpendicular to that of the incident light. In the
simulations, the numbers of nanoresonators on the color pixel
metasurface were 50 and 16 in the x- and y-directions,
respectively (Figures S7 and S8). In the experiment, the red
pixel (Figure 3a) comprised 230 nanoresonators in each
direction, corresponding to a total lateral size of approximately
100 μm.
Notably, Figure 6 shows results obtained for transverse

magnetic (TM) polarization, in which the electric field is
typically perpendicular to the plane of the color pixel. In
transverse electric (TE) polarization, in which the magnetic field
is perpendicular to the plane of the color pixel, the optical image
is dark, and no resonance can be observed in the spectrum upon
such lateral incidence (Figure S9). Previous research also
reported selective properties of two-dimensional arrays
subjected to lateral incidence under TM and TE polarizations.51

In a Si3N4 nanophotonic system, the TE and TM modes of a
waveguide can arbitrarily be switched by system elements such
as polarization rotator-splitters.54,55 The switching of color
pixels can be implemented through a Gaussian light source that
includes a waveguide with laterally incident light by a
polarization rotator; such designs can also be applied in eyewear
devices. If a polarization rotator is not used, scattering signals
would still exhibit a high polarization ratio, and the
corresponding metasurface can be combined with a liquid
crystal device or polarizer for application in the active color
displays (Figure S10).

Figure 6. (a) Schematic of lateral light incidence on color pixels on Si3N4metasurfaces. (b)Optical image of the characters “NANO” (scale bar is
25 μm). The inset presents the SEM image of a corner of the character “N”. (c) Simulation and (d) experimental normalized extinction spectra
collected above the Si3N4 metasurfaces with a thickness of 290 nm. The corresponding CIE color and measured optical image are shown on the
right of simulated and measured spectra.
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CONCLUSIONS

In this study, we numerically designed and experimentally
demonstrated vivid color pixels on Si3N4 metasurfaces. To
create vivid color pixels, resonance peaks in spectra could be
identified by exciting MDLRs in nanoresonator periodic arrays.
We experimentally demonstrated that color pixels could be
easily generated using a single-layer metasurface without a
sophisticated design involving a multilayer structure. For
applications in display equipment, the minimum color pixel
size can be 2.5 μm × 2.5 μm, thus the resolution can achieve
about 10160 dpi. Lattice resonances were demonstrated under
conditions that involved laterally incident light (along the array
plane), indicating the effectiveness of the Si3N4 metasurfaces in
eyewear displays and guided-wave illumination techniques.
Furthermore, pixel switching could be achieved through the
selective properties of TM and TE polarizations. Comparing
Si3N4 color pixels with those rendered in the sRGB and Adobe
RGB color spaces, we observed that most of the color spaces
could be covered by the Si3N4 color pixels in both normal and
lateral incidence. In addition, the proposed metasurface design
approach based on MDLR excitation can be applied to other
high-refractive-index materials with low optical loss, such as Ge
and GaN in the infrared spectral range. Not only the structural
imprint but also the dynamic displays with colorful metasurfaces
could be achieved by combining lattice resonance and with
different kinds of the surrounding mediums, e.g., liquid
crystals,56 mixing colors,57 different gases47,58,59 or solu-
tions,45,60 etc. We believe that Si3N4 color pixels can be utilized
in traditional displays or eyewear devices in the future.

METHODS
Fabrication. An electron beam lithography system (ELS-7500 EX

by ELIONIX) was used to fabricate Si3N4 metasurfaces. A Si3N4 thin
film (thickness = 270 nm) was deposited on quartz substrates through a
plasma-enhanced chemical vapor deposition system (Oxford Plasmalab
System 100). Subsequently, a poly(methyl methacrylate) (PMMA)-A4
photoresist was spin-coated on the Si3N4 thin film for pattern definition.
A conductive polymer (AR-PC 5090 by ALLRESIST) was spin-coated
on the PMMA photoresist to avoid charge accumulation. Electron
beam lithography was then used to expose the array of rectangles. To
form a resist mask, chromium layers (thickness = 20 nm) were
deposited on a patterned Si3N4 thin film. A lift-off process was used to
form a chromium rectangular array. To fabricate the Si3N4 cubic
column, an inductively coupled plasma etching system (EIS-700 by
ELIONIX) was used to etch the Si3N4 layer. Finally, the chromium hat
was removed through wet etching.
Simulation for Normal Incidence. The FDTD method

(Lumerical FDTD) was used to calculate the reflectance spectra and
electric field distributions around nanoparticles in the array. The Si3N4
metasurface on the quartz substrate was illuminated by a plane wave
source in the z-direction to excite Mie lattice resonances. Reflection
signals were collected using a monitor placed on top of the Si3N4
metasurface and behind the plane wave source. To avoid signal
reflection from boundaries, perfectly matching layers were applied to
the boundaries in the z-direction. To create a periodic structure,
boundaries in the x- and y-directions were set to satisfy Bloch’s
condition.
Simulation for Lateral Incidence. The FDTD method

(Lumerical FDTD) was used to collect extinction spectra for the top
of the metasurfaces. Each Si3N4 metasurface was positioned next to the
Si3N4 waveguide serving as a laterally incident light source. To simulate
light from the waveguide, the propagation mode of the waveguide was
set to the fundamental TE mode. The Si3N4 metasurface array
comprised 50 units/nanoresonators in the light propagation direction
and 16 units/nanoresonators in the direction perpendicular to the light

propagation direction. Extinction signals were collected using a power
monitor placed at a distance of 124 μm above the metasurface.

Measurement for Lateral Incidence. A laterally incident light
source passed through a collimated lens was set next to the Si3N4
metasurface. Extinction signals were collected using an optical
microscope (BX51, Olympus) with an objective lens (LMPLFLN 5X
BD, NA = 0.13). The collected light was analyzed using a spectrometer
(Kymera 193i, Andor) with a charge-coupled device (iVac 316 LDC-
DD, Andor).
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