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Abstract

Conventional chiral metasurfaces are typically restricted to a single resonant wavelength,
which limits their ability to satisfy the requirements of broadband detection and multi-
channel polarization manipulation. To overcome this limitation, this study numerically
proposes a chiral metasurface based on an oracle-bone-inspired geometry. By combining
dislocation with rotational symmetry breaking, the proposed structure enables pronounced
circular dichroism responses at three wavelengths in the long-wave infrared region, reach-
ing 0.68@λ1 = 10.43 µm, 0.79@λ2 = 10.8 µm, and 0.6@λ3 = 10.9 µm. This design overcomes
the single-wavelength limitation of conventional chiral metasurfaces and establishes a
new paradigm for multi-wavelength chiral light-field manipulation. This research not
only broadens the design scope of chiral photonics, but also provides a promising tech-
nical path for the development of highly integrated infrared polarization devices and
multi-wavelength chiral sensing systems.

Keywords: chiral metasurface; oracle geometry architecture; circular dichroism

1. Introduction
Circular polarization, as a fundamental vector property of light, plays a crucial role in

optics, materials science, and the life sciences. Traditionally, selective control of circular
polarization has relied mainly on natural chiral crystals or optical systems composed of
waveplates [1] and polarizers [2]. These components manipulate the final polarization state
by introducing different phase delays or absorption losses for left-circularly polarized light
(LCP) and right-circularly polarized light (RCP), depending on the intrinsic chirality or
birefringence of constituent materials. A key performance metric for such devices is circular
dichroism (CD), defined as the difference in absorption or transmission between LCP and
RCP. Devices based on these principles have been widely applied in circularly polarized
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optical communication [3], stereoscopic display [4], molecular chirality detection [5], and
spin photonics [6]. Even so, conventional bulk materials and discrete optical components
remain fundamentally limited. Their optical responses are strongly constrained by material
properties and operating wavelength, which leads to fixed working windows and narrow
spectral coverage. Their bulky form also makes them difficult to integrate into modern op-
tical systems, particularly chip-scale photonic platforms. These drawbacks have motivated
the search for compact platforms that can manipulate circular polarization more flexibly at
the subwavelength scale.

The emergence of chiral metasurfaces [7–9] has opened a promising route toward
overcoming these limitations. Metasurfaces are planar optical devices composed of sub-
wavelength artificial atoms arranged in a prescribed manner. By tailoring the geometry,
dimensions, and spatial arrangement of individual meta-atoms, metasurfaces enable flex-
ible control over the amplitude, phase, and polarization of light waves [10–15]. Chiral
metasurfaces are structures whose unit cells lack mirror symmetry, or whose overall
arrangement breaks spatial inversion symmetry, thereby producing different optical re-
sponses to LCP and RCP. Owing to this geometrically induced chirality, metasurfaces can
generate strong CD effects within ultrathin platforms, while their optical performance
can be engineered through structural design rather than being limited by the intrinsic
properties of natural materials. Despite these advantages, most reported high-performance
chiral metasurfaces still operate at only one design wavelength or within a narrow spectral
band [16–18]. This single-wavelength characteristic severely limits their use in applications
such as multi-channel polarization multiplexing [19], wide-spectrum chiral sensing [20],
and systems that must work with multiple discrete light sources. Although the need for
multi-wavelength or broadband chiral devices is growing, current design strategies remain
unsatisfactory. One mainstream approach is to incorporate multiple resonant elements
into a single-layer superstructure in order to excite several spectrally separated chiral
modes [21–23]. However, this substantially enlarges the design space, increases the cost of
full-wave simulation, and often makes device performance more sensitive to fabrication
errors. Another strategy is to use multilayer stacked structures, with each layer optimized
for a specific wavelength [24–27]. This can ease the design burden at the single-layer level,
but it introduces strict alignment requirements, raises fabrication complexity and cost, and
weakens the usual advantages of metasurfaces in compactness and ultrathin integration.
Therefore, there remains a clear need for a simple and robust metasurface architecture
capable of generating strong multi-wavelength chiral responses.

To address this issue, this paper proposes and numerically validates a novel chi-
ral metasurface inspired by the geometric architecture of oracle bone inscriptions. The
design is motivated by the distinctive symmetry-breaking characteristics of oracle bone
patterns. By introducing two coordinated symmetry-breaking operations, namely disloca-
tion and rotation, into a single unit cell, the proposed structure supports multiple spectrally
separated chiral electromagnetic modes within a simple single-layer configuration. As
a result, the proposed metasurface exhibits pronounced CD responses at three discrete
wavelengths (λ1, λ2, λ3) in the long-wave infrared band, with CD values reaching 0.68,
0.79, and 0.6 respectively. Compared with existing schemes that rely on complex patterns
or multilayer stacking, the oracle-bone-inspired architecture presented here offers clearer
physical intuition and simpler geometric features. More importantly, it demonstrates that
strong multi-wavelength chiral responses can be achieved in a single-layer metasurface
through coordinated symmetry breaking, thereby overcoming the single-wavelength limi-
tation of conventional chiral metasurfaces. This work provides a new design paradigm and
a practical technical basis for compact multi-wavelength polarization optical components,

https://doi.org/10.3390/photonics13050491

https://doi.org/10.3390/photonics13050491


Photonics 2026, 13, 491 3 of 11

and may facilitate future applications in spectral detection, biomolecular identification, and
quantum information processing.

2. Materials and Methods
Figure 1a shows the spatial configuration of the oracle bone script character “zi” in

traditional Chinese culture, whose outline resembles an abstract image of a moving child.
In this character, the head (highlighted by the green dashed circle) and the trunk remain
upright, whereas the arms (highlighted by the blue dashed circle) are stretched straight
and form a certain angle with the trunk. The legs (highlighted by the purple dashed circle)
are bent and also form a certain angle with the trunk. This asymmetric arrangement of
the limbs gives the pattern an intrinsic chiral character, because it cannot be superimposed
onto its mirror image by any in-plane rotation or translation. Figure 1b shows the three-
dimensional structure of the chiral metasurface induced by the geometric architecture of
oracle bone script. The structure consists of a MgF2 substrate at the bottom and a silicon
film with a special hole array at the top. The thickness of the silicon film is 1.72 µm, and
the direction of the incident light is along the positive z-axis. Figure 1c is the top view
of the unit cell of the metasurface, which presents the geometric details of the special
holes. The optical refractive indices of silicon and MgF2 are taken from reference [28,29].
The transmission rate of the long-wave chiral metasurface based on oracle bone script
is obtained by COMSOL Multiphysics software (version 5.6) as the area integral of the
Poynting vector at the transmission port, which represents the electromagnetic energy flux
density. For clarity, Figure 1d presents the two-dimensional cross-sectional view of the
optical model in the XZ plane, although the actual model is three-dimensional. Periodic
boundary conditions (PBCs) are applied to both sides of the model, and perfect matching
layers (PMLs) are added at the top and bottom. The distance between the PML and the
silicon metasurface is two wavelengths, and the incident and transmission ports are located
in the middle of the PML and the metasurface. The mesh size of silicon is 40 nm. The
number of PMLs is 20.

Figure 1. (a) The spatial configuration of character “zi” of the oracle bone script in traditional Chinese
culture. (b) The three-dimensional structure of the chiral metasurface. (c) The top view of the oracle
bone script metasurface. The parameters are p1 = 6.65 µm, a1 = 1.51 µm, a2 = 3.4 µm, a3 = 1.4 µm,
a4 = 1.46 µm, b1 = 3.0 µm, b2 = 1.47 µm, b3 = 2.38 µm, b4 = 4.92 µm, θ = 30◦. (d) A two-dimensional
schematic diagram of the three-dimensional optical model. The real structure of the metasurface
should correspond to the situation shown in Figure 1c.
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3. Result
Figure 2 shows the transmission spectra and corresponding CD spectra of the designed

oracle bone inscriptions metasurface in the 10.5 µm to 12 µm wavelength range. Under LCP
incidence, the metasurface exhibits high transmission efficiency in the 10.4 µm to 10.8 µm
band, with an average transmission rate exceeding 0.8, but there is a distinct transmission
minimum at around 10.87 µm, marked as valley a. In contrast, under RCP excitation, the
structure shows two significant transmission maxima at 10.71 µm and 10.86 µm, marked as
peak a and peak b, respectively. Among these two resonances, peak a shows relatively strong
transmission, approaching the LCP transmission at the same wavelength. The red dotted
line in the figure represents the corresponding CD spectrum, defined as the difference
between the transmission rates of LCP and RCP. As indicated by the light orange region, the
spectral range with a CD value greater than 0.4 is defined as the effective chiral operating
band of the metasurface. Within the intervals of 10.4–10.62 µm and 10.75–11.02 µm, the CD
remains above this threshold, indicating efficient circular-polarization selectivity in these
wavelength ranges. A closer inspection further suggests that if the non-target resonances
(i.e., valley a, peak a, and peak b) could be suppressed and the transmission trend followed
the extrapolated envelope shown by the black dashed line, the metasurface might exhibit a
continuous high-CD response over the broader 10.4–11.2 µm range, thereby approaching
broadband chiral operation.

Figure 2. Transmission spectrum and CD spectrum of the oracle bone inscriptions metasurface. The
black dashed line is the envelope line in the absence of corresponding peaks or valleys. The orange
rectangle corresponds to the effective bandwidth of CD.

3.1. Chiral Evolution of Oracle Bone Script Metasurfaces

Chiral metasurfaces achieve selective responses to circularly polarized light through
symmetry breaking in the subwavelength unit cell or in the overall arrangement of the
microstructure array. In other words, their structures cannot be superimposed onto their
mirror images through translation or rotation. Figure 3a–c illustrate the symmetry-breaking
process of the proposed oracle bone inscriptions metasurface. The initial structure is a
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rectangular cross unit (Figure 3a), corresponding to the image of a “child” with arms
outstretched and legs upright. In Figure 3b, the first breaking of the spatial symmetry
of the structure is achieved by introducing a lateral misalignment (∆x) in the legs. A
further rotation by an angle θ then transforms the structure into a more asymmetric
configuration, in which one arm is raised and the other is lowered, as shown in Figure 3c.
As the dislocation and rotation are gradually introduced, the chiral characteristics of the
structure become significantly stronger. Figure 3d,e quantitatively analyze the influence of
these two symmetry-breaking operations on the CD performance. The number of discrete
wavelengths with CD values exceeding 0.4 within the range of 10.4–11.2 µm range is
counted after dividing this spectral interval into 80 equal parts. The CD threshold of 0.4 is
chosen to maintain internal consistency and is not intended as a universal performance
metric. Figure 3d shows that as the lateral misalignment ∆x increases from 0 µm to
2.4 µm, the number of effective wavelengths undergoes a jump at ∆x = 2.4 µm, increasing
significantly from less than 5 to 20. Figure 3e shows that the rotation operation provides
even stronger tuning capability, with ∆x fixed at 2.4 µm throughout this process. When
the rotation angle θ increases from 0◦ to 8◦, the number of effective wavelengths doubles,
and when θ reaches 32◦, the number reaches its maximum of 58. These results clearly
demonstrate that the combined dislocation–rotation symmetry-breaking strategy, enabled
by the rich geometric degrees of freedom of the oracle-bone structure, provides an efficient
way to tailor multi-wavelength chiral responses.

 

Figure 3. (a) The original C2 symmetric structure. (b) The dislocation operation. (c) The combined
effect of dislocation and rotation operations. (d) The number of wavelengths where CD exceeds the
discrimination condition of 0.4 at different dislocation distances. (e) The number of wavelengths
where CD exceeds 0.4 at different rotation angles.

3.2. Mode Analysis of Resonance Peaks

The multipole expansion method [30,31] is an analytical approach that decomposes
the electromagnetic scattering response of complex nanostructures into a series of funda-
mental modes, such as electric dipole (ED), magnetic dipole (MD), electric quadrupole (EQ),
magnetic quadrupole (MQ), and higher-order multipoles. Figure 4a shows the normalized
multipole expansion spectrum of the oracle bone inscriptions metasurface. When the inci-
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dent light is at the wavelength corresponding to peak a, the metasurface can be regarded as
the result of the interference of a large number of EQs and a small number of MDs, leading
to a maximum transmission phenomenon. When the incident light is at the wavelength
corresponding to peak b, the transmission characteristics of the metasurface are mainly
regulated by the cooperative effect of EQ, MD, and MQ, with their strengths decreasing
in that order. The coexistence of these modes reflects the geometric complexity of the
oracle-bone-inspired structure. Figure 4b–g show the magnetic-field-intensity distributions
of the oracle metasurface in different XY cross-sections at the wavelengths corresponding
to peaks a and b. The field is mainly confined within the silicon regions between adjacent
unit cells along the horizontal direction. This suggests that the air–silicon–air configuration
forms a typical three-layer dielectric waveguide, in which light is confined by reflection
inside the high-refractive-index material and eventually forms a standing-wave pattern
(indicated by the red regions). The strong field localization is consistent with the RCP
transmission peaks.

Figure 4. (a) Normalized multipole expansion spectra of the metasurface under RCP incidence.
(b–d) XY cross-sectional view of the metasurface’s magnetic field intensity at peak a. (e–g) XY
cross-sectional view of the metasurface’s magnetic field intensity at peak b. “1/3”, “1/2” and “2/3”
respectively indicate that the cross-sections are located at 1/3, 1/2 and 2/3 of the thickness of the
metasurface.
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In addition, Figure 5a shows the multipole expansion spectrum of the oracle bone
inscriptions metasurface under LCP incidence. At the wavelength corresponding to valley
a, the transmission minimum arises from the coupled contributions of MQ, EQ, and MD.
Figure 5b–d show the magnetic-field-intensity distributions of the metasurface at valley
a. A clear standing-wave localization can still be observed along the x-direction, and its
intensity is noticeably stronger than that under RCP incidence in Figure 4, suggesting
that this resonance is responsible for the transmission dip. In contrast, the standing-wave
density along the y-direction is lower than that in Figure 4b–g, indicating that the equivalent
wave vector ky at valley a is weaker than those at peaks a and b. These differences in
resonant field distribution under opposite helicities provide further evidence for the multi-
wavelength circular dichroism of the proposed metasurface.

Figure 5. (a) Normalized multipole expansion spectrum of the metasurface under LCP incidence.
(b–d) XY cross-sectional view of the magnetic field intensity of the metasurface at the wavelength of
valley a.

3.3. Potential Error Analysis

In the previous sections, we analyzed the full evolution of the chiral structure of the
oracle-bone-inspired metasurface and examined the physical origin of the target resonant
peaks, which were ultimately attributed to the coupling of multiple resonators. In this
subsection, we further assess how key fabrication and simulation parameters influence the
optical response in order to evaluate both fabrication tolerance and numerical reliability.
As shown in Figure 6a, under-etching, namely an insufficient etching depth that leaves a
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residual silicon layer, significantly weakens the CD response. When the thickness of the
residual silicon film exceeds 80 nm, the CD value already shows obvious degradation. By
contrast, over-etching, where the etch penetrates through the silicon layer and extends
into the MgF2 substrate, has a much weaker effect on device performance. Even when
the over-etching depth reaches 300 nm, the CD response is still maintained, as shown
in Figure 6b. The numerical results also remain stable with respect to the simulation
settings. As shown in Figure 6c, the CD spectrum changes very little when the mesh size
varies from 20 nm to 100 nm, indicating that the calculated results are not sensitive to the
discretization conditions. In addition, Figure 6d shows that when the thickness of the PML
exceeds 4000 nm, the outwardly scattered light can be fully absorbed, thereby ensuring
the convergence of the simulation. These results confirm that the proposed structure is
reasonably tolerant to fabrication deviations and that the simulation parameters used here
are sufficient to produce reliable results. More details of the error analysis can be found in
the Supplementary Materials.

Figure 6. (a) The influence of under-etching depth error on the optical model. (b) The influence of
over-etching depth error on the optical model. (c) The influence of the mesh size on the optical model.
(d) The influence of the PML thickness on the optical model.

4. Discussion and Conclusions
Although the proposed single-layer metasurface exhibits three pronounced CD peaks

in the long-wave infrared region, several issues still need to be addressed for practical
applications. The current peak spacings (~0.4 µm and ~0.1 µm) are too narrow for inde-
pendent channel imaging in focal-plane arrays. Future studies should therefore optimize
the peak spacing by tuning the dislocation, lattice period, and refractive index so that the
spectral positions better match standard LWIR imaging arrays [32,33]. Another important
direction is monolithic integration with LWIR detectors [34,35], such as InAsSb devices,
to realize compact pixels for CD sensing. Beyond imaging, the platform holds promise
for vibrational circular dichroism (VCD) sensing and polarization multiplexing. For VCD
applications [36–38], a thin chiral molecular layer could be deposited onto the metasur-
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face, and the difference in transmission between LCP and RCP could then be measured
to evaluate multi-wavelength enhancement. For polarization multiplexing [39,40], three
independent channels may be implemented by modulating the circular polarization state at
each resonance. The dislocation–rotation design strategy is not limited to a specific material
system or spectral band. In addition, by adjusting the lattice constants and dislocation,
the geometry can be transferred to the visible, near-infrared, or terahertz bands, enabling
custom multi-wavelength chiral devices for 3D displays, quantum communication, and
non-destructive testing.

In summary, we have designed and verified a novel chiral metasurface inspired by
the structure of oracle bone script. By combining dislocation with rotational symmetry
breaking in a single-layer planar architecture, the design achieves strong circular dichroism
at three discrete wavelengths, with a maximum CD value of 0.79. This work addresses
a key limitation of most existing high-performance chiral metasurfaces, which are typ-
ically restricted to a single operating wavelength. The proposed architecture combines
clear physical design logic, structural simplicity, and practical scalability, thereby pro-
viding a promising platform for the development of multifunctional and customizable
multi-wavelength chiral photonic devices. More broadly, this study expands the design
strategy for chiral light manipulation and offers a useful basis for future work on integrated
polarization optics, advanced biosensing, and spectral analysis.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/photonics13050491/s1. Figure S1. Band diagram of the photonic
crystal corresponding to the metasurface. The vector on the horizontal axis is the wave vector in
the x direction, ranging from the Γ point to the X point. The solid lines represent the eigenmodes
corresponding to the metasurface, and the dashed lines represent the FP resonance modes. Table S1:
Comparison of the performance with recently published chiral metasurfaces [25,41–45].
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