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icon-based nanopillar metasurface
for narrowband RGB color filter

Zhengquan Jiang *

The performance of conventional silicon (Si) -based metasurfaces is limited by intrinsic losses and low

quality factors (Q). Here, we numerically investigate a silicon-based nanopillar RGB metasurface that

exploits symmetry-tuned high-Q resonances (Q-BIC-like) enabled by intentional in-plane symmetry

breaking. To mitigate substrate-induced non-radiative losses, a thin silicon nitride (Si3N4) interlayer is

introduced between the metasurface and the Si substrate, providing improved refractive-index matching

and reduced energy leakage into the substrate. This combined design leads to enhanced

electromagnetic field confinement and narrower spectral responses. As a result, the reflection peak full

width at half maximum (FWHM) is reduced from 103 nm and 77 nm to 51 nm and 48 nm for the red and

green channels, respectively, accompanied by a 1.4× enhancement in local field intensity for the red

channel. Furthermore, macro-pixel configurations based on Bayer-like arrangements demonstrate low

spectral crosstalk and high color purity. These results demonstrate a practical metasurface design

strategy for narrowband RGB color filtering in integrated micro-display and imaging applications.
1. Introduction

Metasurface-based spectral ltering technologies provide
a promising route toward the development of highly miniatur-
ized and densely integrated optical devices for applications
such as high-resolution CMOS image sensors,1 ultra-high-
denition micro-displays,2 hyperspectral imaging systems,3

and compact spectrometers.4 Unlike conventional optical lters
that rely on material absorption to selectively attenuate specic
wavelengths, metasurface spectral lters generate structural
color through resonant coupling between incident light and
subwavelength nanostructures patterned on the surface. As
a result, metasurface-based lters offer several distinct advan-
tages, including subwavelength spatial resolution, ultra-
compact device footprints, excellent environmental stability,
and full compatibility with standard CMOS fabrication
processes. These features make metasurface spectral lters
particularly attractive for next-generation integrated optoelec-
tronic systems.

To date, themajority of metasurface lter designs have relied
on plasmonic structures composed of noble metals such as gold
and silver.5–11 Although these structures exhibit strong local
electric eld connement arising from surface plasmon reso-
nances, their practical implementation is hindered by the high
cost of noble metals, signicant ohmic losses, and limited
compatibility with CMOS manufacturing processes. These
drawbacks restrict the scalability and long-term viability of
sity of Science and Technology, Shenzhen
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plasmonic metasurface lters for large-area and high-density
integration.

Dielectric metasurfaces based on silicon (Si) have therefore
attracted increasing attention as an alternative platform for
visible-wavelength applications. Si offers a high refractive index,
comparatively low intrinsic optical losses relative to metallic
structures, and excellent compatibility with mature CMOS
fabrication technologies.12–14 Si nanostructures can support
a rich set of electric and magnetic Mie-type resonances,15–17

enabling diverse functionalities such as perfect electromagnetic
mirrors18 and optical holography.19 However, despite these
advantages, the performance of Si metasurface is oen severely
limited by substrate-induced effects. As demonstrated by Dong
et al.,20 Si nanostructures integrated on solid substrates suffer
substantial non-radiative energy leakage into the substrate,
resulting in signicantly reduced quality factors (Q) compared
to their free-standing counterparts. Since the Q-factor directly
inuences the spectral linewidth, color saturation, and inter-
channel crosstalk, substrate-induced losses pose a major
obstacle to the deployment of Si metasurfaces in high-
resolution display and imaging applications. To address the
issue of low Q, the concept of quasi-bound states in the
continuum (Q-BIC) has emerged as a powerful solution. For
instance, Tian et al. demonstrated high-resolution tunable
optical lters at telecommunication wavelengths using phase-
change material-based BIC metasurfaces.21 Inspired by such
advances, applying BIC physics to CMOS-compatible silicon
platforms offers a pathway to achieve narrowband ltering in
the visible spectrum.
© 2026 The Author(s). Published by the Royal Society of Chemistry
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In this study, we present a design strategy for a silicon-based
metasurface that suppresses radiative losses through symmetry-
tuned high-Q resonances. Given that these modes are activated
by symmetry breaking but are practically limited by material
absorption, we refer to them as “Q-BIC-like” resonances
throughout this work, while mitigating substrate-induced non-
radiative leakage. A silicon nitride (Si3N4) interlayer is intro-
duced between the metasurface and the Si substrate to improve
refractive-index matching and reduce energy coupling into the
substrate, thereby approximating a quasi-free-space optical
environment. To enable robust excitation of Q-BIC-like modes
and enhance electromagnetic eld connement, elliptical
nanopillars are employed to deliberately break in-plane
symmetry. Furthermore, two types of macro-pixel units are
incorporated to evaluate pixel-level integration effects. Our
numerical results show that even at high pixel densities, spec-
tral crosstalk between macro-pixel units remains negligible,
highlighting the potential of the proposed metasurface archi-
tecture for high-density RGB ltering in advanced imaging and
micro-display technologies.
2. Metasurface design and simulation
methodology
2.1 Suppression of non-radiative losses

A thin Si3N4 interlayer is selected based on an index-of-
refraction matching guideline, in which the refractive index of
the intermediate layer is chosen to match that of the
surroundingmedia. Following the relation n= n1× n2, where n1
z 1 represents the refractive index of the free-space environ-
ment (air) and n2z 4 corresponds to that of the Si substrate, the
refractive index of Si3N4 (n z 2) satises this requirement,
providing a more free-space-like optical environment at the
metasurface–substrate interface.20 This index-matching condi-
tion effectively mitigates substrate-induced non-radiative losses
arising from resonant coupling into the Si substrate. Based on
this structural conguration, nite-difference time-domain
(FDTD) simulations are performed to systematically sweep the
nanopillar diameter D and lattice period G. These numerical
simulations are conducted using lumerical FDTD soware with
a mesh accuracy of 2. Periodic boundary conditions (PBC) are
applied in the x- and y-directions to simulate the periodic array
(the schematic of the periodic arrangement is shown in Fig. S4),
while perfectly matched layer (PML) conditions are used in the
z-direction to ensure efficient wave absorption. A custom index-
of-merit function (IF) is employed to identify the optimal
geometries for RGB ltering. The IF is dened as

IF ¼
Xn

i¼1

wi �
��Xi � X*

i

��

where n = 3, and X1, X2, and X3 correspond to the target reso-
nance wavelength, peak reectance, and FWHM, respectively.
The weighting factors wi are used to balance the relative
importance of each parameter. The optimized geometric
parameters obtained from this procedure are: red (D = 160, G =

115, h1 = 230), green (D = 120, G = 110, h1 = 170), blue (D = 65,
© 2026 The Author(s). Published by the Royal Society of Chemistry
G = 60, h1 = 115). The corresponding simulated reection
spectra in Fig. 1b–d show that the red channel exhibits a peak
reectance of 0.81 at 682 nm with a FWHM of 103 nm, while the
green channel reaches a peak reectance of 0.76 at 561 nm with
a FWHM of 77 nm. In contrast, the blue channel displays
a lower peak reectance of 0.31 at 419 nm with a FWHM of
44 nm. The reduced performance in the blue spectral region is
attributed to the strong intrinsic optical absorption of Si at
short wavelengths. The corresponding electric-eld intensity
distributions at the resonance wavelengths are presented in
Fig. 2.

Fig. 2(a–c) present the electric-eld intensity distributions of
the red, green, and blue channels at their respective resonance
wavelengths. The cross-sectional views in Fig. 2(d–f) clearly
show that the Si3N4 interlayer enhances optical eld conne-
ment within the Si nanopillars by reducing electromagnetic
coupling into the substrate, thereby mitigating substrate-
induced non-radiative losses. At resonance, the multipolar
decomposition (see Fig. S1 in SI) reveals that the reection
peaks are primarily driven by the excitation of a strongmagnetic
dipole (MD) mode. While the electric dipole (ED) and higher-
order multipoles are also present, the MD resonance domi-
nates the scattering behavior. This localized magnetic reso-
nance leads to enhanced backward scattering, resulting in the
observed reection peaks.22

However, the reection spectra in Fig. 1b–d exhibit relatively
large linewidths, with FWHMs of 103 nm (red), 77 nm (green),
and 44 nm (blue). This broadband spectral response arises
because the resonance is primarily governed by a strong MD
mode that exhibits signicant radiative damping. As a result,
the scattering prole of this dominant Mie mode spans a wide
spectral range, leading to broadened resonance features. When
the RGB channels are combined, this broad linewidth degrades
color purity and increases inter-channel crosstalk. This limita-
tion originates from the fact that conventional Mie resonances
behave as bright modes that are strongly coupled to free space,
resulting in substantial radiative losses and intrinsically low
quality factors.

To overcome this limitation, we adopt an alternative design
strategy that replaces conventional isotropic circular nano-
pillars with elliptically shaped nanopillars. The resulting in-
plane symmetry breaking enables the excitation of Q-BIC-like
with enhanced Q. By conning each color channel to its corre-
sponding Q-BIC-like mode, radiative losses are effectively
reduced, leading to narrower spectral linewidths, improved
color purity, and reduced inter-channel crosstalk.
2.2. Reduction of radiative losses via Q-BIC-like excitation

Fig. 3a illustrates the unit-cell geometry aer the introduction
of in-plane symmetry breaking. By transforming the circular Si
nanopillars into elliptical ones, the rotational symmetry of the
structure is reduced from C4v(possessing vertical mirror
symmetries) to C1v. This symmetry reduction disrupts the
complete destructive interference of near-eld dipole moments
and induces a nite net dipole moment, thereby converting an
originally symmetry-protected dark mode into a Q-BIC-like
RSC Adv., 2026, 16, 12960–12966 | 12961

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6ra00072j


Fig. 1 Low-leakage metasurface design and simulated RGB reflection spectra. (a) Schematic of the metasurface unit cell, where a thin 70 nm
Si3N4 interlayer is inserted between the Si nanopillars and the Si substrate to mitigate substrate-induced energy leakage arising from resonant
coupling into the substrate. (b–d) Simulated reflection spectra of isotropic circular nanopillar metasurface for the red, green, and blue channels,
respectively. The peak wavelengths, peak reflectance values, and corresponding full width at half maximum (FWHM) are indicated in each
spectrum.
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mode. The symmetry-protected nature of this BIC arises from
the mismatch between the spatial symmetry of the localized
mode and the external radiation continuum at the G-point,
which is subsequently accessed by reducing the unit-cell
symmetry from C4v to C1v

23 (see details in Fig. S2 and S3). In
the proposed design, the short-axis length d and the rotation
angle q are introduced as additional geometric parameters, with
q xed at 45° and 135°. The same parameter-scanning and
optimization strategy employed for the circular nanopillars is
applied here, whereby the parameters D, G, and d are system-
atically swept and optimal geometries are selected using the IF.

The optimized geometrical parameters are obtained as
follows: red (D = 190 nm, G = 130 nm, h1 = 230 nm, d = 129
nm), green (D= 150 nm, G= 100 nm, h1 = 170 nm, d= 102 nm)
and blue (D= 65 nm, G= 60 nm, h1;= 115 nm, d= 66 nm). The
corresponding simulated reection spectra in Fig. 3b clearly
demonstrate the advantages of Q-BIC-like excitation. Speci-
cally, the FWHM of the red channel is reduced from 103 nm to
51 nm, corresponding to a linewidth narrowing of over 50%,
12962 | RSC Adv., 2026, 16, 12960–12966
while the green channel exhibits a reduction from 77 nm to
48 nm, representing nearly a 40% improvement. In contrast, the
linewidth reduction in the blue spectral region is considerably
less pronounced. This behavior is attributed to the intrinsically
high optical absorption of Si at shorter wavelengths, where
material absorption rather than radiative loss dominates the
overall Q-factor, thereby limiting the effectiveness of geometric
tuning for Q enhancement in the blue band. Furthermore, to
evaluate the practical applicability of the proposed design in
real-world optical systems, such as those involving high-NA
focusing, we investigated the angular robustness of the meta-
surfaces. The evolution of the reection spectra as a function of
the incident angle is illustrated in Fig. S5 (see details in SI). The
results demonstrate that the resonance peak remains substan-
tially stable for incident angles up to 20°, conrming the robust
performance of our design within a practical angular range
suitable for conventional imaging and display technologies.

Fig. 3c presents the top-view and cross-sectional electric-eld
intensity distributions at the resonance wavelengths of the
© 2026 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6ra00072j


Fig. 2 Electric-field intensity distributions at the resonance wavelengths. (a–c) Top-view and (d–f) cross-sectional electric-field distributions
corresponding to the red, green, and blue circular nanopillar metasurface, respectively.
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elliptical nanopillar metasurfaces. To evaluate the inuence of
the Q-BIC-like mechanism on electromagnetic eld conne-
ment, these results are directly compared with the corre-
sponding eld distributions of circular nanopillars shown in
Fig. 2. For the circular structures, although pronounced
standing-wave patterns are observed above the nanopillars, the
internal eld intensity within the Si remains relatively weak,
indicating inefficient photon connement associated with
conventional Mie-type resonances. In this case, a signicant
portion of the electromagnetic energy rapidly radiates back into
free space, resulting in low Q.

In contrast, the elliptical nanopillar structures exhibit
a markedly enhanced degree of optical eld connement. While
the standing-wave intensity above the pillars is slightly
reduced—consistent with longer photon lifetimes and
increased interaction with the absorbing Si material—the
internal electric-eld intensity within the nanopillars is
substantially increased. Quantitative evaluation of the local
electric-eld intensityjEj2in the vicinity of the nanopillars
reveals that Q-BIC-like excitation effectively reduces radiative
losses, leading to a signicant accumulation of electromagnetic
energy within the resonator. In particular, the internal eld
intensity of the red-channel elliptical nanopillar is approxi-
mately 1.4× higher than that of the corresponding circular
structure. The enhancement observed for the green and blue
channels is comparatively weaker due to the intrinsically higher
optical absorption of Si at shorter wavelengths, where material
absorption increasingly dominates the total loss budget.
© 2026 The Author(s). Published by the Royal Society of Chemistry
The cross-sectional eld proles further demonstrate strong
localization of electromagnetic energy within the Si nanopillars
and at the Si–Si3N4 interface, a characteristic feature of Q-BIC-
like modes that exhibit minimal external radiation and
pronounced internal connement within subwavelength reso-
nant cavities. Examination of the top-view eld maps reveals
that the maximum eld concentration occurs near the two ends
of the major axis of the elliptical nanopillars, providing direct
evidence of the modal asymmetry introduced by in-plane
symmetry breaking.

Taken together, the pronounced linewidth narrowing
observed in Fig. 3b–d is in direct correspondence with the
enhanced internal eld connement shown in Fig. 3c, con-
rming that the excitation of Q-BIC-like modes simultaneously
suppresses radiative losses in the spectral domain and localizes
electromagnetic energy in the spatial domain.
2.3. Integrated macro-pixel architectures and crosstalk
analysis

To evaluate the feasibility of the proposed metasurface design
for practical high-density display and imaging applications, two
representative macro-pixel congurations were constructed
from the optimized unit-cell designs, and their ability to
suppress color crosstalk was systematically investigated. The
rst macro-pixel conguration adopts a 2 × 2 Bayer-like
arrangement. As illustrated in Fig. 4a, the proposed design
incorporates two blue sub-pixels rather than the four sub-pixels
used in the conventional RGGB Bayer pattern commonly
employed in commercial display technologies. This
RSC Adv., 2026, 16, 12960–12966 | 12963
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Fig. 3 Suppression of radiative losses usingQ-BIC-like enabled metasurface structures. (a) Schematic of the unit cell, in which isotropic circular
nanopillars are replaced by elliptical nanopillars to introduce in-plane symmetry breaking and enable excitation of Q-BIC-like. (b) Simulated
reflection spectra of the red, green, and blue channels, with peak wavelengths, peak reflectance values, and corresponding FWHM indicated.
(c1–c3) Top-view and (c4–c6) cross-sectional electric-field intensity distributions of the elliptical nanopillar metasurface at their respective
resonance wavelengths.
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modication increases the effective blue-reective area,
compensating for the intrinsically lower reectivity of Si in the
blue spectral region and resulting in improved intensity
matching among the RGB channels. Aer balancing the trade-
offs between sub-pixel count and overall device footprint, the
macro-pixel dimensions were set to 9 mm × 9 mm, with each
RGB sub-pixel occupying an area of 4.5 mm × 4.5 mm. The
second macro-pixel conguration, shown in Fig. 4c, employs
a linear RGB stripe arrangement. In this design, each color
channel is assigned a distinct spatial periodicity based on the
12964 | RSC Adv., 2026, 16, 12960–12966
optimized parameters of the corresponding unit pixel. Speci-
cally, the red sub-pixel has dimensions of 6.50 mm × 6.40 mm,
while the green and blue sub-pixels both measure 6.50 mm ×

6.50 mm. Consequently, the total macro-pixel size is 6.5 mm ×

19.4 mm (6.5 + 6.5 + 6.4 mm). The numerical investigation of
these macro-pixel congurations was performed using the
nite-difference time-domain (FDTD) method (Lumerical). To
simulate the spectral response, PML boundary conditions were
applied in all directions (x, y, and z). A reection monitor was
positioned above the structure to collect the total reected
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Schematic illustrations of two integrated macro-pixel configurations and their corresponding simulated reflection spectra. (a) Bayer-like
macro-pixel configuration. (c) RGB linear stripe (R–G–B) macro-pixel configuration. (b and d) Simulated reflection spectra corresponding to the
Bayer-like and stripe configurations, respectively. Red, green, and blue curves represent the responses of the three color channels, while black
curves indicate the spectral responses arising from adjacent sub-pixels, used to evaluate inter-channel crosstalk.
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power. A conformal mesh with a minimum mesh size of 2 nm
was used.

Fig. 4b–d present the simulated reection spectra for the two
macro-pixel congurations. The red, green, and blue curves
correspond to the respective RGB channels, while the black
curves represent the spectral response of neighboring sub-
pixels when observed from an adjacent color channel,
providing a quantitative assessment of inter-pixel crosstalk. For
comparison, Fig. 3b shows the spectra of isolated unit pixels.
When integrated into macro-pixel congurations, the reection
spectra exhibit a proportional reduction in peak reectance
relative to the isolated unit-pixel response. This reduction arises
from area-fraction effects, as the total reected power is
normalized over the macro-pixel area, while only one-quarter of
the area is occupied by each RGB channel in the Bayer-like
conguration or one-third in the stripe conguration. Accord-
ingly, the reduced peak intensities of the macro-pixel spectra
closely correspond to the respective area fractions of each color
channel. Despite the reduction in overall reectance, both
macro-pixel congurations maintain clearly separated RGB
spectral peaks. The spectral line shapes of the individual color
channels exhibit no signicant distortion, and the resonant
wavelengths remain stable at approximately 420 nm for blue,
560 nm for green, and 690 nm for red. These results indicate
that the proposed metasurface architecture preserves strong
spectral separation even under dense spatial integration. The
supported Q-BIC-like modes conne electromagnetic energy
© 2026 The Author(s). Published by the Royal Society of Chemistry
within each Si nanopillar, thereby limiting energy leakage and
reducing coupling between adjacent color channels. As a result,
very low levels of spectral crosstalk are achieved, even when the
pixels are tightly packed.

Overall, these simulation results demonstrate that the
proposed metasurface design holds strong potential for the
development of micron-scale, high-quality display technologies,
densely integrated on-chip sensor arrays, and other optical
systems requiring high color purity within stringent spatial
constraints.
3. Conclusion

In this work, we numerically investigated an silicon-based
nanopillar metasurface for narrowband RGB color ltering. By
introducing in-plane symmetry breaking, Q-BIC-like was
exploited to effectively reduce radiative losses, resulting in
enhanced electromagnetic eld connement and narrowed
spectral linewidths. In addition, a thin Si3N4 interlayer was
incorporated to mitigate substrate-induced energy leakage
through improved refractive-index matching. As a result, the
reection linewidths of the red and green channels were
reduced to 51 nm and 48 nm, respectively, accompanied by
improved color selectivity. Furthermore, macro-pixel congu-
rations based on Bayer-like and stripe arrangements were
evaluated to assess pixel-level integration effects. The simula-
tion results show that the proposed metasurface design
RSC Adv., 2026, 16, 12960–12966 | 12965
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maintains well-separated RGB responses with low spectral
crosstalk even under dense spatial integration. While the
performance in the blue spectral region remains limited by the
intrinsic optical absorption of Si, the overall results demon-
strate a feasible and practical metasurface design strategy for
compact RGB color ltering. This approach is well suited for
integrated display and imaging systems where narrow spectral
responses, low crosstalk, and CMOS compatibility are required.
Although our work focuses on a reection-mode design for
specic applications such as reective displays and anti-
counterfeiting, we acknowledge that transmission-mode lters
are more commonly used in other contexts like image sensors.
Future studies could explore adapting our design for trans-
mission by using a transparent substrate or backside illumi-
nation. The benets from current structure are still the good Q
factor and design simplicity.
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