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ABSTRACT

Structural colors are central to high-fidelity printing and advanced displays, offering durable and accurate reproduction of
visual information. Metasurfaces provide a powerful route to customize such colors, yet most efforts have been limited to
tuning one or two parameters of the hue-saturation-brightness (HSB) space. Achieving comprehensive, simultaneous, and
polarization-independent control of HSB remains a critical challenge. Here, we present an ultrathin monolithic silicon carbide
(SiC) metasurface that enables independent and simultaneous modulation of the entire HSB color space, while also supporting
robust optical information encryption. The metasurface realizes HSB color nanoprinting with chiaroscuro effects, facilitating
the encoding of complex visual hierarchies. Moreover, by modulating the polarization state of incident light, two distinct
images can be selectively revealed or concealed with minimal crosstalk. The device further achieves printing resolutions
exceeding 10 000 pixels per inch (PPI), highlighting its potential for next-generation displays, imaging systems, and secure data

storage.

1 | Introduction

Color is a fundamental element of human visual perception
and serves as a critical channel for information transfer [1, 2].
Conventional dyes and pigments, which generate color through
wavelength-selective absorption and reflection [3, 4], are com-
monly used in our daily applications but suffer from chem-
ical instability, limited color gamut, and micron-scale res-
olution, restricting their use in advanced display technolo-
gies. By contrast, structural colors—arising from light-matter
interactions—offer superior advantages, including resistance
to fading, environmental sustainability, and subwavelength
resolution [5-7].

Metasurfaces, comprising arrays of artificial subwavelength
nanostructures, provide an unprecedented platform for tailor-
ing electromagnetic waves [8-11]. These devices have enabled
diverse applications such as structural color imaging [12-27],
polarimetry [28-31], optical data storage [32-34], and struc-
tured light generation [35-39]. Structural color metasurfaces
are generally categorized as plasmonic or dielectric platform.
Plasmonic metasurfaces, typically based on metallic nanodisks,
nanoholes, or metal-insulator-metal nanopillars [4, 12-17], can
achieve high spatial resolution and wide color gamut. How-
ever, they are usually composed by lossy, expensive metals,
which limit color saturation and brightness. Although cross-
polarization conversion can effectively solve this problem [40],
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FIGURE 1 | Schematic of the proposed SiC metasurface. (a) Schematic diagram of the SiC metasurface, which comprises periodic arrangements

SiC nanobricks located on a fused silica substrate. (b) Perspective view of unit cell that contains a SiC nanobrick with a period of P. The duty cycles

along the x and y axes are represented by a; and a,. The height of the SiC nanobrick is fixed at H = 120 nm. (c) The simulated color palette as a function
of both the period and the duty cycle of the SiC nanobricks array. (d) The corresponding CIE chromaticity coordinates of the colors in Figure 1c. The
orange and white regions represent the SRGB and Adobe RGB color gamut, respectively.

the approach requires external analyzers and suffers from rel-
atively low efficiency. Dielectric metasurfaces have emerged
as a compelling alternative. By exploiting Mie resonances
in lower loss materials such as silicon (Si) [18-20], silicon
nitride (Si;N,) [21-23], and titanium dioxide (TiO,) [24-26],
sharp spectral responses can be engineered across the vis-
ible range by tuning nanopillar morphology and geometry.
Despite these advantages, most dielectric metasurfaces address
one or two parameters of the HSB space, leaving bright-
ness modulation largely unexplored. This limitation hinders
their capabilities for chiaroscuro imaging and high-fidelity
display.

Several strategies have been proposed to overcome this chal-
lenge. Bao et al. demonstrated hue-saturation-brightness (HSB)
modulation via diatomic interference in Si nanopillars [41],
but their approach required extreme aspect ratios (~1:15) and
yielded a restricted color gamut. Brightness tuning has also been
realized using in-plane geometric variations of silver nanorods,
where near-field coupling modulates reflectance intensity [14].
However, this method provides limited reflectance and only
~55% coverage of the sRGB color gamut. TiO,-based metasur-
faces employing Malus’s law can achieve continuous amplitude
modulation [42], yet their reliance on external analyzers and
low-quality-factor resonances prevents reproduction of high-
saturation colors. Similarly, surface-relief silver metasurface
for high-performance color generation [43] requires polarizer—

analyzer pairs, further complicating integration into compact
systems.

Here, we introduce an ultrathin dielectric metasurface composed
of silicon carbide (SiC) nanobricks that overcomes these limita-
tions. SiC combines a high refractive index with low loss, enabling
high color saturation, wide gamut coverage, chiaroscuro ren-
dering, and polarization-dependent tunability across the visible
spectrum. Experimentally, we achieve 154% coverage of the SRGB
color gamut and continuous brightness modulation by tailoring
the geometry and filling factor of the nanobricks within each
unit cell. Our approach extends traditional hue-saturation (HS)
control to full HSB modulation without the assistance of external
analyzer. In addition, the intrinsic birefringence of anisotropic
SiC nanobrick allows polarization-dependent encoding of two
distinct images with minimal cross-talk effect. The metasurface
is fabricated without high-aspect-ratio etching and supports
ultrahigh-resolution (~10 000 PPI) nanoprinting. Consequently,
such SiC metasurface offers a promising platform for next-
generation high-performance displays, secure optical encryption,
and multifunctional photonic devices.

2 | Results and Discussions

Figure 1a illustrates the proposed dielectric metasurface, con-
sisting of a periodic array of SiC nanobricks on a fused silica
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FIGURE 2 | Experimentally measured spectra and fundamental mechanism of the SiC metasurface. (a) Simulated (left panel) and measured (right

panel) reflection spectra with the increasing period ranging from 250 to 425 nm, respectively. The corresponding calculated color (middle panel)
from simulated spectra. (b) Simulated (top) and experimental (bottom) CIE 1931 chromaticity coordinates based on reflectance spectra in Figure 2a.

(c) Multipolar decomposition of scattering cross-sections in terms of ED, MD, T, EQ, and MQ, respectively. The geometry parameters of selected SiC unit

cell has a period of P = 350 nm and a duty cycle of 0.65. (d) Electric field profile at the resonant wavelength of 548 nm, and the white arrows denoting
the field direction. (e) The SEM image of the fabricated SiC metasurface. Scale bar: 1 um.

substrate. This platform is compact, CMOS-compatible, and
optimized for high-performance structural color generation. SiC
is selected for its high refractive index and low optical loss across
the visible spectrum. A comparison of its optical constants with
those of TiO,, Si;N,, and Si is provided in Section S1. Each
nanobrick is defined by its period P and duty cycles a; and a,
along the x and y axes, respectively, as shown in Figure 1b. The

height of the nanobrick is fixed at H = 120 nm, yielding a low
aspect ratio that simplifies fabrication and enhances scalability.
By tuning the period and duty cycles, Mie resonances can be
shifted across the visible spectrum, resulting in full-color output
as illustrated in Figure lc. Mapping onto the CIE 1931 diagram
depicted in Figure 1d shows a color gamut covering 166% of
sRGB and 115% of Adobe RGB, outperforming many reported
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FIGURE 3 | Schematic diagram of brightness modulation. (a) Principle of amplitude modulation realized by adjusting the areal ratio of SiC

nanobricks within a 5 um X 5 um unit area. The gray regions represent the areas without SiC nanobricks. (b) Experimental reflectance spectra for

different SiC area ratios, labeled by G-1-G-13, along with the corresponding colors derived from each spectrum. (c) Experimental results of structural

color patterns generated from a single hue with brightness modulation. (d) Experimental multicolor images with brightness modulation. Scale bar:

100 pm.

approaches (Section S2). The color gamut of structural colors can
be further expanded by introducing refractive index matching
layers to suppress higher-order resonant modes. In addition,
inverse design strategies could be used to optimize the structural
geometries and dimensions.

To evaluate performance, Finite-Difference Time-Domain
(FDTD) simulations were performed with periodic boundary
conditions along the x and y axes and perfectly matched
layers along the z direction. The optical parameters of SiC
used in simulation were obtained by ellipsometry (Figure S1).
Figure 2a showcases that each simulated reflection spectrum
exhibits a sharp peak, which redshifts from 472 to 664 nm
as the period increases from 250 to 425 nm, with an average
efficiency of 78.4%. The duty cycles of which are fixed to 0.65.
Experimentally measured spectra shown in the right panel of
Figure 2a exhibit similar trends but slightly lower efficiency
(69%). These discrepancies can be attributed to the following
reasons: (i) fabrication imperfections that cause deviations in
the morphology of the fabricated SiC nanobricks; (ii) differences
in the material parameters between the simulation model
and the fabricated metasurface. The corresponding colors,
derived from CIE color-matching functions, are shown in the
middle panel of Figure 2a. Figure 2b presents good agreement
between simulated and experimental chromaticity plots, with
experimental coverage of 154% sRGB and 107% Adobe RGB
(Figure S2) in the CIE diagram.

In order to have a better understanding of the underlying
mechanism, multipole scattering theory [44] was applied to a
representative unit cell (P =350 nm, a; = a, = 0.65). The total scat-
tering cross section can be decomposed into contributions from
various multipolar modes, including the electric dipole (ED),

magnetic dipole (MD), toroidal dipolar (T), electric quadrupole
(EQ), and magnetic quadrupole (MQ), as the following form:

2w o 2wt 5 4w’ 20 5 @f
=2 PP+ MP+2 -1+ 22T + =
v |P|” + 3c3| "+ 3 P-T)+ 305 L1+ 55 QupQup
w® 2a° ) 1
+500s MepMas + Te 5 (M-(R3))+o0 = 6))

where ¢ represents the speed of light in vacuum, w represents
the angular frequency. P, M, T, Q,3, M,; represent the ED, MD,
T, EQ, and MQ moments, respectively. (R;,) is the correction
resulting from the interference between the MD and first-
order mean-square radius of the MD distribution (see details in
Section S3).

Figure 2c shows the multipole expansion under x-polarized illu-
mination. A strong resonance peak emerges at 548 nm, consistent
with the primary reflection peak. The scattering is dominated by
the MD resonance, overlapping with the ED response. Notably,
this spectral overlap suppresses multiple peaks, thereby preserv-
ing color purity. The corresponding electric field distribution at
the resonant wavelength is plotted in Figure 2d, revealing strong
field confinement inside the SiC nanobrick and a ring-shaped
profile characteristic of MD modes, further presented by the mag-
netic field distribution as shown in Figure S3. These observations
agree well with the multipole decomposition analysis. A scanning
electron micrograph (SEM) of the fabricated SiC metasurface
is shown in Figure 2e, with fabrication details provided in the
Methods section.

To achieve brightness control, we varied the areal coverage
of nanobricks within each individual unit cell as illustrated
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FIGURE 4 | Polarization-tunable performance of the SiC metasurface. (a) Simulated reflectance spectra under x- (green solid line) and y- (green

dashed line) polarized light for a selected structure with a period of P = 350 nm and duty cycles of a; = 0.65 and a, = 0.35. The insets show the
corresponding derived color for x (solid box) and y (dashed box) polarizations. (b,c) presents corresponding multi expansion for x and y polarization.
(d) Simulated reflectance spectra under x- (green solid line) and y- (green dashed line) polarized light for a SiC nanobrick with a period of P = 325 nm
and duty cycles of a; = 0.65 and a, = 0.35. The insets illustrate the corresponding derived color under x- (solid box) and y- (dashed box) polarized light.
(e,f) presents corresponding multi modes expansion for x and y polarization. (g) Schematic illustration of polarization-controlled information storage.

Experimental results of single color (h) and multicolor (h) switching under x (left), 45° (middle) and y (right) polarization states. Scale bar: 100 um.

in Figure 3a. A 5 X 5 um? region was divided into grids,
and nanobrick coverage was gradually reduced by sequentially
removing 1 X 2 pm? sub-regions, yielding 13 distinct patterns
as depicted by optical micrographs in Figure S4. This approach
smoothly modulates reflectance from 58% to 8% at 525 nm,
producing colors from deep green to dark gray as shown in
Figure 3b. As the area ratio of SiC nanobricks decreases, the
resulting reflected color gradually reduces and approaches that
of the bare quartz substrate, making it difficult to achieve a
true black state in practical displays. Although the reflectance

cannot be decreased to zero, broadband reflection with ~8%
reflectance is comparable to some unbonded glass used in a
display device. In addition, the reflectance could be further
decreased to zero by adding additional polarizers or using liquid
crystal layers. Unlike cross-polarization or interference methods,
this approach requires no additional polarizer, resulting in sim-
plicity and high compatibility. Brightness modulation at fixed
hue enables realistic chiaroscuro effects, as demonstrated by the
“META” pattern in Figure 3c. The brightness contrast produces
avivid 3D appearance, whereas absent of brightness information
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FIGURE 5 | Resolution test of the SiC metasurface. (a) Optical micrograph of SiC nanobricks with various sizes changing from 20 to 1.2 pm. The

geometry parameters of the corresponding SiC nanobricks have a period of P = 410 nm and duty cycles of a; = a, = 0.6. (b) SEM images of SiC nanobricks

corresponding to Figure 5a, scale bar 5 pm. (c) The magnified part in Figure 5b, scale bar 1 um.

yields a flat, monochromatic pattern. Similar demonstrations for
red, orange, and blue patterns are shown in Figure 3d,e. The
corresponding experimental setup is shown in Figure S5.

Beyond color hue and brightness modulation, the birefringence
of anisotropic SiC nanobricks for polarization-dependent color
switching is exploited. Without changing material composition or
geometry, polarization provides an additional degree of freedom
for color tuning, increasing information capacity stored in each
individual color pixel. Figure 4a shows that a structure with
P = 350 nm, a; = 0.65, and a, = 0.35 exhibits vivid green
(78% reflectance) under x polarization while vanished color
(8% reflectance) under y polarization. Multipole decomposition
presented in Figure 4b,c reveals a dominant ED resonance under
x polarization and a strongly suppressed ED response under
y polarization, consistent with the anisotropic geometry. The
corresponding electric and magnetic field distributions (Figure
S6) confirm the polarization-dependent field confinement modes.
A second design with P = 325 nm and duty cycles of 0.35
and 0.65 switches between black (x polarization) and cyan-blue
(y polarization) as shown in Figure 4d, which is consistent
with multipole and field analyses provided in Figure 4e,f and
Figure S7.

These polarization-dependent optical responses enable infor-
mation encryption. As shown in Figure 4g, distinct encoded
patterns are selectively revealed under orthogonal polarization

states. Experimentally, the metasurface displays “02:43” under
x-polarized illumination and “19:58” under y-polarized illumi-
nation (Figure 4h). Notably, negligible crosstalk between the
two polarization channels is observed. When the incident polar-
ization is rotated to 45°, destructive interference obscures the
“time” information, broadly enhancing encryption robustness. In
addition, the spatial multiplexing technique is demonstrated to
encode distinct color images under orthogonal polarizations. To
minimize crosstalk effect, the background was engineered using
SiC nanobricks (P = 410 nm, duty cycles of 0.25) to produce a
dark state under both polarizations, matching the backgrounds
of Figure 4a (y polarization) and Figure 4d (x polarization). Using
this scheme, a green “cry face” with sharp contrast appears
under x polarization while a blue “smile face” presents under y
polarization as shown in Figure 4i. The two channels are spec-
trally and spatially isolated, yielding negligible crosstalk effect.
Polarization-dependent color palettes of various nanostructures
are provided in Figure S8. Such multiplexing technique enriches
polarization-encoded color diversity, offering a promising plat-
form for encryption, anticounterfeiting, and advanced display
technology.

Finally, the resolution of our SiC metasurface was tested by
fabricating periodic nanobricks with pixel size from 20 down to
1.2 um as shown in Figure 5a. It can be observed that the red color
still exists even the pixel only consists of 3 X 3 nanobricks, cor-
responding to ultrahigh pixel densities of 10 000 PPI. Figure 5b,c
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show the SEM images in which each SiC nanobrick exhibits high
fidelity. Additional optical and SEM images for other color pixels
can be seen in Figures S9 and S10.

3 | Summary

In this paper, we have demonstrated an ultrathin SiC-on-silica
metasurface that simultaneously achieves wide-gamut color
generation, brightness modulation, and polarization-dependent
switching. Multipole decomposition theory confirms optical MD
resonances as the primary mechanism that enables experi-
mental gamut coverage of 154% sRGB and 107% Adobe RGB.
Brightness is experimentally modulated via areal coverage
engineering, supporting chiaroscuro rendering with high con-
trast. Polarization-dependent birefringence allows multiplexing
images with minimal crosstalk effect. High-resolution nanoprint-
ing up to 10 000 PPI further showcases the suitability of our SiC
metasurfaces for next-generation displays, imaging, and optical
encryption.

4 | Methods
4.1 | Optical Characterization

Optical images of the metasurface colors were captured using
an inverted microscope (Zeiss Axio Observer) under broadband
white light illumination. The optical photographs were obtained
by a chromatic CCD camera (Zeiss AxioCam MRc5). An
ultraviolet-infrared—near infrared microspectrophotometer
(CRAIC PV20/30) was used to measure the reflectance
spectrum.

4.2 | Fabrication of SiC Metasurface

The metasurfaces were fabricated by standard electron beam
lithography and reactive ion etching technology (Figure SI1).
We first deposited 120-nm-thick silicon carbide using plasma-
enhanced chemical vapor deposition (Oxford, PlasmaPro 100
PECVD) on a 500-um-thick fused silica substrate. O, plasma
cleaning and HMDS coating on silicon carbide film were executed
to improve adhesion. Then, the 190-nm-thick positive electron-
beam resist (PMMA) was spin-coated on the silicon carbide film.
Subsequently, an E-spacer layer (ARPC5090) was spin-coated on
the resist to suppress the charging effect. The designed patterns
were defined in resist by an electron beam lithography system
(Elionix, ELS-F125) and developed in the solution of MIBK and
IPA. Next, a 28-nm-thick aluminum layer was deposited on the
resist by an electron beam evaporator (SKY, DZS500) and a lift-
off process was done in n-methyl-pyrrolidone (NMP) at 80°C. In
order to transfer the patterns from the aluminum hard mask to the
silicon carbide film, inductively coupled plasma reactive ion etch-
ing (Tailong Electronics, ICP-200) was carried out. C,Fg and SF,
were utilized in the etching process, where the ratio of C,Fg/SF,
was tuned to be 2.6. The bias RF power was 40 W, the ICP
generator RF power was 500 W, and the pressure was controlled
at13.5 mTorr. The etching time for the SiC film with a thickness of
120 nm was 60 s, corresponding to an etching rate of 120 nm/min.
Finally, the metasurfaces composed of silicon carbide nanobricks

were obtained after the removal of the aluminum layer with
the stripping solution (Sigma-Aldrich, Aluminum Etchant

Type A).
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