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Review

Metasurface-Enabled Microphotonic Biosensors via BIC Modes

Francesco Dell’Olio

Micro Nano Sensor Group, Polytechnic University of Bari, 70126 Bari, Italy; francesco.dellolio@poliba.it

Abstract: Photonic biosensors based on bound states in the continuum (BIC) resonant
modes exhibit a transformative potential for high-sensitivity, label-free detection across
various diagnostic applications. BIC-enabled metasurfaces, utilizing dielectric, plasmonic,
and hybrid structures, achieve ultra-high Q-factors and amplify target molecule interactions
on functionalized sensor surfaces. These unique properties result in increased refractive
index sensitivity and low detection limits, essential for monitoring biomolecules in clinical
diagnostics, environmental analysis, and food safety. Recent advancements in BIC-enabled
metasurfaces have demonstrated ultra-low detection limits in the zeptomolar range, making
these devices highly promising for real-world applications. This review paper critically
discusses the design principles of BIC-based biosensors, emphasizing key factors such as
material selection, structural asymmetry, and functionalization strategies that enhance both
sensitivity and specificity. Additionally, recent advancements in fabrication techniques that
enable precise BIC control with scalable approaches for practical biosensing applications
are examined. Case studies demonstrate the effectiveness of BIC metasurfaces for real-time,
low-concentration detection, highlighting their versatility and adaptability. Finally, the
review discusses future challenges and opportunities, such as integration with microfluidics
for point-of-care testing and multiplexed sensing, underscoring the potential of BIC-based
platforms to revolutionize the field of biosensing.

Keywords: nanophotonics; metasurface; biosensing; label-free detection; point-of-care
diagnostics

1. Introduction

Biosensors are analytical devices designed to detect biological molecules, which in-
tegrate a biorecognition element with a signal transducer. They hold immense potential
across healthcare, biodefence, environmental monitoring, and food safety, driven by the
ongoing demand for rapid, accurate, and cost-effective diagnostics [1]. Current research
focuses on achieving three key goals: (i) integration into point-of-care testing (PoCT) sys-
tems comprising low-cost disposable biochips and simple reader devices; (ii) ultra-low
limits of detection (LoDs) that extend down to the zeptomolar (zM) range; and (iii) ultra-
wide detection ranges spanning, for example, from zM to picomolar (pM) concentrations.
These objectives are pursued alongside standard requirements such as selectivity, speci-
ficity, stability, and reproducibility. Among biosensors, optical chip-scale platforms exhibit
unique advantages in addressing these challenges. Their label-free detection capabilities,
high sensitivity, and compatibility with CMOS fabrication processes make them ideal for
miniaturized, portable PoCT applications. Silicon photonic biosensors [2,3], such as those
developed by SiPhox and Genalyte, exemplify this trend. SiPhox leverages silicon photonic
ring resonators to measure biomarkers, such as high-sensitivity C-reactive protein, with
compact reader instruments, while Genalyte’s Maverick system integrates multiplexed
detection with cloud connectivity for advanced diagnostics. These platforms demonstrate

Photonics 2025, 12, 48 https://doi.org/10.3390/photonics12010048
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the feasibility of high-performance biosensors within disposable and user-friendly sys-
tems. The development of chip-scale optical biosensors offers a promising pathway toward
fulfilling the ambitious goals of modern biosensing. By enabling precise and scalable inte-
gration of biosensing functions, these devices pave the way for transformative advances
in diagnostics.

Metasurfaces—thin layers composed of subwavelength nanostructures arranged ac-
cording to periodic or pseudo-periodic grids—have demonstrated remarkable potential in
controlling the behavior of electromagnetic waves, enabling precise manipulation of light
properties such as phase, amplitude, and polarization [4–12]. By tailoring the geometry,
size, and arrangement of these nanostructures, metasurfaces can achieve effects that tradi-
tionally require much thicker optical components, thus paving the way for highly compact,
lightweight, and versatile optical devices. Among the various resonant phenomena that
can be engineered within metasurfaces, BICs have emerged as particularly promising be-
cause of their unique ability to provide high-Q resonances. This feature makes BICs highly
suitable for applications requiring extreme sensitivity and strong light–matter interaction,
such as biosensing [13–16].

BICs are distinctive, resonant states that remain perfectly confined within a radiation
continuum, thus achieving theoretically infinite quality factors [17–19]. Unlike typical
resonant modes, which tend to couple with external radiation and lose energy, BICs avoid
such coupling by virtue of symmetry constraints or destructive interference mechanisms.
This enables them to retain energy without radiation leakage, resulting in confined res-
onances that are exceptionally sharp and robust against radiative decay. As illustrated
in Figure 1, BICs reside in the radiation continuum without coupling to radiative modes,
producing enhanced field localization that is beneficial for applications requiring intense
light–matter interactions. This intrinsic property has spurred substantial interest in BIC-
based metasurfaces across multiple fields, from lasing and nonlinear optics to sensing
and imaging.

Figure 1. Illustrative concept of BICs. Within an open system, the frequency spectrum includes a
continuum of extended states (blue) and discrete bound states (green) that do not radiate. Structures
with specific symmetry and interference properties enable BICs (red), which reside within the
continuum but remain localized without energy loss. Reprinted with permission from [17].

The high-Q resonances achievable on BIC-based metasurfaces are particularly advan-
tageous for biosensing applications, where a sensor’s performance is often determined
by its sensitivity to changes in the refractive index near the sensing surface. High-Q
BIC resonances amplify the interaction between incident light and analytes within the
functionalized sensing region, significantly enhancing the sensor’s response to minute
changes in refractive index [20,21]. This sensitivity is critical in detecting low concen-
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trations of biomolecules—such as proteins, DNA, and other biomarkers—that might be
indicative of disease states. Additionally, the high-Q nature of BICs reduces the linewidth
of the resonance, leading to improved signal-to-noise ratios that are essential for high-
precision biosensing.

Similarly to other chip-scale technologies, a further advantage of BIC-based biosensors
is their capability for label-free detection. Traditional biosensing methods often require
fluorescent or colorimetric labels to visualize molecular interactions, which can add com-
plexity and limit the application scope. BIC-based sensors, however, achieve strong field
localization within the active sensing layer, enabling the direct detection of biomolecules
without the need for additional labels. This label-free approach not only simplifies the sens-
ing process but also enables real-time monitoring of biological interactions, an important
feature in diagnostic and environmental sensing applications.

BIC-based metasurfaces exploit a very simple excitation scheme, which is normal-to-
surface. As shown in Figure 2, the metasurface is typically excited by a beam that is normal
to the surface, and reflection and transmission spectra are observed. The metasurface sup-
ports a BIC-wave that is delocalized in a wide area, thus enhancing light–matter interaction.

Figure 2. Light scattered by the metasurface. The metasurface is top-illuminated. Reflection and
transmission can be observed. The metasurface is a periodic 2D array of dielectric metaunits, each
consisting of a pair of tilted silicon nanobars. Each metaunit has a mirror symmetry across the
major vertical axis and consists of elliptical dielectric nanoresonators with major and minor axes of
approximately 280 nm and 100 nm, respectively. These dimensions are fine-tuned to achieve the
desired resonance wavelength. The all-dielectric metasurface was fabricated by nanopatterning a
thin layer (100 nm) of amorphous silicon, which was deposited on a fused-silica substrate. Reprinted
with permission from [22].

The versatility of BIC-based metasurfaces is enhanced by the range of material choices
available, including dielectric, plasmonic, and hybrid metal–dielectric materials. Dielectric
metasurfaces, for instance, offer low-loss, high-Q resonances due to minimal intrinsic
absorption, making them ideal for applications where high sensitivity and stability are
paramount. Plasmonic metasurfaces, which utilize metals such as gold or silver, provide
strong field enhancement near the metal surface, making them well-suited for applications
requiring intense local field effects. However, their intrinsic losses can limit the achievable
Q-factors. Hybrid metal–dielectric BIC metasurfaces represent a promising compromise,
combining the strong field localization of plasmonic structures with the low-loss advan-
tages of dielectric materials. This flexibility allows BIC-based sensors to be tailored to
specific application requirements, optimizing parameters such as sensitivity, robustness,
and compatibility with lab-on-chip platforms [23–26].

3
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This review explores the principles and applications of BIC-based metasurfaces for
biosensing. The focus is on metasurfaces that operate in the visible and infrared spectral
regions, where BIC resonances are particularly relevant for optical biosensing applica-
tions. Several metasurfaces for biosensing that support BIC have been demonstrated in
the THz regime, achieving an LoD as low as a few tens of aM [27–29]. Section 2 delves
into the mechanisms behind BIC resonances in metasurfaces, providing an overview of
symmetry-protected, Friedrich–Wintgen, and Fabry–Perot BICs. Section 3 examines the
key design parameters that are essential for maximizing sensitivity and specificity in
BIC-based biosensors, including refractive index sensitivity, material choice, and functional-
ization techniques. Section 4 discusses the fabrication techniques and challenges associated
with producing high-Q BIC metasurfaces. Section 5 highlights applications of BIC-based
biosensors in clinical diagnostics and environmental monitoring, emphasizing performance
benchmarks. Finally, Section 6 outlines potential future developments and challenges for
BIC-based biosensing technologies.

2. Principles of BIC Resonance in Metasurfaces

The BIC phenomenon occurs due to specific conditions of symmetry and interference
that prevent coupling with radiative modes, allowing for high field confinement within the
metasurface structure [30–33]. BICs, originally introduced in quantum mechanics, have
become a fundamental concept in nanophotonics and are utilized in various applications,
including enhanced biosensing, which is the topic of this review paper.

BICs can be categorized into three primary types based on their mechanisms of confine-
ment: symmetry-protected BICs [34–36], Friedrich–Wintgen (or accidental) BICs [37–39],
and Fabry–Perot BICs [40–42]. Symmetry-protected BICs arise in systems where the con-
fined mode’s symmetry prevents it from coupling with the radiative continuum. In meta-
surfaces, this form of BIC typically occurs in symmetric structures where the symmetry of
the mode is incompatible with the surrounding radiation modes. This symmetry mismatch
results in a non-radiating state that remains perfectly confined. When the symmetry of these
structures is intentionally broken, the symmetry-protected BIC transitions to a quasi-BIC
(qBIC), introducing a controlled level of radiative leakage. This slight asymmetry enables
the creation of ultra-high-Q resonances that retain much of the confinement characteristics
of a pure BIC, making them suitable for experimental applications where complete isolation
is not feasible. Friedrich–Wintgen BICs, named after the physicists who first identified
this mechanism, rely on destructive interference between two or more resonant modes,
resulting in a non-radiating state within the continuum. This type of BIC does not depend
on the system’s symmetry but instead occurs due to phase-matching conditions that allow
multiple resonances to cancel each other’s radiative components. Fabry–Perot BICs, on the
other hand, emerge in periodic or multilayer structures where phase-matching conditions
lead to constructive interference within the structure, effectively confining light due to
balanced internal and external phase conditions. These BICs are particularly relevant in
multilayer and waveguide structures, where they exploit internal reflection mechanisms to
achieve confinement.

The ability to confine light within a metasurface structure using BICs has profound
implications for enhancing light–matter interactions. This high-Q resonance produces a
stronger electromagnetic field within the region of confinement, which is particularly advan-
tageous for applications like biosensing that rely on detecting minute changes in refractive
index. By focusing light within a small volume, BICs amplify the interaction between light
and biomolecules, increasing sensitivity to low concentrations of analytes. The enhancement
of the electromagnetic field within the metasurface also enables label-free detection, as it
eliminates the need for external tags or markers to visualize biomolecular interactions.
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BICs can be realized in dielectric, plasmonic, and metal–dielectric hybrid metasurfaces,
each offering distinct advantages based on their material properties and resonant behaviors.

Dielectric metasurfaces, typically composed of materials like silicon or titanium diox-
ide, are particularly well-suited for supporting high-Q BICs due to their low intrinsic optical
losses. At the state-of-the-art, the highest Q-factor in such BIC-supporting metasurfaces
is close to 500,000 [43]. Dielectric materials facilitate the generation of Mie resonances,
which allow for strong confinement of electromagnetic fields within the nanostructure
while minimizing dissipative losses. This characteristic makes dielectric metasurfaces ideal
for applications demanding high sensitivity and stability, such as biosensors designed to
detect minute changes in refractive index or low concentrations of analytes. The ability
to achieve ultra-narrow resonance linewidths further enhances their precision and signal-
to-noise ratio, making them a cornerstone in the development of advanced BIC-based
sensing platforms.

Plasmonic metasurfaces, in contrast, rely on metallic materials such as gold, silver,
or aluminum to harness surface plasmon resonance (SPR). These metasurfaces exhibit
exceptionally strong near-field enhancement due to the collective oscillation of free electrons
at the metal–dielectric interface when illuminated by light at specific wavelengths. While
plasmonic metasurfaces inherently suffer from higher intrinsic losses compared with their
dielectric counterparts, the intense field localization near the metallic nanostructures can
significantly amplify light–matter interactions. This property is especially advantageous
for applications that prioritize strong surface sensitivity, such as label-free biosensing
and surface-enhanced Raman spectroscopy. For instance, plasmonic metasurfaces have
been shown to detect low concentrations of biomolecules by leveraging their capacity to
amplify the electromagnetic field within the sensing region, albeit at the expense of broader
resonance linewidths and reduced Q-factors.

Metal–dielectric hybrid metasurfaces bridge the gap between these two paradigms by
combining the high-field localization of plasmonic materials with the low-loss characteris-
tics of dielectric components. These hybrid designs enable the realization of quasi-BICs that
offer a balance between field confinement and radiative leakage. By integrating plasmonic
nanostructures with dielectric layers, hybrid metasurfaces can achieve enhanced near-field
interactions while maintaining relatively narrow resonance linewidths compared to purely
plasmonic systems. This synergy is particularly valuable for biosensing applications where
both high sensitivity and robustness are required. For example, hybrid metasurfaces can
be tailored to operate at specific wavelengths, optimizing the trade-off between sensitivity
and Q-factor to meet the needs of diverse sensing scenarios.

The choice between dielectric, plasmonic, or hybrid metasurfaces depends on the
specific requirements of the application. Dielectric metasurfaces excel in scenarios where
minimizing energy loss and achieving high-Q resonances are critical, making them suitable
for high-precision sensing. Plasmonic metasurfaces are preferred for applications demand-
ing extreme near-field enhancement and strong surface interactions, despite their higher
losses. Hybrid metasurfaces offer a versatile alternative, leveraging the strengths of both
approaches to deliver tailored solutions for demanding biosensing environments. This
versatility highlights the importance of material and structural optimization in designing
metasurfaces that maximize the advantages of BICs across a broad range of applications.

As already mentioned, structural asymmetry plays a critical role in tuning the Q-
factor and resonance properties of BICs, particularly in the generation of quasi-BICs.
Introducing a slight asymmetry in a BIC-supporting structure—such as altering the shape,
refractive index, or periodicity of the nanostructures—results in a quasi-BIC with finite
but high Q-factors. This controlled asymmetry allows for selective coupling with radiative
modes, enabling external access to the confined mode without fully compromising its
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resonant characteristics. For biosensing applications, the ability to fine-tune the Q-factor by
adjusting the degree of asymmetry is essential for optimizing sensitivity to refractive index
changes. Quasi-BICs created through asymmetry adjustments offer a practical approach
for enhancing the detection of biomolecular interactions within the functionalization layer
of the sensor. By designing the asymmetry to achieve a specific resonance linewidth,
quasi-BICs provide high field localization with a controlled level of radiation, balancing
confinement with accessibility.

Figure 3 illustrates the impact of introducing asymmetry in metasurfaces designed
to support BICs, taking as an example the metasurface discussed in [44]. The figure
demonstrates how varying the asymmetry parameter dx, from dx = 0 nm (symmetric
configuration) to dx = 120 nm (asymmetric configuration), influences the transition from
pure BICs to quasi-BICs (qBICs). In the symmetric case, the metasurface supports BICs that
are perfectly confined without radiative losses, leading to theoretically infinite Q-factors.
As asymmetry increases, controlled radiation leakage is introduced, transforming the BICs
into qBICs with finite yet high Q-factors. This tunable balance between field confinement
and radiative coupling in qBICs is particularly advantageous for biosensing applications,
as it allows for high sensitivity while maintaining practical detection capabilities.

Figure 3. Illustration of the transition from BICs to qBICs in a metasurface as the asymmetry
parameter dx varies. For dx = 0 nm (symmetric case), the metasurface supports perfectly confined
BICs with infinite Q-factors. As dx increases to 120 nm, qBICs emerge with controlled leakage and
finite Q-factors, balancing field confinement and radiative coupling. This tunable behavior highlights
the potential of such metasurfaces for applications requiring both sensitivity and accessibility, such
as biosensing. (a) Experimentally measured transmittance spectra. (b) Spectra for dx = 40 nm and
dx = 120 nm with the relevant fit. Reprinted with permission from [44].
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3. Design Considerations for BIC-Based Biosensors

The design of BIC-based biosensors requires careful optimization of some parame-
ters of the metasurface, such as refractive index sensitivity, field confinement where the
target–receptor molecular interaction takes place, Q-factor of the BIC mode, and figure of
merit (FOM), defined as the sensitivity-to-linewidth ratio. These parameters collectively
determine the sensor’s performance in detecting small refractive index changes, which
is essential for biosensing. In BIC-based sensors, the refractive index sensitivity typically
ranges between 100 and 500 nm/RIU, with high-Q resonances yielding experimental values
above 1000 [45]. The FOM, expressed in RIU−1, reaches values exceeding 100 RIU−1 for
optimized BIC structures. This high FOM, together with the field confinement close to
the sensor surface exposed to the target molecules, is crucial for achieving precise detec-
tion, as it balances sensitivity with spectral resolution. The measured Q-factor, Qtot, has a
significant impact on the LoD, as described by the following equation:

LoD =
λ0

SQtot

(
Qtot
QR

)√3σ, (1)

where λ0 is the resonance wavelength, S is the sensitivity (nm/RIU), Qtot is the measured
total quality factor, and QR is the resonant Q-factor, i.e., the quality factor without losses.
The term σ represents the noise variance. This equation highlights that the LoD decreases
as Qtot increases, underscoring the critical role of achieving high-Q resonances to resolve
minute shifts in the resonance wavelength. For a more detailed discussion, refer to Ref. [46].

The selection of materials and geometric optimization play pivotal roles in maximizing
the Q-factor and enhancing the refractive index sensitivity. Dielectric materials are preferred
due to their low intrinsic losses and capability to support high-Q resonances with minimal
energy dissipation. Conversely, hybrid metal–dielectric structures, which incorporate
plasmonic materials like gold or silver, offer enhanced near-field interactions, albeit at the
cost of slightly reduced Q-factors, typically in the order of some hundreds [47]. These
hybrid designs are useful in applications where field enhancement near the sensor surface
is prioritized, even if higher radiative losses are introduced.

Specificity in biosensing applications relies on functionalization strategies that ensure
selective binding of target analytes. Functionalization methods often involve biochemical
receptors such as antibodies, aptamers, or molecularly imprinted polymers (MIPs) tailored
to interact specifically with the target molecule. The strong field confinement provided by
BICs enhances the interaction between the target analyte and the functionalized surface,
improving signal response and enabling low-concentration detection without the need for
labeling agents.

Case studies of BIC-based biosensors demonstrate their effectiveness in real-time
monitoring and low-concentration analyte detection. They will be discussed in Section 5.

Simulation Techniques for BIC-Based Metasurfaces

The design and optimization of metasurfaces supporting BICs heavily rely on ad-
vanced numerical simulation techniques. These methods allow for the detailed exploration
of electromagnetic behavior, facilitating the tailoring of metasurface properties to achieve
high sensitivity, Q-factors, and field confinement. Key simulation methods include rigor-
ous coupled-wave analysis (RCWA), finite-difference time-domain (FDTD), finite element
method (FEM), and eigenmode solvers.

RCWA [48–52] is a frequency-domain method particularly well-suited for analyzing
periodic structures such as metasurfaces. By expanding the electromagnetic fields into
Fourier series, RCWA provides a computationally efficient way to study the diffraction
behavior and resonance characteristics of periodic structures. This method is highly effec-
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tive for analyzing the optical response of BIC metasurfaces, particularly their reflectance,
transmittance, and resonance sharpness. RCWA is frequently used in the initial stages of
design to evaluate the influence of lattice parameters, feature dimensions, and material
properties on the emergence of BICs and quasi-BICs (qBICs).

The FDTD method is widely employed for simulating the dynamic interaction of
light with metasurfaces. Solving Maxwell’s equations in the time domain, FDTD enables
the detailed analysis of transient and steady-state field distributions. This method is
particularly useful for visualizing field localization near BIC modes and optimizing the
geometric parameters for maximum sensitivity and Q-factor. FDTD simulations are also
critical for studying the effect of symmetry-breaking perturbations on the transition from
BIC to qBIC modes.

The FEM is another widely used approach, particularly for metasurfaces with complex
geometries or inhomogeneous material properties. FEM operates in the frequency domain,
dividing the computational space into finite elements and solving Maxwell’s equations
locally. This method is ideal for detailed studies of near-field distributions, coupling effects,
and the impact of material anisotropy on the BIC properties.

Eigenmode solvers are crucial for the direct identification and analysis of BIC modes
in metasurfaces. By solving for the eigenfrequencies and eigenfields, these solvers help
determine the conditions under which BICs occur, quantify Q-factors, and predict how
structural parameters affect radiative losses and resonance tunability. This approach
provides a robust framework for understanding the transition from pure BICs to qBICs
under controlled symmetry-breaking.

The simulation process for BIC metasurfaces often involves a combination of these
methods. RCWA provides rapid initial analyses of periodic structures, while FDTD and
FEM offer more detailed insights into electromagnetic field behavior and resonance opti-
mization. Eigenmode solvers complement these techniques by providing direct access to
mode characteristics and guiding the design toward specific application requirements.

Environmental and mechanical considerations, such as temperature variations or sub-
strate deformation, can also influence the performance of BIC-based sensors. Multiphysics
simulation platforms that integrate optical, thermal, and mechanical modeling enable the
prediction of sensor behavior under real-world conditions, ensuring robust designs for
practical applications.

4. Fabrication Techniques, Functionalization, and Microfluidic
Integration Challenges

The fabrication of BIC-based metasurfaces relies on precise nanofabrication techniques
to achieve the high structural fidelity necessary for supporting high-Q resonances. In
fact, the Q-factor is limited by the fabrication imperfections and the finite size of the
metasurface, in addition to the light absorption by the non-transparent media where the
electromagnetic field is confined and the angular spread collimated beam utilized for the
metasurface excitation.

Commonly employed methods for metasurfaces fabrication include electron beam
lithography (E-beam lithography), focused ion beam (FIB) milling, and nanoimprint lithog-
raphy (NIL). Each technique offers unique advantages and faces distinct challenges when
applied to the production of BIC metasurfaces for biosensing applications. This section
explores these fabrication techniques, addressing the challenges in achieving reproducible,
high-Q BICs, and the importance of material selection in maintaining BIC quality over
large sensor areas.

E-beam lithography is widely used for the fabrication of BIC metasurfaces due to
its high resolution and precise control over nanoscale features. This technique allows for
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the direct writing of patterns on a substrate by using a focused electron beam to expose a
resist layer, which is subsequently developed to reveal the desired nanostructures. E-beam
lithography is particularly effective for creating the fine features and complex geometries
required for BIC formation, such as symmetry-breaking elements that enable quasi-BICs
(qBICs) with controlled radiative losses. However, E-beam lithography is limited by its low
throughput and high cost, making it less suitable for large-scale production. Achieving
reproducibility over large areas is challenging with E-beam lithography, as variations in ex-
posure dose and development conditions can lead to inconsistencies in feature dimensions,
which directly affect the Q-factor of BICs.

FIB milling is another technique employed in the fabrication of BIC metasurfaces.
FIB uses a focused beam of ions, typically gallium, to sputter material from the surface,
allowing for direct patterning of nanostructures without the need for a resist layer. FIB
milling offers flexibility in pattern design and is well-suited for rapid prototyping and
the fabrication of complex structures. However, like E-beam lithography, FIB is limited
in scalability and throughput. Additionally, the high energy of ion milling can introduce
damage to the material, potentially reducing the quality of the BIC resonance due to
structural imperfections and material degradation.

Nanoimprint lithography (NIL) has emerged as a highly versatile and promising
method for the large-scale fabrication of metasurfaces based on bound states in the con-
tinuum (BIC), particularly for applications requiring extensive biosensing areas [53–56].
This technique employs a pre-patterned mold to replicate nanoscale structures onto a
substrate. By applying heat and pressure, the resist layer conforms to the mold’s intricate
patterns, enabling the creation of highly precise and complex geometries. NIL offers signifi-
cant advantages, including high throughput and reduced costs compared to techniques
like electron-beam lithography. Recent research has demonstrated that NIL can achieve
nanoscale features with accuracies comparable to those produced by electron-beam lithog-
raphy while offering greater scalability. However, NIL also faces technical challenges. The
precision of the process is critically dependent on the quality of the mold and the uniform
distribution of pressure during the imprinting phase. Minor imperfections in the mold
or uneven pressure can lead to inconsistencies in feature dimensions and shapes, which
may degrade the quality of BIC resonances by introducing scattering losses and lowering
the Q-factor. Furthermore, the materials used in NIL must withstand the mechanical and
thermal stresses of the process, which narrows the range of suitable materials for fabricating
BIC metasurfaces.

The choice of fabrication technique has a profound impact on the performance of
BIC-based biosensors. While E-beam lithography and FIB milling provide high precision,
their scalability is limited, making NIL a more promising option for producing large-area
BIC metasurfaces at scale. However, achieving consistent high-Q performance across large
areas remains a challenge that requires continued research into material stability, process
optimization, and mold fabrication for NIL.

Surface functionalization is a critical step in transforming a fabricated metasurface
into a functional biosensor. One commonly employed protocol utilized for all-dielectric
silicon or silicon nitride metasurfaces involves silanization followed by the application
of a crosslinker to immobilize biorecognition elements. The surface is functionalized and
incubated with aptamers or antibodies specific to the target analyte, ensuring covalent
binding. This approach enables the precise detection of biomolecular interactions.

Integration with microfluidic systems is equally essential for real-time sensing applica-
tions. PDMS-based microfluidic chambers are typically plasma-bonded to the metasurface.
The chamber features inlet and outlet ports for controlled fluid injection and allows the
metasurface to interact with analytes in a liquid environment. This approach facilitates
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precise monitoring of molecular binding events, crucial for biosensing applications. The
chamber should be optimized to ensure compatibility with high-Q metasurface resonance
conditions, especially minimizing signal perturbations caused by flow-induced stress.

To provide a clear summary of the key processes involved, Figure 4 illustrates the
fabrication, functionalization, and microfluidic integration steps for BIC-based metasur-
faces. This schematic offers an overview of the methodologies described in this section,
highlighting the critical stages required to manufacture these biosensors for practical
applications.

Figure 4. Overview of the fabrication, functionalization, and integration processes for BIC-based
metasurfaces for biosensing.

5. Applications of BIC-Based Biosensors

As widely discussed in this paper, BIC-based biosensors leverage the unique proper-
ties of high-Q resonances and enhanced light–matter interactions to achieve exceptional
performance metrics. These sensors have demonstrated transformative potential across
various application domains, including clinical diagnostics, environmental monitoring, and
food safety. This section provides an in-depth discussion of the performance parameters
critical for biosensor applications, followed by an analysis of experimental results from
BIC-based biosensors.

5.1. Key Performance Metrics for Biosensors

The performance of a biosensor is determined by several critical parameters, which
define its suitability for specific applications. Among these, the LoD and dynamic range
are the most fundamental metrics, but sensitivity, specificity, and time of response also play
vital roles.

The LoD represents the smallest concentration of analyte that a biosensor can reliably
detect. For BIC-based sensors, LoD is significantly enhanced by their high-Q resonances,
which amplify the interaction between the analyte and the functionalized surface.

Dynamic range refers to the range of analyte concentrations over which the sensor
provides accurate and linear detection. A wide dynamic range is essential for biosensors
used in clinical and environmental monitoring, where analyte concentrations can vary
significantly. BIC-based biosensors typically exhibit dynamic ranges spanning several
orders of magnitude, ensuring their applicability across diverse scenarios.

Sensitivity quantifies the sensor’s ability to detect small changes in analyte concen-
tration. In BIC-based biosensors, sensitivity is often expressed as the shift in resonance
wavelength per unit change in refractive index (nm/RIU).
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Specificity refers to the ability of the biosensor to distinguish the target analyte from
other substances in complex samples. BIC-based sensors achieve high specificity through
advanced functionalization strategies, such as the use of molecularly imprinted polymers,
aptamers, or antibodies, which selectively bind to the target analyte. The strong field
confinement provided by BICs further enhances specificity by increasing binding affinity.

The time required for a biosensor to detect and quantify an analyte is critical in appli-
cations requiring real-time monitoring. BIC-based sensors generally offer rapid response
times due to their highly localized field interactions, enabling quick and efficient analyte
detection. Reported response times range from a few seconds to minutes, depending on
the target analyte and functionalization method.

5.2. Experimental Applications of BIC-Based Biosensors

The unique properties of BIC-based biosensors have enabled their use in a variety of
real-world applications. Experimental evidence highlights their effectiveness in clinical
diagnostics, environmental monitoring, and food safety. Table 1 summarizes the experi-
mental performance metrics of some highly representative recent BIC-based biosensors,
highlighting their LoD, sensitivity, and Q-factors across various applications. Figure 5
provides a graphical summary of their application domains and performance metrics. The
results presented in Table 1 highlight and confirm the trade-offs and advantages of different
approaches for BIC-based biosensors. For instance, dielectric metasurfaces exhibit higher
Q-factors due to their low intrinsic optical losses. On the other hand, hybrid systems
combine the strengths of plasmonic and dielectric structures. These systems achieve sig-
nificant near-field enhancement due to plasmonic effects while maintaining relatively low
losses. Although their Q-factors are slightly lower than purely dielectric structures, hybrid
metasurfaces offer advantages in detecting biomolecules at extremely low concentrations,
as evidenced by LoDs in the zeptomolar range.

BIC-based biosensors have shown exceptional potential in detecting biomarkers at ultra-
low concentrations, facilitating early diagnosis of diseases. For instance, Clabassi et al. [57] uti-
lized a hybrid BIC sensor to detect transactive response DNA-binding protein 43 (TDP-43),
a biomarker for neurodegenerative diseases, especially amyotrophic lateral sclerosis, achiev-
ing an LoD of 100 zM and a detection range ranging from 100 fM to 100 zM.

Zito et al. [58] demonstrated the detection of the transforming growth factor-beta
(TGP-beta) at 10 fM in saliva, showcasing the applicability of BIC sensors in non-invasive
diagnostics. The result is particularly interesting due to the use of MIP as a biorecognition
element and the clinical relevance of the target biomarker, a cytokine, which is involved in
the progression of oral cancer.

In environmental and food safety applications, BIC-based sensors have been employed
to detect pathogens, toxins, allergens, pollutants, and contaminants with high precision.
Schiattarella et al. [59] reported the detection of ochratoxin A in food products with an
LoD of 2.3 pg/mL (=5.7 pM), highlighting their capability for ensuring compliance with
safety standards. Ochratoxin A has nephrotoxic, immunotoxic, carcinogenic, and genotoxic
effects. Thus, its detection, also at the level of traces, is crucial in many application contexts.
Sensors based on the same operating principle or similar ones are also being explored for
real-time monitoring of heavy metals and pesticides in water and air samples.

Table 1. Comparative performance of BIC-based biosensors in experimental studies.

Study Target Analyte LoD

Zito et al., 2024 [58] TGF-beta 10 fM
Clabassi et al., 2024 [57] TDP-43 100 zM
Schiattarella et al., 2022 [59] Ochratoxin A 6 pM
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Figure 5. Graphical summary of experimental achievements and application areas for BIC-based
biosensors, including clinical diagnostics, environmental monitoring, and food safety. (a) Scheme of
an MIP–BIC biosensor for TGF-beta detection, showing the interrogation scheme and dose-response
curve (LoD = 10 fM [58]). (b) Nanostructure based on dimers for hybrid symmetry-protected
BIC generation, consisting of a square array of fully silver-filled nanoholes within a silicon nitride
waveguide slab. The dose-response curve is provided (LoD = 100 zM [57]). (c) Sensing setup with
an SEM image of the metasurface and a schematic of surface functionalization. A spectral shift vs.
ochratoxin A concentration is shown (LoD = 6 pM [59]). Reprinted with permission from [57–59].

6. Future Directions, Challenges, and Conclusions

BIC-based biosensors hold immense promise for applications requiring high sensi-
tivity, low detection limits, and precise specificity, particularly in fields such as clinical
diagnostics, environmental monitoring, and food safety. Despite these advantages, the
broader application and commercialization of BIC-based biosensors require addressing
several technological challenges and leveraging emerging trends to enhance their function-
ality and adaptability. Key areas for future research include the development of hybrid BIC
sensors, improving scalability, integrating with microfluidics, and advancing functional-
ization and multiplexing capabilities. Also, integration with hyperspectral imaging has
already proven its promise with the experimental demonstration of biomolecular detec-
tion information at the extremely low molecular counts of approximately three molecules
per μm2 [22].

One of the most promising advancements in BIC-based biosensors is the integration
of hybrid structures that combine BIC resonances with advanced materials, such as MIPs.
MIPs offer selective binding sites that serve as a “molecular fingerprint” for target analytes,
thereby enhancing the sensor’s specificity. By incorporating MIPs into BIC structures,
sensors can achieve greater selectivity and stability, making them especially suited for
applications where high specificity is required. Additionally, materials like graphene and
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transition metal dichalcogenides offer unique properties that can be harnessed to further
customize BIC sensors. Graphene’s tunable electrical and optical properties, for instance,
can facilitate dynamic control of BIC resonances, enabling real-time adjustments in sensing
applications and further broadening the capabilities of BIC-based sensors.

Scalability remains a significant challenge in the development of BIC-based biosensors,
especially for large-scale production. While high-precision fabrication techniques such as
electron beam lithography and focused ion beam milling are effective for research purposes,
their low throughput and high costs limit their feasibility for mass production. Nanoimprint
lithography has emerged as a promising alternative, offering the ability to replicate high-
resolution features over large areas with reduced costs. However, achieving consistent
high-Q performance across large surfaces using NIL remains challenging, as even minor
variations in mold quality or pressure can impact the uniformity of the BIC structures.
Addressing these issues is crucial for enabling large-scale production of BIC sensors that
maintain high sensitivity and reliable performance, paving the way for widespread use in
commercial and industrial applications.

The integration of BIC-based biosensors with microfluidic systems presents another
frontier for innovation, particularly for point-of-care testing in medical and environmen-
tal applications. Microfluidic platforms allow precise control over small fluid volumes,
enabling efficient sample handling and on-site testing. By combining BIC sensors with mi-
crofluidics, it is possible to develop portable diagnostic devices capable of rapid, real-time
analysis in decentralized settings, thus reducing the dependency on centralized laborato-
ries. However, integrating BIC structures with microfluidic channels involves significant
technical challenges, including alignment, material compatibility, and maintaining sensor
stability over extended use. Successfully addressing these integration challenges could
expand the accessibility and utility of BIC-based sensors in healthcare, offering faster
diagnostics and improved patient outcomes.

Further advancements in functionalization methods could also enhance the specificity
and applicability of BIC biosensors. Current functionalization techniques, such as using an-
tibodies, aptamers, or molecularly imprinted polymers, provide a degree of selectivity that
is crucial for accurate detection. However, new strategies involving multi-layered function-
alization or combinatorial libraries could push the boundaries of selectivity even further,
enabling BIC sensors to accurately distinguish between structurally similar biomolecules.
This would be particularly beneficial for clinical diagnostics, where high specificity is
required to detect disease markers in complex biological samples. Additionally, advances
in multiplexing could enable BIC-based sensors to detect multiple analytes simultaneously,
which is invaluable in medical diagnostics where profiling multiple biomarkers can provide
a comprehensive health assessment.

The miniaturization of BIC-based sensor systems is another area with transformative
potential. By integrating compact light sources, detectors, and readout electronics with
BIC structures, it is feasible to create portable devices for field diagnostics and point-of-
care applications. Such miniaturized systems could allow BIC biosensors to be deployed
in resource-limited or remote settings, providing rapid and accurate testing capabilities
where laboratory facilities are unavailable. The portability and ease of use of such devices
would not only broaden the applicability of BIC sensors but also help to address healthcare
disparities by improving access to diagnostics in underserved regions.

In conclusion, BIC-based biosensors have demonstrated clear advantages over tradi-
tional sensing technologies, offering higher sensitivity, lower detection limits, and superior
specificity through enhanced light confinement and selective functionalization. These
attributes position BIC-based sensors as a transformative tool in biosensing, with potential
applications across diagnostics, environmental monitoring, and food safety. Nonetheless,
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challenges in scalability, material integration, and device miniaturization remain. Ad-
dressing these challenges will require a collaborative effort across disciplines, combining
advancements in nanofabrication, materials science, and microfluidics to fully realize the
potential of BIC technology.

Looking forward, BIC-based biosensors are poised to play a significant role in next-
generation biosensing and diagnostic applications. The ongoing exploration of hybrid
materials, improved fabrication techniques, and integration strategies will likely expand
the scope and functionality of BIC sensors, making them increasingly competitive in the
biosensor industry. As these advancements continue, BIC technology is expected to drive
innovation in diagnostics and environmental sensing, offering more sensitive, specific, and
accessible biosensing solutions that meet the growing demands of modern healthcare and
environmental safety.

As already mentioned, the two key performance parameters of a biosensor are the
LoD and the dynamic range. Significant improvements in these metrics can be achieved
by enhancing the Q-factor through innovative metasurface designs and, more critically,
through the optimization of fabrication techniques to reduce imperfections that limit the
Q-factor.

Additionally, improving the quality and specificity of biological receptors—as well as
functionalization strategies—can enhance the sensitivity and ensure reliable detection of
low-concentration analytes. Advanced functionalization methods, including multi-layered
biointerfaces, could further amplify performance by increasing selectivity.

Another key direction is extending the dynamic range of the sensor, ensuring operation
across a broader range of analyte concentrations. This could be achieved by introducing
hybrid sensor designs that combine BIC resonances with mechanisms for controlled field
localization, thereby maintaining high sensitivity even at elevated analyte levels.

The stability and reusability of BIC-based biosensors are key factors for their practical
deployment, particularly in applications such as point-of-care diagnostics. While extensive
stability tests are beyond the scope of this review, several referenced studies suggest promis-
ing durability and operational robustness. For instance, Schiattarella et al. demonstrated
consistent performance over multiple sensing cycles [59], while Romano et al. highlighted
the mechanical stability of microfluidic systems integrated with BIC metasurfaces [45].
These findings indicate the potential for the reliable long-term use of BIC-based biosensors
under typical operational conditions.
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Abstract: The terahertz (THz) region of the electromagnetic spectrum, spanning from
0.1 to 30 THz, represents a prospering area in photonics, with transformative applications in
imaging, communications, and material analysis. However, the development of efficient and
compact THz sources has long been hampered by intrinsic material limitations, inefficient
conversion processes, and complex phase-matching requirements. Recent breakthroughs in
nonlinear optical mechanisms, resonant metasurface engineering, and advances in the fabri-
cation processes for materials such as lithium niobate (LN) and aluminum gallium arsenide
(AlGaAs) have paved the way for innovative THz generation techniques. This review article
explores the latest theoretical advances, together with key experimental results and outlines
perspectives for future developments.

Keywords: optical rectification; resonant dielectric metasurfaces; localized surface
phonon-polaritons

1. Introduction

The terahertz spectrum bridges the gap between microwave and infrared (IR) fre-
quencies, enabling unique functionalities that leverage the best of both domains [1–3]. Its
non-ionizing radiation is safe for biological tissues, making it an attractive tool for medical
imaging and diagnostics. Unlike X-rays or higher-frequency radiation, THz photons do not
carry enough energy to ionize atoms, thereby avoiding DNA damage and other harmful
effects. Moreover, its ability to penetrate non-metallic and non-conductive materials such as
polymers and textiles has spurred interest in security screening applications. For example,
THz scanners can reveal concealed objects under clothing or inside packages without ex-
posing individuals to hazardous radiation [4]. Beyond imaging, the THz range is sensitive
to molecular vibrations, enabling high-resolution spectroscopic fingerprinting for material
characterization. Many molecules and solids have characteristic absorptive or emissive
features in the THz band, allowing the identification of substances—from pharmaceutical
compounds to explosives—by their spectral “fingerprints” [5,6]. Despite these benefits,
the THz spectrum has historically been underutilized due to the lack of efficient sources
and detectors. Electronics struggle to reach THz frequencies and conventional photon-
ics typically operate at much higher frequencies, leaving a gap in available technologies.
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However, recent advances in nonlinear optics, particularly optical rectification and differ-
ence frequency generation from metasurface-based devices, have begun to address these
challenges. Such nonlinear techniques bypass traditional limitations by using ultrafast
optical pulses and engineered nanostructures to directly generate THz waves, mitigating
issues of materials and phase-matching requirements that previously constrained THz
sources efficiency [7–9]. Metasurfaces offer several concrete advantages for THz genera-
tion, detection, and related applications due to their ability to engineer electromagnetic
waves at sub-wavelength scales. One of the main advantages of metasurfaces is their
ultrathin and compact dimensions which allow to reduce and miniaturize the geometrical
dimension of the final platform. Apart from the geometrical form factor, metasurfaces can
achieve dynamic and reconfigurable control of the emitted THz radiation. In particular,
optimized metamaterials and metasurfaces have been suggested to be beneficial for the
development of various novel optical THz components [10]. Polarization conversion, ac-
tive phase modulation, engineered absorption, and nonlinear effects have been recently
demonstrated in THz meta-structures [11–15]. Moreover, engineered metasurfaces have
been shown to significantly enhance THz emission from photoconductive antennas [16].
Notably, nanostructuring of a nonlinear crystal into resonant meta-atoms can dramatically
enhance the local field intensity, boosting frequency conversion efficiency. For instance,
in [17] an optimized 160 nm-thick GaAs metasurface emits THz radiation comparable to
that of a 650 μm GaAs crystal, despite its significantly smaller material volume. Several
papers have recently presented the potential of nonlinear metasurface for THz generation
such as reported in [18–21]; however, the use of fully dielectric material for realizing the
metasurface is a new concept which we address in detail in this manuscript.

This review is organized as follows: Section 2 presents a concise introduction to the
prospective applications and implications of the THz frequency range; Section 3 addresses
THz generation in dielectric slabs, while Section 4 illustrates the potential offered by
dielectric metasurfaces for efficient nonlinear THz generation. Crystalline defect-free
condition is assumed in the reported results. Finally, Section 5 proposes some innovative
solutions and applications for the previously described thin surfaces. This structured
approach allows readers to first understand the broad context and applications of THz
photonics, then delve into specific mechanisms of THz generation, and finally explore
forward-looking concepts and conclusions.

2. Overview

Terahertz radiation, often referred to as the bridge between electronics and photonics,
has gained significant attention in recent years because of its unique properties and the vast
potential for applications in sensing, wireless communication, healthcare, spectroscopy,
security, quality control, and imaging, as described in Figure 1 [22–25]. Exploring and har-
nessing this frequency range necessitates a multidisciplinary strategy that encourages close
collaboration between high-frequency semiconductor technology for radio frequencies (RF)
electronics and alternative photonic-based solutions. In practice, this means engineers
working on microwave/millimeter-wave devices must team up with optical scientists to
develop new hybrid approaches that operate at THz frequencies. One of the main fields in
which this effort is already yielding promising results is data transfer. With the growing
demand for faster data rates and enhanced connectivity, the THz spectrum is gaining
attention as a candidate for next-generation wireless communication systems. THz waves
promise ultra-high bandwidths that could support data rates exceeding 100 Gbps, enabling
technologies such as 6G and beyond [26–29]. In this context, research efforts are focused on
overcoming challenges related to signal attenuation and hardware development, including
efficient THz sources and detectors [30,31]. Recent studies have deeply highlighted the po-
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tential of the THz range for communication applications [32,33]. In addition to this research
topic, we also underline that THz imaging and spectroscopy have introduced a significant
breakthrough in material characterization through non-destructive testing and biomedical
imaging [34–39]. Indeed, the ability of THz waves to probe materials without causing
damage is particularly promising in recognizing defects in semiconductors, investigating
pharmaceutical compounds, and detecting concealed objects. Furthermore, their interaction
with molecules and biological tissues makes them ideal for medical diagnostics [40–42].
Moreover, it is relevant to stress that the penetration capabilities of THz waves through
fabrics and plastics make them suitable for security screening [4,43,44]. As previously
mentioned, differently from X-rays, THz radiation is non-ionizing, guaranteeing safety
for routine processes in airports and other high-security environments. Additionally, THz
sensing enables for the detection of explosives and hazardous substances through their
spectral fingerprints [45,46], while in industry, THz systems are being integrated into qual-
ity control processes in many advanced material manufacturing [47,48]. For instance, THz
quality control scanners can monitor plastic welds or inspect food products and pharma-
ceutical tablets for uniformity without physical contact or damage, illustrating the breadth
of THz applicability [49,50]. Several comprehensive reviews on metasurfaces operating
in the THz range were recently published [51–54]. Here, we intend to briefly highlight a
variety of possible THz metasurfaces designs and applications. For instance, in Ref. [55], a
Silicon–Silica metasurface with a graphene layer on a teflon substrate demonstrated high-Q
resonances under THz excitation whereas in Ref. [56] a high-Q Silicon–Silica metasurface on
gold was suggested for sensing applications. Additionally, a liquid crystal–silica–graphene
metasurface THz absorber was developed in [57], while a ceramic microsphere metasurface
designed as a THz reflector was fabricated in [58]. Let us also mention that in [59], a silicon
cubes-based metasurface was designed and fabricated to function as a magnetic reflector in
the THz.

Figure 1. Terahertz technology applications.

Despite its promise, the development of efficient, compact, and reliable THz sources
remains a critical challenge, particularly due to the inherent limitations of conventional
materials and techniques. This difficulty in creating THz emitters and detectors has his-
torically been known as the THz technology gap. Indeed, for THz transmitters, achieving
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modulated THz generation with a high repetition rate across different spectral regions is
essential. Although certain spectral gaps remain where suitable THz sources are lacking,
various mechanisms now enable THz generation. The most widely explored methods
are THz-Quantum Cascade Lasers (THz-QCLs), photoconductive antennas (PCAs), and
nonlinear optical rectification process (NORP) in bulk crystals. These approaches, which are
particularly well-suited for spectroscopy and imaging applications, rely on large generation
volumes and typically operate at frequencies below 5 THz [60–66]. In brief, THz-QCLs
are semiconductor lasers with cascading quantum well transitions that can be lasing at
THz frequencies (often around 3–4 THz), though they usually require cryogenic cooling to
function. PCAs, on the other hand, use an ultrafast laser (with pulse energy of the order of
10 nJ [67]) to excite carriers in a biased photoconductive material, producing broadband
THz pulses; they are common in time-domain THz spectroscopy but their output power
and bandwidth are limited by, among others, carrier mobility and lifetime, phonon absorp-
tion or the applicable bias voltage [68]. Regarding NORP, difference frequency generation
in the crystals (with zinc telluride and lithium niobate being the most popular) occurs
between the different spectral components that comprise the optical probe resulting in a
spectrally limited THz pulse (0.1–3 THz) [69]. Although widely used for time-domain THz
spectroscopy, this approach requires laser pulses with pulse energy higher than 1 μJ (i.e.,
much larger compared to PCAs) [67].

More recently, to achieve the highest performance per unit volume using nanoscale
resonant platforms, THz generation through optical rectification in plasmonic Split-Ring
Resonators (SRRs) has been demonstrated. In this method, nanoscale SRRs nonlinearly
generate THz signals by exciting magnetic dipole modes in the infrared regime at the pump
wavelengths [70–74]. By confining the optical excitation to the surface of metallic ring struc-
tures, these plasmonic schemes significantly enhance local electromagnetic fields, which in
turn strengthens the nonlinear polarization and THz emission. Such resonant plasmonic
approaches have succeeded in creating THz bursts in sub-wavelength volumes, albeit
often with trade-offs in efficiency due to metal losses. Importantly, a novel approach for
generating structured single-cycle THz wavepackets using engineered nonlinear plasmonic
metasurfaces has been reported in [75] where the generation of propagating spatiotemporal
quadrupole and few-cycle THz pulses with engineered angular dispersion is demonstrated.
In the report, the THz output was not a simple Gaussian beam but had a complex field
pattern—a quadrupole-like spatial distribution—and only a few oscillation cycles in time,
achieved by carefully tailoring a plasmonic metasurface. This spatiotemporally structured
THz emission showcases the level of control possible with designed nonlinear surfaces.

A promising alternative to plasmonic THz emitters is represented by all-dielectric
THz metasurfaces, which have already attracted significant attention in nonlinear optics
as key components for second- and third-harmonic generation [76–78]. Such platforms
may outperform plasmonic metasurfaces in nonlinear generation efficiency because of the
significantly lower optical losses, as they avoid the ohmic losses inherent in metallic struc-
tures. In dielectrics, incident light does not induce the same kind of free-carrier currents
that dissipate energy as heat, so more of the input optical energy can be converted into the
desired THz radiation. Moreover, in high refractive index dielectrics, the bulk nonlinear
contribution is mostly the dominant one, opposite to metallic structures where surface
currents are responsible for the harmonic generation. This difference arises because many
non-centrosymmetric dielectric materials (like certain semiconductors or ferroelectrics) pos-
sess strong second-order nonlinearities throughout their volume, whereas centrosymmetric
metals have no bulk second-order response and produce even-order nonlinearities only at
surfaces, where inversion symmetry is broken.
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Conventional phase matching in nonlinear optics relies on satisfying strict momen-
tum conservation conditions over a macroscopic propagation length via birefringence or
periodically poled structures. In contrast, metasurfaces exploit localized, resonant non-
linear interactions at the nanoscale [55,79], where phase accumulation is governed by
sub-wavelength unit cell engineering rather than bulk coherence lengths. In other words,
resonant structures with sub-wavelength scale mode volumes do not require strict phase
matching, as their conversion efficiency depends on the modal overlap between funda-
mental modes and higher harmonics. Of course, the overall small volume limits the total
efficiency of the harmonic process involved. To circumvent this drawback, hybrid nonlinear
integrated photonic devices consisting of phase gradient metasurfaces patterned on top of
a nonlinear waveguide have been recently proposed [80]. In this context, the metasurfaces
can provide additional momentum to compensate for the phase mismatch between the
fundamental and the harmonic waves. Distributed phase matching in nonlinear metasur-
faces is another mechanism that contributes to efficient THz generation via constructive
interference across a metasurface without requiring strict bulk phase matching [81]. Also,
high conversion efficiency can be achieved with high-Q quasi-bound states in the contin-
uum (quasi-BICs) and other (Mie, Fano) resonances in metasurfaces [82,83]. Furthermore,
adjusting the geometric parameters of the metasurfaces enables additional functionali-
ties, such as polarization control, dynamic modulation, beam shaping, and steering of
the emitted THz waves (usually achieved by adding an extra metasurface [51–53,79,84]).
Notably, the ENZ materials (e.g., ITO) reduce phase-matching constraints due to near-zero
permittivity. Recent advances in ENZ-metasurfaces [79,85] further bridge the gap between
material limitations and phase-matching requirements. By patterning ENZ materials into
sub-wavelength resonators, these platforms combine the field enhancement of ENZ modes
with the momentum engineering of metasurfaces, achieving efficient THz generation with-
out bulk constraints. Notably, they surpass LN in conversion efficiency per unit thickness
while enabling dynamic tuning [85].

For all the abovementioned reasons, this review explores the latest advances in THz
generation methods, with a focus on nonlinear optical mechanisms, in resonant dielectric
metasurfaces, with a specific concentration on materials such as LN and AlGaAs. The
discussed innovations address key challenges such as limited efficiency, scalability, and
phase-matching constraints, paving the way for next-generation photonic devices. By
synthesizing findings from experimental and theoretical studies, this article provides a
comprehensive evaluation of the current state of the field, highlighting the critical role of
material science and nanotechnology in driving breakthroughs in THz technologies. In
addition, future perspectives are examined, including the integration of dielectric thin-
film platforms and metasurface-based systems, which hold promise for transforming
scientific and industrial applications. Integrating ultrathin nonlinear films with resonant
metasurfaces could lead to hybrid devices that combine the advantages of each, potentially
enabling on-chip THz emitters or sensors. This brief overview delves into the key challenges
and motivation behind recent research efforts in this rapidly evolving domain.

3. THz Generation in Dielectric Slabs

In this section, we present recent results about THz generation through optical rectifi-
cation in lithium niobate (LN) slabs. The investigation of LN’s material properties dates
back to the 1960s. Its crystal structure falls within the 3 m point group, characterized
by a three-fold rotational symmetry around the [0001] c-axis (typically referred to as the
z-axis) and mirror symmetry across three planes spaced 60◦ apart [86,87]. In simpler terms,
LN has a trigonal crystal symmetry that lacks inversion symmetry, a crucial attribute for
second-order bulk nonlinear effects. LN has a wide transparency range from 350 nm to
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5 μm, spanning across the visible, near-infrared, and mid-infrared spectra. Its relatively
high refractive index (roughly 2.2 at 1550 nm) enables the formation of high index contrast
waveguides on various amorphous and crystalline substrates, such as silica and sapphire.
With a high Curie temperature (1210 ◦C), LN maintains a stable ferroelectric phase, making
it compatible with several fabrication processes and operating conditions. Unlike sili-
con, LN is a non-centrosymmetric crystal with large second-order nonlinear coefficients,
making it ideal for optical wavelength conversion and photon-pair generation. Moreover,
its exceptional Pockels coefficient (r33 = 31 pm/V) makes LN the preferred material for
electro-optic modulators, a key component in telecommunication networks [88]. These
combined features—broad optical transparency, strong nonlinearity, and robust fabrication
tolerance—explain why LN is ubiquitous in nonlinear optical devices such as frequency
converters and modulators. These properties make also LN an ideal material for studying
THz emission through optical rectification (OR) mechanism in dielectrics. Indeed, LN
strong second-order nonlinearity and polar lattice vibrations offer a promising platform
for converting optical pulses into THz pulses via OR, which will be discussed next. OR, a
second-order nonlinear optical process, is one of the most widely used methods for gener-
ating THz radiation [89,90]. OR is a nonlinear optical process in which an intense optical
beam (labeled as the pump) is utilized to generate a low-frequency charge motion in a
nonlinear medium, emitting in turn THz radiation. In practical terms, when a femtosecond
laser pulse passes through a nonlinear crystal like LN, the pulse is an ultrafast intensity
envelope that can induce a DC or very low-frequency polarization wave in the crystal; this
time-varying polarization at THz frequencies radiates as a burst of THz electromagnetic
waves. Thus, OR can be viewed as a special case of difference frequency generation where
the difference between frequency components of a broadband pulse produces a continuum
of THz output. Thin-film lithium niobate (TFLN) platforms have demonstrated significant
advantages in this context, mainly related to the reduction of the generated THz signal self-
absorption with respect to bulk crystals in which strong intrinsic absorption significantly
reduces the detected THz [81,91,92]. In bulk LN, the emitted THz wave must traverse a
long path in the material and is heavily attenuated by LN phonon absorption bands; a
thin-film geometry minimizes this propagation loss, allowing more of the generated THz to
escape. LN exhibits vibrational lattice modes (i.e., optical phonons) which can interact with
incident electromagnetic radiation in the THz range. This interaction alters the dispersion
properties of the electromagnetic wave propagating through the crystal, resulting in a
hybrid mode known as a phonon–polariton (PhP). It has recently been demonstrated that
optical phonons are responsible for a substantial improvement of THz generation between
2 and 8 THz in LiNbO3 (LN) samples [93]. Interestingly, the optimal thickness to benefit
from the PhP enhancement of the nonlinear response is estimated to be less than 2 μm.
This finding indicates that there is a sweet spot in LN thickness: a sub-micron film is thick
enough to efficiently generate THz radiation but thin enough to avoid excessive absorption,
leveraging phonon–polariton resonances to boost the output in the 2–8 THz range.

The generation and detection of THz radiation require precise experimental setups.
Figure 2 depicts the experimental configuration for THz generation using x-cut LiNbO3,
highlighting the use of pump lasers, parabolic mirrors, and electro-optic detection via
gallium phosphide (GaP) crystals, which characterize the generated THz radiation via
electro-optical sampling technique [94]. The time domain traces are shown in the bottom
panel of Figure 2a. In particular, in [93] the polarization of the pump signal and of the
probe pulse are tuned to achieve polarization-resolved measurements, thus addressing the
various tensorial components of the nonlinear optical response of LN. Four combinations
for the pump and THz polarization have been considered to isolate the contributions of
the individual nonlinear coefficients. By measuring THz signals for various polarization
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alignments (denoted in compact notation as zzz, zyy, yyy, yzy where the first letter indicates
the THz signal polarization, while the others identify the pump polarization relative to
the LN crystal axes), the experiment could disentangle which tensor components of LN
second-order susceptibility were involved in the THz generation. Interestingly, the emitted
THz radiation polarized along the z-axis (in compact notation zzz and zyy) possesses a
broad spectrum, while THz waves polarized along the y-axis (i.e., yyy and yzy) display a
sharper peak around 4 THz and a dip at 6 THz, as shown in Figure 2b. These features are
attributed to the ionic enhancement of the nonlinear response in the LN film. In other words,
when the THz field is aligned with the crystal optical axis (z), the phonon–polariton effects
broaden the emission spectrum. Conversely, for THz polarization along y (perpendicular
to the polar axis), the interaction with specific optical phonon modes causes a resonance
peak (near 4 THz) and an attenuation (near 6 THz), revealing how the lattice vibrations
selectively amplify or suppress certain THz frequencies. To confirm the significant impact
of ionic contributions on the nonlinear response, frequency-domain numerical simulations
using the finite-element method in COMSOL have been conducted in [93], focusing on
the optical-to-THz conversion mechanism. By slightly adjusting the magnitude scale of
the nonlinear coefficients an excellent agreement between experiments and simulations
has been obtained. This close match between simulation and experiment, achieved after
accounting for the frequency-dependent behavior of LN’s nonlinear coefficients, reinforces
the interpretation that phonon dynamics strongly influence the THz generation process.
The analysis in [93] also reports OR measurements at several different pump powers
and on LN samples with different thicknesses to provide additional validation that the
detected THz signal in the experiments originates from the optical rectification process.
As a characteristic of second-order nonlinear processes, the generated signal power scales
quadratically with the pump power. However, when keeping the pump power constant,
increasing the LN sample thickness leads to a significant deviation from this quadratic trend
due to THz absorption in LN. As the LN thickness grows, the spectral power density in the
lower frequency range becomes dominant, ultimately suppressing THz generation above
4 THz. This is consistent with stronger re-absorption of higher-frequency THz components
(near LN phonon resonance) in thicker samples—longer path lengths inside LN allow the
material’s intrinsic absorption to attenuate the high-frequency portion of the THz pulse.
Notably, in [93] also the case of a LN rod (with 12 μm length, 2 μm width and 500 nm height)
has been reported demonstrating that the THz emission is boosted by almost a factor of
five compared to the unstructured film. Patterning the LN into a discrete rod introduces
geometrical resonances or improves out-coupling that significantly enhances the THz
output beyond the uniform thin-film case. These findings highlight the powerful capability
of phonon-resonance engineering in precisely tuning the characteristics of generated THz
radiation at sub-wavelength dimensions. Moreover, the observed enhancement in the rod-
structured system sets the stage for the next section of this review, which explores in detail
the THz generation from metasurfaces. If a single isolated LN rod can increase emission
fivefold, an array of such many resonant structures—i.e., a metasurface—could potentially
yield even larger enhancements and additional control over the THz waves, as we discuss
in the next Session. We recall that hybrid gold THz antennas integrated with thin-film
lithium niobate circuits have shown promising potential for tailored THz sources operating
in the lower THz frequency range (<1 THz) [81]. With advancements in nano-structuring
LN, recent theoretical proposals for THz radiation generation have emerged in hybrid
LN/Si coupled-waveguide structure, [95] alongside experimental approaches leveraging
topological confinement in laser-written LN slabs [96]. Apart from LN and AlGaAs that
are deeply presented in this manuscript, conventional semiconducting crystals used for
THz-wave generation and detection include Zinc Telluride (ZnTe) and Gallium Phosphide
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(GaP). The latter have much lower electro-optic coefficients compared to LN, but are widely
used because of the possibility for phase matching that is not directly possible with LN and
other inorganic crystals with a high electro-optic coefficient [97,98]. Let us also mention
that Perovskite, Barium Borate, and Quartz may find applications in THz generation such
as those reported in [99–101]. Alongside widely recognized inorganic nonlinear optical
crystals commonly utilized as THz emitters [102], organic nonlinear electro-optic crystals
have gained growing attention due to their higher macroscopic nonlinearity and lower
dielectric constant, making them promising candidates for efficient and broadband THz
wave generation. In this context, in recent decades, extensive research has been conducted
on various electro-optic crystals; however, only a limited number of crystals exhibiting an
electro-optic response exceeding 50 pm/V have been identified [103–107].

Figure 2. (a) (Top) experimental setup and (bottom) time-domain signals for THz generation using
x-cut LiNbO3 slab (500 nm thick). (b) THz emission spectra calculated numerically (blue) or derived
from the experiments (red). Adapted from [93].

4. THz Generation from Resonant Dielectric Metasurfaces

In this section, we introduce the concept of dielectric metasurfaces for efficient THz
generation via difference frequency generation (DFG) process. DFG is a nonlinear process
generating beams with differing frequencies of the input beams. For example, if two in-
frared laser beams at frequencies ω1 and ω2 (with ω2 > ω1) interact in a nonlinear medium,
DFG can produce radiation at the THz frequency ω3 = ω2 − ω1. Indeed, a metasurface
can be defined as an engineered material composed of a repetition of sub-wavelength
scale structures usually called meta-atoms, designed to manipulate and control electro-
magnetic waves [108–111]. In practice, a metasurface is an ultrathin (often planar) array
of nanoantennas or resonators whose individual scattering responses can be tailored. By
arranging these meta-atoms in a specific pattern, one can achieve desired effects on an
incoming wavefront, such as focusing light, altering its polarization, or in our context,
facilitating nonlinear frequency conversion. Among the others, AlGaAs-based metasur-
faces have earned significant acclaim in photonics due to their optical properties, high
versatility, and sizable nonlinear optical response [112–115]. With a broad transparency
range spanning from the visible to the infrared spectrum, AlGaAs is adaptable to a multi-
tude of photonic applications, while its high refractive index facilitates precise control over
light, enhancing the manipulation of amplitude, phase, and polarization. Additionally,
its low absorption losses, particularly in the near-infrared region, ensure efficient light
interaction, improving the final device performance. Another advantage of AlGaAs lies in
its compatibility with standard CMOS fabrication techniques, enabling scalable manufac-

25



Photonics 2025, 12, 370

turing and accessible integration into existing systems [116–120]. In other words, AlGaAs
nanostructures can be fabricated using processes similar to those employed for silicon
microelectronics, which is important for mass production and integration. These attributes
position AlGaAs metasurfaces as key players in different research areas such as nonlinear
optics, sensing, and communications [121–124]. Indeed, AlGaAs metasurfaces have already
shown efficient second-harmonic generation (frequency doubling) and other nonlinear
effects, highlighting their potential to serve as active elements in sensors or as compact
frequency converters in optical communication links. Interestingly, a recently published
study has meticulously explored how an AlGaAs meta-atom can be employed for THz
applications, achieving a generation efficiency several orders of magnitude higher than that
of previously proposed metallic structures [7]. In particular, a fully dielectric transceiver
is proposed. Through the use of a near-IR pump beam, the optical-domain information
signal is converted into the THz frequency band. Notably, adjusting the frequency of the
pump beam allows for coverage of the entire THz spectral range. Crucially, this approach
directly translates the information into THz radiation without requiring additional compo-
nents, ensuring compatibility with various modulation schemes and signal formats. This
is significant because it implies a very simple transmitter: an optical data signal is fed
into the nonlinear meta-atom and comes out as a broadcast THz signal carrying the same
data, with no need for electronic oscillators or separate mixers. The optimized AlGaAs
nanoantenna can achieve a conversion efficiency of up to 10−7 W−1 at approximately
11 THz, see Figure 3, while an efficiency on the order of 10−7 is still quite low in absolute
terms, it represents a substantial improvement relative to earlier nanoscale THz emitters.
This result showcases the potential of a single sub-wavelength AlGaAs resonator to serve
as a highly miniaturized THz source. In more detail, in [7] an AlGaAs nanodisk with
diameter and height equal to 400 nm supporting a magnetic dipolar resonance around
1550 nm is considered as the meta-atom. Moreover, the AlGaAs permittivity and the χ

(2)
ijk in

the THz range are modeled. These quantities are indeed necessary to perform the nonlinear
DFG simulation at ω3 = ω2 − ω1 where the nonlinear currents in the AlGaAs nanocylinder
volume can be written as follows:

Ji(ω3) = −iω3ε0χ
(2)
ijk (ω3)[Ej(ω2)E∗

k (ω1) + Ek(ω2)E∗
j (ω1)] (1)

where the subscripts i, j, k are associated with the Cartesian coordinates. Instead, the DFG
efficiency is defined as follows:

ηDFG = Pω3
rad/PiPs (2)

where the numerator is the power radiated at THz, and the denominator is the product
of the incident powers of the information signal and pump beam, respectively. Figure 3b
displays the AlGaAs nanodisk ηDFG from 4 to 14 THz. The results are obtained by fixing ω2

and by varying ω1 to cover the desired THz range at the generated ω3. Interestingly, one
can observe four peaks in the THz emission: two of them are located at the spectral position
of the AlGaAs transverse-optical (TO) phonon frequencies, whereas another couple of
peaks are in exact correspondence with the localized surface phonon-polaritons (LSPhP)
resonances of the nanopillar. This result demonstrates the key role of surface phonon–
polaritons in the THz generation from all-dielectric nonlinear nanoantennas. In other
words, when the difference frequency matches either a bulk lattice vibration mode (TO
phonon) or a surface-confined phonon–polariton mode in the nanodisk, the THz output
is significantly enhanced, producing a peak in efficiency. The interested reader may find
more information in [7]. It should be highlighted that the obtained THz efficiency can
be useful in many communication applications. As an example, the inset of Figure 3b
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reports the capability of the proposed platform to convert an information signal in the
IR region with a bandwidth of 160 GHz into the THz region, around 11 THz, without
significant distortion. This approach is equally applicable to other materials that exhibit
second-order nonlinearity, which allows access to different spectral regions [8]. Using a
different material for the meta-atom, one could target lower THz frequencies—for instance,
LN meta-atoms might be optimized for the 1–5 THz range, thus expanding the versatility
of the DFG approach.

Figure 3. (a) The AlGAs nanodisk considered as the meta-atom is excited by two different infrared
pumps at λ1 and λ2, respectively. (b) The computed THz efficiency achieved through DFG of the
input beams as obtained from Finite Element Method (FEM) simulation (blue), quasi static (QST)
reduced model with (black) and without contribution from transverse-optical phonon permittivity
(red). Adapted from [7].

After having presented the THz generation mechanism via DFG in a single meta-atom,
we continue our analysis considering the THz generation from a dielectric metasurface
made of AlGaAs nanodisks. In this context, recent efforts have been reported in [17,75,125].
It should be noted that, so far in this paragraph discussion, we considered two inde-
pendent sources with an infinitesimally narrow frequency band as input signals that
nonlinearly combine to generate the THz radiation. From a theoretical perspective, this
is certainly the easiest scenario to consider. However, real sources typically have pulses
with non-negligible spectral bandwidth. Therefore, it is relevant to consider the different
spectral components of the incident signal which are responsible for the so-called intra-
pulse DFG, i.e., OR. An experimental demonstration of this concept is reported in [125],
where different metasurfaces composed of AlGaAs nanodisks with a different elliptical
basis are investigated. The pump consists of a femtosecond laser (80 MHz repetition rate
with 140 fs pulse duration) that delivers p-polarized light on the samples with an angle
of incidence of π/4 rad. The measured THz power spectral density (PSD) is in strong
agreement with the theoretical simulations, as reported in Figure 4. For the modeling
of the incident beam, the authors consider a Gaussian pulse centered around 234 THz
(1280 nm) with a bandwidth of 2 THz. For estimating the total THz emission behavior
coming from the metasurface, a discretized version of the incident Gaussian beam spec-
trum is considered. This spectrum is sampled with a finite number of frequency steps N
(N = 18) thus allowing the DFG calculation due to the weighted spectral components of the
incident beam. In other words, the broadband pulse was discretized into 18 narrowband
slices, and all pairwise mixes of those slices that differ by a given THz frequency were com-
puted. In this way, the simulation of the total THz generation is divided into several DFG
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problems, which can be modeled following the same procedure reported in Equation (1),
where only the bulk nonlinearities are considered. The final THz efficiency at a specific
ωn is obtained as the sum of all the DFG processes that combine all the possible spectral
components which are ωn distant in frequency. Interestingly, the excellent agreement with
the experiment is achieved by considering only the bulk nonlinear contributions in the
simulations. Therefore, for these pillar dimensions, the contribution of surface nonlineari-
ties is negligible. However, as observed in thinner GaAs membranes, surface nonlinear
contributions have also been shown to play a role in THz generation. For instance, in a
160 nm thick GaAs metasurface excited above the material bandgap, a significant portion of
the THz field is reported to be likely generated at the surfaces [17]. In that scenario, pump-
ing above the bandgap likely creates ultrafast photocurrents or depletion field dynamics at
the GaAs surface, which become a source of THz radiation. This serves as a reminder that,
depending on material and excitation conditions (especially in centrosymmetric media or
at high photon energies), surface effects might dominate.

Figure 4. (a) Sketch of the experiment. A dielectric metasurface is illuminated by an infrared
optical beam and generates a THz emission through an intra-pulse DFG process. (b) Left panel: the
fabricated dielectric metasurfaces are constituted by AlGaAs nanocylinders over a 400 nm thick AlOx
substrate. TL—transition layers (about 90 nm thick). Right panel: Scanning Electron Microscopy
images of three different metasurfaces (top view). (c) Top panel: the experimental power spectral
density coming from the metasurface. Bottom panel: the comparison between the measurement
(orange curve) and the simulation (blue line). The inset represents the considered incident spectrum.
Adapted from [125].

Thus, all-dielectric metasurfaces can act as an efficient and customizable platform for
THz pulse generation. The design, based on cylindrical AlGaAs resonators, achieves a
remarkable 40-fold enhancement in THz emission efficiency compared to a bare substrate.
This enhancement factor underscores how nanostructuring a material into resonant ele-
ments can dramatically improve THz yield by concentrating optical energy and engineering
emission properties, rather than using an unpatterned film. Beyond the aspect of efficiency,
the metasurface allows precise control over THz radiation characteristics by adjusting the
elliptical cross-section of the nanocylinders. Additionally, tuning the optical excitation
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wavelength enables direct manipulation of the THz phase [125]. This unique capability for
spatio-temporal structuring of the THz wavefront underscores the potential of all-dielectric
metasurfaces for nonlinear frequency conversion, overcoming the limitations of plasmonic
and non-transparent systems. With further optimization, these engineered nanoresonator
surfaces could replace traditional bulk crystals for THz generation, paving the way for
advancements in THz photonics. One can envision ultrathin THz emitters integrated onto
photonic chips, using metasurfaces to produce and direct THz beams without the need
for centimeter-thick nonlinear crystals. This would represent a significant step toward
compact, on-chip THz systems.

5. Perspectives

The experimental demonstration of THz generation from a metasurface shown so far is
mainly limited in efficiency by constraints imposed by the spectral width of the used pulsed
source. Indeed, the finite and relatively narrow bandwidth of the experimental pulses
(around 2 THz) does not allow for exploiting the AlGaAs χ(2) resonances (located around
8 and 11 THz). A possible future development that may improve the efficiency of the
nonlinear process could be to explore these spectral regions using sources with sufficiently
wide pulses. For instance, using an even shorter pump pulse or a specially shaped multi-
color pump that covers 8–11 THz in difference-frequency content could drive the AlGaAs
metasurface at its peak nonlinear response, thereby producing stronger THz output. State-
of-the-art ultrafast laser technology (e.g., optical parametric amplifiers or chirped-pulse
difference frequency generation) can already reach such broadband excitation. However,
in [9] it was demonstrated that the zeros of nonlinear susceptibility can also have important
implications in the field of analog computing. Curiously, as highlighted in Figure 5, the
AlGaAs χ(2) shows a ‘zero-crossing’ and almost linear frequency dependence of its real
part around 5.6 THz with a negligible imaginary part. In [9], a fully analytic analysis is
reported when an AlGaAs thin metasurface is excited by two different signals. It is shown
that under certain conditions and, in particular, when the bandwidth of the input electric
field envelope is smaller than the THz carrier frequency fTHz, the DFG output signal is
proportional to the first derivative of the product of the incident fields, and it oscillates at
frequency fTHz. This analog computation capability reveals that the metasurface is not just
generating THz for communications or spectroscopy, but actually processing information
(in this case, detecting the temporal edges or rate-of-change of the input signals’ envelopes)
in the THz domain. Such a functionality is reminiscent of an optical analog computer
that can; for example, detect motion or transitions (since taking a derivative accentuates
rapid changes in a signal), which is indeed noted as the main function required in motion
detection applications.

To further validate the analytical framework, a Comsol Multiphysics simulation is
also presented in [9] where one optical pump is a continuous-wave (CW) signal, while the
second, representing the information signal, has a specific modulation bandwidth. If the
CW signal is frequency separated from the information signal by approximately 5.6 THz—
which is the AlGaAs zero-crossing frequency—the nonlinearly emitted THz electric field
corresponds to the time derivative of the information signal. The proposed metasurface
is composed of a square array of nanodisks with a radius of 160 nm, a height of 400 nm,
and a period equal to 400 nm, positioned over a low refractive index substrate. In the
simulation, a CW source at 1030 nm and an optical signal modulated by a rectangular pulse
illuminate the device at an oblique incidence of π/4 rad. For these design parameters, the
metasurface has a magnetic dipolar resonance around 1030 nm, leading to a two-fold en-
hancement of the event detection nonlinear THz field compared to the unpatterned AlGaAs
slab. Remarkably, the output THz field exhibits two distinct peaks corresponding to the
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steps of the information signal. All the presented discussion demonstrates that dielectric
metasurfaces serve as a viable flat-optic platform for efficiently generating and modulating
THz radiation. This opens up a new paradigm where a THz nonlinear metasurface could
be engineered to process information at the speed of light, potentially detecting motion
or performing edge enhancement in imaging, entirely via optical means. Additionally,
we have briefly reported their capability to perform analog computing operations such
as the first derivative, which is the main function required in motion detection applica-
tions. This discussion demonstrates how the future of THz technology lies in the mixture
between metasurface engineering and material properties together with the possibility of
integration of multifunctional platforms. Materials such as hybrid perovskites, transition
metal dichalcogenides, and engineered dielectric surfaces appear to be very promising for
nonlinear generation, offering sizable efficiency, and suitable spectral coverage [126–130].
For example, halide perovskites can be tailored in composition to enhance their second-
order or third-order nonlinearities and can be processed into microstructures, making them
attractive for THz applications. Similarly, two-dimensional materials and other emerging
semiconductors might be incorporated into metasurfaces to extend THz generation into
frequency ranges or functionalities not accessible with LN or AlGaAs alone. Future meta-
surfaces are expected to integrate tunable functionalities for the dynamic control of the
scattered light in terms of efficiency, polarization, and shape. By combining THz generation,
manipulation, and detection on a single chip, these technologies might be able to make
significant progress in many different fields such as medical diagnostics, security screening,
and high-speed communications. Imagine a single chip that can emit a tailored THz pulse,
detect the reflected signal, and analyze it, all within an integrated metasurface framework.
Such a device could revolutionize THz imaging scanners, making them more portable and
sensitive, or enable ultra-fast data links at THz frequencies by integrating transmitters and
receivers in one photonic package. In summary, the trajectory of research suggests that
versatile, efficient THz metasurface devices will likely bridge the gap between fundamental
laboratory demonstrations and real-world applications in the near future.

Figure 5. (a) Real (blue) and imaginary (black dashed) parts of AlGaAs χ(2). The inset highlights
the region where the real part crosses zero. (b) THz field coming from the AlGaAs metasurface
(magenta) in comparison to an unpattered AlGaAs thin film (black) when the inputs are a CW pump
(light-blue background) and an information signal consisting of a rectangular pulse (green area).
Adapted from [9].

6. Conclusions

The convergence of nonlinear optics, advanced materials, and metasurface engineer-
ing has ushered in a new era of THz technology. Innovations in optical rectification,
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resonant metasurfaces, and LSPhP have addressed traditional challenges while unlock-
ing new possibilities for compact, efficient THz devices. With applications ranging from
communication to analog computing, the THz spectrum is set to become a cornerstone of
next-generation photonic systems, while THz waves were once confined to niche laboratory
setups, the developments surveyed in this review indicate that broadly tunable, powerful,
and integrable THz sources may soon be feasible, enabling practical systems in various
domains. Despite significant progress, challenges remain, including enhancing conversion
efficiency, minimizing losses, and integrating metasurfaces with compact and scalable tech-
nologies. Future research will further refine these structures, paving the way for practical
and high-performance THz devices. For example, achieving higher THz output power will
require not only materials with larger nonlinear coefficients or broader bandwidth lasers,
but also clever thermal management and out-coupling strategies to handle high optical
intensities and extract THz radiation efficiently. Similarly, incorporating THz metasurfaces
into portable systems will demand innovative packaging and possibly co-integration with
electronics for drive and read-out. Through ongoing advancements, THz metasurfaces are
destined to become key elements of next-generation THz technologies, bridging the gap
between fundamental research and real-world applications. As researchers continue to
improve device performance and address engineering hurdles, we anticipate that the con-
cepts outlined here—from thin-film nonlinear crystals to flat nonlinear optics and analog
computation—will possibly translate into tangible THz components in communication net-
works, imaging devices, and sensing systems, thus strengthening the role of THz photonics
in the technological landscape.
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Abstract: Graphene oxide (GO) has emerged as a carbon-based nanomaterial providing a
different pathway to graphene. One of its most notable features is the ability to partially
reduce it, resulting in graphene-like sheets through the elimination of oxygen-including
functional groups. In this paper, the effect of localized interactions in an Ag/GO/Au
multilayer system was studied to explore its potential for photonic applications. GO was
dip-coated onto magnetron-sputtered silver, followed by the deposition of a thin gold film
to form an Ag/GO/Au structure. Micro-Raman Spectroscopy, SEM and Variable Angle
Ellipsometry (VASE) measurements were performed on the Ag/GO/Au structure. An
interesting behavior of the GO deposited on magnetron-sputtered silver with the formation
of Ag nanostructures on top of the GO layer is reported. In addition to typical GO bands,
Micro-Raman analysis reveals peaks such as the 1478 cm−1 band, indicating a transition
from sp3 to sp2 hybridization, confirming the partial reduction of GO. Additionally, calcula-
tions based on effective medium theory (EMT) highlight the potential of Ag/GO structures
in hyperbolic metamaterials for photonics. The medium exhibits dielectric behavior up to
323 nm, transitions to type I HMM between 323 and 400 nm and undergoes an Epsilon
Near Zero and Pole (ENZP) transition at 400 nm, followed by type II HMM behavior.

Keywords: graphene oxide; optical properties; micro Raman

1. Introduction

Photonic metamaterials [1], which enable exact manipulation of light at subwave-
length scales, have greatly revolutionized optical technologies over the last years. These
materials’ special qualities—like improved light–matter interactions, negative refraction
and superlensing—have created new opportunities for energy harvesting, imaging and
sensing [2]. Recent advancements in metasurface-based photonic devices have further
expanded these possibilities by demonstrating improved optical field control, higher effi-
ciency and enhanced damage thresholds, making them particularly suitable for high-power
laser applications [3]. Moreover, recent research on terahertz metamaterial absorbers based
on Dirac semimetals has shown exceptional tunability and sensitivity [4].

These advances have been made possible in large part by the creation of novel materi-
als and enhanced nanofabrication methods [5]. In addition to optimal designs, the creation
of new materials with adjustable optical characteristics and scalable manufacturing tech-
niques are also necessary to achieve such breakthroughs. Because of their remarkable electri-
cal and optical properties, graphene and its derivatives, including graphene oxide (GO) [6],
have turned out to be attractive options for incorporation into photonic metamaterials.

Graphene and GO differ in terms of structure and properties. Graphene consists of
carbon atoms arranged in a two-dimensional honeycomb lattice with sp2 hybridization,
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which provides it with exceptional electrical conductivity, mechanical strength and thermal
properties [7]. Graphene can be synthesized using four main methods. The first method
involves chemical vapor deposition (CVD) [8]. The second method is micromechanical
exfoliation, commonly known as the ‘Scotch tape’ [9] or peel-off technique, which originated
from earlier work on exfoliating patterned graphite. The third approach utilizes epitaxial
growth on insulating substrates like silicon carbide (SiC) [9], while the fourth involves the
production of colloidal suspensions [10]. Although graphene has earned a lot of interest due
to its many uses, the difficulties associated with mass manufacture prevent it from being
used in technology on a significant scale [11]. As an alternative to graphene, GO offers a
more approachable and adaptable platform for real-world uses. GO contains both sp2 and
sp3 hybridized carbon atoms due to the presence of oxygen-containing functional groups
such as epoxy, hydroxyl and carboxyl. These functional groups enhance its dispersibility in
water but significantly reduce its electrical conductivity compared to pristine graphene [12].
GO can be converted into reduced graphene oxide (RGO) by eliminating oxygen-including
functional groups, resulting in graphene-like sheets with restored properties, regaining
its electrical conductivity and optical characteristics despite its insulating nature brought
on by the breakage of its conjugated electronic structure [13]. However, conventional
chemical reduction techniques frequently include dangerous chemicals like hydrazine,
which emphasizes the need for alternative scalable and sustainable strategies [14]. In the
development of new materials for photonic applications, where environmentally friendly
and adjustable procedures are becoming more and more crucial, these alternative reduction
techniques may be crucial [15]. Concerning the catalytic reduction of GO, Wu et al. [16]
demonstrated that Ag nanoparticles can facilitate the visible-light-driven photocatalytic
reduction of GO through the mechanism of Surface Plasmon Resonance (SPR). Furthermore,
other important advancements have been reported in this research field. For example, Zhuo
et al. [17] described a method for the large-scale production of graphene through the room-
temperature reduction of GO, utilizing metal nanoparticles as catalysts. In addition, the
γ-ray-assisted synthesis of silver nanoparticle-decorated RGO/Ag represents a promising
green approach for the development of advanced materials in energy storage applications,
particularly symmetric supercapacitors [18]. The fabrication process has a particular
influence on the design of metamaterials for practical applications [19,20]. Magnetron
sputtering [21] is a scalable and repeatable method that ensures the consistency required
for advanced photonic metamaterials by producing thin films with nanoscale accuracy.

This work focuses on the magnetron sputtering deposition of a multilayer Ag/GO/Au
system. Micro-Raman spectroscopy reveals that localized plasmonic interactions between
gold and silver enhance electromagnetic field localization at the interface, potentially
modifying the optical behavior of GO. This approach highlights a possible alternative to
traditional chemical methods for reducing GO, meeting the criteria of being inexpensive
and environmentally friendly.

When the Ag/GO interface in the system is examined more closely, some features
become apparent. The appearance of silver nanostructures on the GO layer is demonstrated
by SEM measurements, generating “hot spots” that are essential for Surface-Enhanced
Raman Scattering (SERS). Additionally, effective medium theory (EMT) [22] calculations
demonstrate that the GO/Ag combination is a promising candidate for integration into
hyperbolic metamaterials. Such metamaterials enable unique optical properties, including
negative refraction and enhanced light–matter interactions, opening the door for innovative
applications in photonic technologies.
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2. Materials and Methods

Deposition of silver thin films (10 nm) was carried out on glass substrates using a DC
magnetron sputtering system (Edwards Auto306, West Sussex, UK) under an argon partial
pressure of 4.5 × 10−2 , with a base vacuum of 10−5 mbar and a cathode power of 10 W for
75 s. The glass substrates were pre-cleaned with a “piranha solution” (hydrogen peroxide
and sulfuric acid).

GO films (8 nm) were deposited on the silver thin films using a dip-coating process
at 0.33 mm/s. A 2 g/L GO dispersion in water, sourced from “Punto Quantico”, was
used. Gold thin films (15 nm) were then deposited onto the GO/Ag/glass substrates using
the same sputtering system at 4.2 × 10−2 mbar, with a base vacuum of 10−5 mbar and
a cathode power of 30 W for 55 s. A schematic of the Ag/GO/Au structure is shown in
Figure 1.

Figure 1. Schematic illustration of the samples.

Micro-Raman spectroscopy was carried out using a Horiba-Jobin Yvon LabRam HR
system (Horiba-Jobin Yvon Srl, Piscataway, NJ, USA) with a 532 nm laser and a 100× Mplan
Olympus objective. An OD2 filter (1% transmission) was used to minimize thermal effects.
SEM analysis was performed with a FEI Quanta FEG 400 ESEM microscope (Eindhoven,
The Netherlands).

Optical properties were estimated via Variable Angle Spectroscopic Ellipsometry
(VASE) using a Woollam M2000 F (Woollam Co., Lincoln, NE, USA) rotating compensator
ellipsometer, covering the photon energy range of [1.3–4.1] eV.

3. Results and Discussion

3.1. Micro-Raman Measurements

The visual investigation of the samples (Figure 2A) reveals that two types of GO
deposition are possible. The “light” zones can be associated with a monolayer or few-layer
growth. In contrast, the remaining areas appear in varying shades of dark colors.

The formation of some “hot spots” is observed, usually in the “dark” regions of
this sample. Hot spots are highly concentrated areas of strong local field enhancement
attributed to localized surface plasmon resonance (LSPR) [23]. These regions, found in the
gaps of metallic nanostructures, are known to significantly amplify SERS signals [24]. An
example of this phenomenon can be observed in Figure 2B. The D and G bands of GO are
visible at about 1365 cm−1 and 1595 cm−1, correspondingly. Moreover, it is possible to see
the second order D + G band (≈2912 cm−1). In addition, several sharp peaks appear at
about 1077 cm−1, 1122 cm−1, 1240 cm−1, 1286 cm−1, 1478 cm−1 and 1976 cm−1. All these
distinct peaks are associated with localized vibrations of molecular groups bound to the
GO network and in proximity to metal particles or nanostructures. These “hot spots” arise
from the intense plasmonic coupling between the metal and the molecule, leading to an
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important enhancement of the Raman signal through the SERS effect. In particular, the peak
at about 1478 cm−1 can be due to a CH2 deformation vibration; indeed, Aunkor et al. [25]
reported that the spectra of RGO display peaks that can be attributed to the CH2 stretching
vibration. This observation might confirm that the atomic frame of sp2 carbon has arisen in
RGO, thus indicating the transition from sp3 (oxidized regions) to sp2 (graphitic regions)
hybridization [25].

Figure 2. Optical image of a typical region of Ag/Graphene oxide/Au structure. Green laser spot on
a dark region (A). Raman spectrum on a hot spot of the samples at low laser intensity (OD2 filter) (B).

It was observed that the sharp peaks associated with hot spots disappeared under
high laser power, suggesting thermal effects. To minimize this influence, low-power laser
settings were used during the measurements (OD2 filter). While plasmonic effects play a
role in enhancing the Raman signal, the potential for laser-induced thermal degradation
must also be considered when interpreting these results.

3.2. Morphological SEM Analysis

In Figure 3, sections of the Glass/Ag/GO/Au layer structure were obtained using a
secondary electron sensor. In the images, it is possible to see some 40/50 nm Ag nanoparti-
cles covered by a thin film of different chemical compositions that flexibly conform to the
nanostructured substrate.

In Figure 4, the glass/Ag/GO sample was studied without the gold coating to explore
the Ag/GO interface of the more complex glass/Ag/GO/Au structure.

Figure 4A shows a topography image of the glass/Ag/GO structure acquired by
the secondary electron sensor. Some objects (supposedly Ag nanoparticles of 40/50 nm
diameters) are visible on the GO surface. Figure 4C shows a magnification of Figure 4A.
The same objects were observed with the Back Scattering sensor that highlights an atomic
number difference between superficial (brighter) objects, presumably Ag nanoparticles, on
a less luminous surface of GO (Figure 4B). Figure 4D shows a magnification of Figure 4B.
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Figure 3. Higher magnification ESEM image of glass/Ag/GO/Au layer samples. It is possible to see
some Ag nanoparticles below the graphene oxide and the Au thin films obtained using a secondary
electron detector.

Figure 4. ESEM images of the surface topography of a glass/Ag/graphene oxide sample. Images
(A,C,E) were obtained using a secondary electron detector; images (B,D,F) were acquired by a
backscattered electron detector. Some objects, supposedly Ag nanoparticles of 40/50 nm diameters,
are visible on the graphene oxide surface (A) and related magnification (C). The backscattered electron
detector highlights the atomic number difference between superficial (brighter) objects, presumably
Ag nanoparticles, and a less luminous graphene oxide background film. The Ag nanoparticles pierce
the graphene oxide layer in some places (E,F); in (E), we can also see the cleavage lines, which start
where the Ag nanoparticles break the graphene oxide layer.

An example of cleavage across the Ag/GO interface is visible in Figure 4E (see, in
particular, the scratches due to the silver nanoparticles below the GO film). Figure 4F
reports the corresponding backscattering image.

41



Photonics 2025, 12, 121

The glass/Ag/GO system is very complex, and there are zones of samples in which
the GO layer adjusts elastically to the Ag nanoparticles.

Figure 5A, for instance, shows the topography acquired by the secondary electron
sensor on a surface of GO dip-coated on 10 nm magnetron-sputtered Ag. Objects of about
40/50 nm diameter are visible on the surface, but they are thought to be a deformation
of the GO film induced by Ag nanoparticles grown in the underlying surface, which did
not perforate the GO layer, as confirmed by the corresponding image. Figure 5B was
acquired by the backscattering sensor. The behavior of the complex interface Ag/GO, never
reported before, requires further studies because a greater understanding could open the
way for several applications. The dispersion of Ag nanoparticles within the thin Ag film,
along with their potential detachment from the surface, leads to varying interactions with
molecular groups. In this study, this phenomenon may explain the formation of the “hot
spots” detected using micro-Raman spectroscopy.

Figure 5. ESEM images of a glass/Ag/graphene oxide sample acquired by a secondary (A) and
a backscattered (B) electron detector. The images show the same morphology as those reported
in Figure 4, but the backscattering image reveals that the chemical composition of the surface is
homogeneous. In this case, the Ag nanoparticles can curve the graphene oxide film, but they do not
pierce the graphene oxide layer.

3.3. Variable Angle Spectroscopic Ellipsometry Measurements

VASE was used to check the average thickness of the thin films. The analysis of the
ellipsometric data requires a multilayer optical model of the samples.

The ψ and Δ spectra were measured at different angles of incidence (50◦–70◦) to
increase the accuracy of layer modeling.

The model was obtained using the superposition of a layer of glass (1 mm), Ag (10 nm)
and EMA (Effective Medium Approximation) model between the optical constants of GO
and that of silver (8 nm) and Au (15 nm).

In Figure 6A,B, the generated and experimental data of the ψ and Δ spectra are
reported for different angles of incidents in the [1.3–4.1] eV photon energy range for the
glass/Ag/GO/Au structure.

It is worth noting that the spot size of the light beam used in spectroscopic ellipsom-
etry is typically several millimeters, which means a bigger spot size in comparison with
Raman spectra and SEM analysis. However, important information can be deduced from
Figure 6A,B.

42



Photonics 2025, 12, 121

Figure 6. Experimental and model-generated ellipsometric ψ (A) and Δ (B) data fits at five angles of
incidences for the glass/Ag/GO/Au structure.

In Figure 7A, the estimated dispersion laws of the GO sample deposited with the
dip-coating technique on magnetron-sputtered Ag/glass substrate by ellipsometry charac-
terization are reported in the [1.3–4.1] eV photon energy range.

Figure 7. Estimated dispersion laws of the glass/Ag/GO structure (A) and of the glass/Ag/GO/Au
structure (B). The curves show the index of refraction (black lines) and the extinction coefficient
(blue lines).

The model was obtained using the superposition of a layer of glass (1 mm), Ag (10 nm)
and an EMA model, which mixes the Cauchy optical constants of GO and those of silver
(8 nm). The EMA model was selected due to the nanostructured nature of the interface,
and its validity has been supported by the consistency between modeled and experimental
ellipsometric data. The model indicates the formation of a layer of GO with mixed silver
features; for example, we find an oscillator at 3.8 eV, which can be attributable to the
volume plasmon of Ag [26]. The mixed properties between silver and GO are consistent
with the observed behavior in SEM images. In Figure 7B, the dispersion laws are reported
in the [1.3–4.1] eV photon energy range. The optical constants are very similar to those of
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gold [27]; hence, the thin gold film adjusts elastically on the glass/Ag/GO sample (as can
be seen in Figure 3) without modifying its overall optical behavior.

3.4. Potential Application in Hyperbolic Metamaterials

A potential application has been identified for films composed of GO dip-coated on
magnetron-sputtered silver as hyperbolic metamaterials.

A hyperbolic metamaterial [28] is an anisotropic medium characterized by uniaxial
dielectric tensor components:

εxx = εyy = ε‖ and εyy = ε⊥, which can be approximated using effective medium
theory (EMT):

ε‖ =
tmεm + tdεd

tm + td
(1)

ε⊥ =
εmεd(tm + td)

tmεd + tdεm
(2)

In Equations (1) and (2), (td, εd) and (tm, εm) are the thickness and dielectric permittiv-
ity of dielectric and metal, respectively.

Figure 8 presents an EMT simulation based on the optical constants of 20 nm thick
graphene oxide (GO) and 20 nm thick magnetron-sputtered silver. The results demonstrate
the theoretical feasibility of achieving the rare coexistence of two opposite anisotropies,
type I and type II, within the same metamaterial. This coexistence is characterized by a
zero dielectric or metal gap separating the two anisotropic states.

Figure 8. The effective medium theory (EMT) applied to alternating GO/Ag multilayers. The black
curve represents the real part of the parallel component of epsilon, while the blue curve corresponds
to the perpendicular component of the entire structure.

For type I hyperbolic metamaterials HMM (ε‖ > 0 and ε⊥ < 0), the structure exhibits
dielectric properties in the xy plane and metallic properties along the ε⊥ direction, while the
isofrequency surfaces assume the shape of an open-bounded hyperboloid. In this configura-
tion, the isofrequency surfaces take the form of an open, bounded hyperboloid. Conversely,
in type II HMM, the behavior is reversed and the isofrequency surface transitions to a
continuous hyperboloid.
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As illustrated in Figure 8, the medium exhibits dielectric behavior up to a wavelength
of 323 nm (green area), as both ε‖ and ε⊥ are positive. Between 323 nm and 400 nm (white
area), ε‖ > 0 while ε⊥ < 0, resulting in the emergence of a type I HMM region. At λ =
400 nm, the εNZP (Epsilon Near Zero and Pole) behavior obviously manifests a strong
discontinuity in ε⊥, passing from a very high negative value (virtually − ∞) to a very high
positive one (virtually + ∞) while simultaneously, ε‖ = 0. The HMM transitions to type II
behavior at λ > 400 nm (grey area).

The results presented here emphasize the critical role of the reduction process in tuning
the optical properties of the Ag/GO/Au structure. Raman spectroscopy confirms the transi-
tion from sp3 to sp2 hybridization, indicating partial reduction of GO, which is essential for
enhancing conductivity and optimizing its performance in photonic applications. However,
despite the environmental advantages of the plasmonic reduction approach compared
to conventional chemical methods, achieving uniformity and reproducibility on a larger
scale is still a limiting factor. In addition, the theoretical model confirms the potential of
the application of Ag/GO structures in hyperbolic metamaterials; nevertheless, practical
implementation of these metamaterials faces challenges related to fabrication precision and
consistency, which must be addressed to fully exploit their potential in applications such as
imaging, sensing and waveguiding at the nanoscale.

4. Conclusions

This study explores the potential of Ag/GO/Au structures for photonic applications,
particularly their suitability as hyperbolic metamaterials. Gold is used to ensure chemical
stability and enhance plasmonic coupling with silver. Micro-Raman analysis detects
additional peaks beyond the typical GO bands, including a peak at 1478 cm−1 attributed to
CH2 deformation vibrations, indicating the transition from sp3 (oxidized) to sp2 (graphitic)
carbon hybridization. SEM images reveal that the Au film conforms elastically to Ag
nanostructures (~40–50 nm), potentially contributing to the observed “hot spots” in Raman
measurements. The dispersion properties of the structure align with the SEM observations,
with the Au layer maintaining the overall optical behavior, while the GO/Ag interface
presents complexity. Ellipsometry suggests a GO layer incorporating silver features, with
an oscillator at 3.8 eV linked to Ag volume plasmons. Theoretical analysis indicates that
by optimizing Ag and GO thicknesses, these structures can act as multilayer hyperbolic
metamaterials, exhibiting simultaneous type I and type II anisotropies, separated by a
zero dielectric or metal gap. While still theoretical, these findings present significant
experimental challenges and promising applications in plasmonics and metamaterials.
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Abstract: We propose a highly efficient broadband tunable metamaterial infrared absorp-
tion device. The design is modeled using the three-dimensional finite element method for
the absorption device. The results show that the absorption device captures over 90% of
the light in the wavelength range from 6.10 μm to 17.42 μm. We utilize VO2’s phase change
property to adjust the absorption device, allowing the average absorption level to vary
between 20.61% and 94.88%. In this study, we analyze the electromagnetic field distribution
of the absorption device at its peak absorption point and find that the high absorption is
achieved through both surface plasmon resonance and Fabry–Perot cavity resonance. The
structural parameters of the absorption device are fine-tuned through parameter scanning.
By comparing our work with previous studies, we demonstrate the superior performance
of our design. Additionally, we investigate the polarization angle and incident angle of the
absorption device and show that it is highly insensitive to these factors. Importantly, the
simple structure of our absorption device broadens its potential uses in photodetection,
electromagnetic stealth, and sensing.

Keywords: wideband; high absorption; tunable; infrared band; atmospheric window;
wide angle

1. Introduction

Infrared is one of the invisible rays of the sun and is also an electromagnetic wave [1,2].
It has a lower frequency than visible light and is also known as infrared radiation. Since its
discovery by Herschel in 1800, infrared radiation has been studied continuously. In later
studies, it has been found that infrared radiation can interact with many molecules and
show strong heating effects at the large scale [3]. Moreover, infrared radiation has three
atmospheric windows [4–6]. Water vapor, CO2, and ozone in the Earth’s atmosphere absorb
electromagnetic waves, and the electromagnetic band with a higher transmission rate is
called the atmospheric window [7,8]. This part of infrared radiation that passes through
the atmosphere to reach the Earth has a big impact on human activities. The question of
how to control this part of electromagnetic waves has gained much attention. Initially,
researchers used the natural properties of materials to modulate this part of electromagnetic
waves, but this method has many drawbacks such as narrow bandwidth, low efficiency,
and large size [9,10]. This has become the main problem limiting the control of infrared
electromagnetic waves. With the improvement of manufacturing processes, the materials
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studied are no longer limited to natural materials, but efforts are made to create materials
that do not exist in nature to achieve electromagnetic control [11]. Such artificial materials
are called metamaterials [12–14].

Metamaterials are materials with special structures and specific designs with sub-
wavelength unit scales that are capable of modifying or controlling the behavior of electro-
magnetic radiation in a very significant way [15]. They allow energy such as light, sound,
and electromagnetic waves to interact with the material in an extraordinary way through
their carefully designed structures. Metamaterials have witnessed tremendous progress
over the past few decades, capturing widespread interest owing to their extraordinary
properties and vast potential for diverse applications [16–18]. Metamaterials often exhibit
unconventional properties such as reverse refraction, negative refraction, negative refrac-
tive indexes, and superscattering. Among them, a metamaterial absorption device is a
metamaterial-based device that is characterized by a high absorption capacity for electro-
magnetic waves in a specific frequency range. This device utilizes a combination of the
special structure of the metamaterial and the wave-absorbing material to effectively capture
and absorb electromagnetic radiation at specific wavelengths. The operating principle of
metamaterial absorption devices involves microscopic elements in their structure, such as
micro- and nanostructures or electromagnetic resonators [19–21]. They achieve the efficient
absorption of electromagnetic waves by tuning the electromagnetic response of the material.
By rationally designing the structural parameters and material composition of metamaterial
absorption devices, the selective absorption and suppression of electromagnetic waves
in specific frequency bands can be realized [22]. Metamaterial absorption devices have
a wide range of application prospects. Researchers have now applied metamaterials to
electromagnetic stealth [23], biosensors [24], energy harvesting [25], and so on. However,
by reviewing the previous studies, we find that there are fewer studies on metamaterial
absorbers with absorption bands covering the infrared atmospheric window. And most
of the metamaterial infrared absorbers have a narrow absorption bandwidth and the ab-
sorption characteristics are not tunable [26,27]. Therefore, the design of a metamaterial
absorber with a broadband absorption band covering the infrared atmospheric window
and with an adjustable absorption rate is extremely promising. Regarding the tuning of the
absorption rate, we use phase change materials for this purpose. Phase change materials
are a special type of material that can exhibit dramatic changes in physical properties in
response to changes in temperature, pressure, or other external conditions [28,29]. Such
materials can change rapidly from one phase to another, for example, from solid to liquid,
liquid to gas, or vice versa. The special feature of phase change materials is that the phase
change process is accompanied by a large amount of heat absorption or exothermic phe-
nomena and that the energy required for the phase change is relatively small. This means
that phase change materials have an efficient ability to store and release energy when
absorbing or releasing energy. This property gives phase change materials the potential
for a wide range of applications in many fields. Based on this, we have investigated and
proposed a mid-infrared metamaterial absorption device. At an elevated temperature of
342 K, it achieves seamless absorption of over 90% across the eloquent 6.10 μm to 17.42 μm
(11.32 μm) spectrum, boasting an average absorption efficacy of 94.88%. It is obvious that
the operating band of our designed absorption device contains the mid-infrared band
atmospheric window (8–14 μm). Not only that, but our absorption device also has tunable
absorption. Its average absorption rate in the working band can be tuned within 20.61–
94.88%. It is well known that the sensitivity to the polarization angle and incidence angle of
electromagnetic waves has a non-negligible effect on optoelectronic devices. Through the
study, we found that our designed absorption device has good insensitivity to polarization
angle and incidence angle. Not only that, but the absorption device we designed also only
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has a three-layer structure, which is easy to fabricate. Therefore, it has more application
potential in infrared stealth, optoelectronic detection, and energy harvesting. At the same
time, this tunable absorption device designed by us is also more capable of meeting the
application requirements in different scenarios. This study used a general analytical ap-
proach and only explored the absorption effect of the absorber device. We can also use
fractional heat transport models to enhance the analysis of transient heat dissipation in
infrared absorbing devices. For example, the modified Caputo fractional derivative can
capture the memory effect in thermal diffusion, especially under pulsed laser irradiation.
Furthermore, the size-dependent thermal conductivity observed in 2D materials suggests
that the fractional model may be useful for optimizing nanostructured absorber layers with
controlled defects. Moreover, the fractional heat transport model has many applications,
not only in the thermal management of infrared absorbers, but it also has advantages in
material design and thermal transport modulation. In future studies, the use of fractional
heat transport models will be focused on to increase the depth of the work.

2. Structural Design and Parameters

In this endeavor, we have crafted a metamaterial infrared absorption device apparatus
with a flexibly adjustable absorption capacity that spans the mid-infrared atmospheric
range from 8 μm to 14 μm. We used FDTD solutions simulation software (Lumerical FDTD
Solutions 2020) for simulation. The absorption device’s structure is shown in Figure 1.
Our proposed absorption device is a three-layer structure. Its bottom layer is a titanium
substrate. The middle layer is a silica dielectric layer. The top layer is a dart-shaped VO2

resonator layer. VO2 undergoes a reversible phase transition from the insulating to the
metallic state at ~68 ◦C, which significantly alters its optical and electrical properties. The
tunable absorption of electromagnetic waves can be achieved using its phase transition
properties. Moreover, in the infrared band, VO2 can effectively absorb infrared radiation
at specific wavelengths, thus achieving efficient infrared absorption. Titanium, with its
high reflectivity, is used as a substrate material to enhance the overall performance of the
IR absorption device. SiO2, with its low refractive index, is used as a dielectric layer to
reduce the reflection loss of the incident light, thus improving the absorption efficiency. In
Figure 1, H3 is the thickness of the titanium substrate, H2 is the thickness of the middle SiO2

layer, H1 is the thickness of the top VO2 layer, P is the period length of the absorber unit
structure, L is the horizontal distance between two adjacent dart edges of the dart-shaped
VO2 structure, and W is the length of each dart edge. Specific values for these structural
parameters are given in Table 1.

Figure 1. (a) Unit structure of the absorption unit. (b) A panoramic perspective of the unit structure
of the absorption device. (c) Profile view unveiling the unit’s structure in the absorption device.
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Table 1. Structural parameters of the absorption device.

Parameter Name P L W H1 H2 H3

Parameter value (μm) 3.03 0.76 0.82 1.38 0.50 0.50

The effect of the variation in these structural parameters on the absorption device will
be specifically analyzed subsequently. The modulation of our designed absorption device
is mainly realized through the dart-like VO2 layer. This is because the substance VO2

has a phase change effect [30]. At temperatures below 340 K, VO2 exhibits a monoclinic
crystalline phase in the insulating state. At a temperature of 340 K, VO2′s phase transition
temperature starts to transform from a monoclinic phase to a tetragonal phase in the metal
state. At a temperature of 342 K, VO2 transforms to the metal state completely. During the
phase transition of VO2, its conductivity changes. Therefore, we can realize the regulation
of the absorption rate by changing the temperature and thus the conductivity of VO2. The
insulating component in the VO2 used in the design can be understood as a dielectric with
dielectric constant εD = 9. For the metal component in VO2, the dielectric constant can be
expressed using the Drude model as shown in Equation (1) [31,32] as follows:

εM(ω, σ) = ε∞ − ω2
P(σ)

ω(ω + i/τ)
(1)

where ω is the frequency of the infrared radiation. ε∞ is the high-frequency limiting
dielectric constant with a value of 12. τ is the relaxation time, which can be described using
Equation (2). ωP(σ) is the plasma frequency, and the value at σ can be expressed using
Equation (3). Equations (2) and (3) are expressed as follows:

τ =
m∗μ

e
(2)

ωP(σ) =

√
Ne2

ε0m∗ (3)

In Equation (2), m∗ = 2me is the effective mass. me is the mass of the free electron.
μ is the carrier mobility and is 2 cm−3/V · S. e is the charge of the free electron. Thus,
τ = 2.2fs. In Equation (3) N is the carrier concentration inside the VO2 medium, noted as
8.7 × 1021cm3. ε0 is the dielectric constant in vacuum. In addition, the volume fraction f
of the metal component in VO2 versus temperature can be described by the Boltzmann
function, as shown in Equation (4) as follows:

f = fmax

(
1 − 1

1 + exp[(T − T0)/ΔT]

)
(4)

Here, fmax = 0.95 is the maximum value that can be reached by the volume fraction
of the metal component in VO2 [33]. T0 = 68 ◦C is the critical temperature of the phase
transition at elevated temperatures of VO2, which corresponds to the critical temperature of
the phase transition at reduced temperatures 62 ◦C. ΔT = 2 ◦C is the transition temperature
of the phase transition. For the VO2 composite system, the dielectric function εc can be
described using the Bruggeman effective medium theory, as shown in Equation (5) [34,35]
as follows:

εc =
1
4

{
εD(2 − 3 f ) + εM(3 f − 1) +

√
[εD(2 − 3 f ) + εM(3 f − 1)]2 + 8εDεM

}
(5)

51



Photonics 2025, 12, 148

The definition for each parameter in Equation (5) has been given previously and
will not be repeated here. According to Equations (1)–(5), the relationship between VO2

complex permittivity and conductivity can be given by Equation (6) [36] as follows:

σVO2 = iε0ω(1 − εc) (6)

Based on the derivation of the above equation, we can obtain the conductivity at
different temperatures during the phase transition of VO2. We give the conductivity at
some temperatures during the phase transition in Figure 2.

Figure 2. VO2’s conductivity at different temperatures.

When the electromagnetic wave is incident into the absorbing device, the wave number
at this point can be expressed by Equation (7) because the material has loss, as follows:

k = ω
√

με (7)

Here, ω is the angular frequency. μ is the equivalent magnetic permeability of the
absorbing device. ε is the equivalent dielectric constant of the absorbing device. At this
point, the electromagnetic wave is absorbed during propagation, as shown in Equation (8)
as follows: →

E(r) =
→
E0ei(

→
k ·→r −ωt)e−α·→r (8)

Here, α is the attenuation constant, which is related to the loss characteristics of the
material. We use Perfectly Matched Layer (PML) boundary conditions in the Z direction
when designing the absorber device. Periodic boundary conditions are used in the X and
Y directions.

In this paper, the proposed absorption device is simulated by the three-dimensional
time-domain finite element difference method. We use a planar light source with a wave-
length band of 6–19 μm (polarized in the X direction) incident vertically along the k
direction into the absorption device. The permittivity of VO2 at different wavelengths
is obtained using the Drude model. The dielectric constants of Ti and SiO2 at different
wavelengths are obtained from Palik [37]. For the absorption device, the absorption rate
can be described using Equation (9) [38–40] as follows:

A (ω) = 1 − R (ω)− T (ω) (9)

where ω is the frequency of the light emitted by the light source used. A (ω) represents the
absorption rate of the absorbing device. R (ω) is the reflection rate of the absorbing device
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for the incident electromagnetic wave. T (ω) is the transmittance rate of the absorbing
device for the incident electromagnetic wave. The transmittance of the absorption device
for the electromagnetic wave is related to the skinning depth of the material. The thickness
of the Ti substrate we use here far exceeds the skinning depth. Therefore, the transmittance
T (ω) can be considered as 0. The absorptivity equation of the absorption device is then
simplified to A (ω) = 1−R(ω) [41]. Not only that, but the absorptivity is also related to the
equivalent impedance of the absorbing device, as shown in Equation (10) [42] as follows:

A (ω) = 1 −
∣∣∣∣1 − Z
1 + Z

∣∣∣∣
2

(10)

Z in Equation (8) is the equivalent impedance of the absorbing device. Z can be
calculated using S-parameter extraction.

To enable practical implementation, we have outlined a fabrication methodology for
the proposed absorption device [43]. Initially, a 0.5 μm titanium (Ti) film is deposited onto
a silicon (Si) substrate via magnetron sputtering. Subsequently, a 0.5 μm silicon dioxide
(SiO2) layer is deposited onto the Ti film using ion beam sputtering. Following this, a
1.38 μm vanadium dioxide (VO2) layer is deposited onto the SiO2 film through magnetron
sputtering. Finally, a dart-shaped VO2 structure is fabricated employing electron beam
evaporation in conjunction with photolithography techniques.

3. Calculation and Discussion

Figure 3a shows the absorption characteristic curve of the absorption device at 342 K
temperature. After calculation, we found that its absorption bandwidth reaches 11.32 μm
above 90%, and the average absorption in the working band (6.10–17.42 μm) is 94.88%.
Figure 3b shows the absorption curves of the absorption device at different temperatures
during warming. By calculating the absorption rate in the working band, we see that the
absorption device has the lowest average absorption rate at 318 K, which is 20.61%. The
average absorption at 339.5 K is 33.85%. It is 35.54% at 340 K, 62.62% at 340.5 K, 82.32%
at 341 K, 92.08% at 341.5 K, and 89.99% at 345 K. The absorption device’s best absorption
effect occurs at 342 K. The average absorption rate at this time is 94.88%. Our designed
absorption device’s absorption rate can be therefore regulated by changing the temperature.
The average absorption rate can be regulated between 20.61% and 94.88%. VO2 has a phase
transition temperature of 340 K, which is critical for its thermochromic properties. For the
optimum performance of an infrared absorber device, the operating temperature should be
maintained within a range that allows VO2 to transition between insulating and metallic
phases. Typically, this range is between 30 ◦C and 100 ◦C, depending on the specific design
and application. Below 30 ◦C, VO2 remains in the insulating phase; above 100 ◦C, VO2

may degrade or lose the desired properties. Absorption devices also have requirements
for the radiant power of the incident light. In the low power range (<10 mW/cm2), VO2

can operate normally, the phase change behavior is reversible, and the material does not
degrade. In the medium power range (10–100 mW/cm2), the temperature of VO2 increases
significantly with increasing incident light power. If the temperature exceeds the phase
transition temperature but is below the degradation temperature, VO2 may temporarily
lose its properties (e.g., dynamic optical properties), but this can be restored upon cooling.
In the high power range (>100 mW/cm2), where the incident optical power is too high,
the temperature of VO2 may exceed its degradation temperature, resulting in irreversible
oxidation or structural damage of the material, which can lead to the loss of its properties.
Taken together, the incident light power was controlled in the range of 10–50 mW/cm2 to
avoid overheating and degradation [44,45].
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Figure 3. (a) Absorption, reflectance, and transmittance curves of the absorbing device at 342 K.
(b) Absorption curves of the absorption device at different temperatures.

It is well known that the peaks of the curves generally play an important role in the
analysis. We have therefore investigated the absorption curve’s five absorption peaks in
the working band in Figure 4a. By calculation, we obtained the corresponding wavelengths
at these five absorption peaks. Among them, F1 = 6.57 μm, F2 = 9.09 μm, F3 = 10.12 μm,
F4 = 12.36 μm, and F5 = 15.85 μm. The corresponding absorption values at these absorption
peaks are 99.71%, 98.96%, 97.46%, 92.25%, and 98.38%, respectively. We calculate the
effective impedance of the absorbing device by extracting the S-parameters of the absorbing
device in our simulation. In Figure 4b, we give the effective impedance curve of the
absorbing device. When the value of effective impedance is 1 + 0i, perfect absorption (100%
absorption) can be realized [46]. Here, we bring the calculated effective impedance value
into Equation (8) to calculate the peak absorption point. By comparison, it is found that
the simulated absorption peak point remains consistent with the peak point calculated
from the effective impedance. For broadband absorption in the absorption device, these
absorption peaks play a decisive role. It is due to the superposition of multiple absorption
peaks that more than 90% broadband absorption can be achieved.

Figure 4. (a) Absorption peaks of 90% or more absorption curves. (b) Effective impedance of the
absorption device.
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In this section, we analyze the electromagnetic fields of the absorption device at the
wavelengths corresponding to the absorption peaks to explain the broadband absorption
mechanism of our designed absorption device. The electromagnetic field distributions at
these five absorption peaks are shown in Figure 5a–o. In Figure 5a, it is observed that at
F1, the electric field is primarily concentrated at the edge of the dart-shaped structure’s
blade in VO2. Moving to Figure 5f, the electric field is predominantly focused in the upper
section of the dart structure. The distribution of the magnetic field at F1 is illustrated in
Figure 5k, where it is evident that the magnetic field is concentrated mainly at the upper
end of the dart structure, the air on the surface, and the SiO2 dielectric layer. The reason
for the electromagnetic field distribution at F1 is due to the fact that VO2 is in the metallic
phase at this point. The frequency of the incident electromagnetic wave is equal to the
collective oscillation frequency of free electrons, which excites the localized surface plasmon
resonance (LSPR) of the VO2 layer [47]. When the incident electromagnetic wave reaches
the interface between the metallic structure and the dielectric layer, the frequency of photons
at this point matches the frequency of the propagating surface plasmon resonance [48,49].
Therefore, the propagating surface plasmon resonance (LSPR) is generated here. Moreover,
an electric field exists in the dielectric layer at F1. This is due to the fact that electromagnetic
waves are absorbed as they are reflected back and forth in the dielectric layer [50]. This is
usually interpreted as the Fabry-Polo cavity resonance (FP-R). Therefore, the absorption
peaks at F1 are mainly due to LSPR, PSPR, and FP-R. Figure 5b,g show the electric field
distribution at F2. In the figure, it is evident that the electric field is concentrated at the
central intersection of the dart-shaped VO2 layer, with the electric field also present along
the edges of the dart. Furthermore, at this point, the electric field extends across the entire
thickness of the VO2 layer. Moving to Figure 5l, it is evident that the magnetic field at F2 is
primarily concentrated at the surface intersection of the dart-like VO2 layer. Taken together,
the main reason for the generation of the absorption peak at F2 is the PSPR. Figure 5c,h show
the electric field at F3. At this time, the electric field is concentrated at the intersection with
the dart structure as well as at the tip. Moreover, the electric field is distributed throughout
the thickness of the dart-like VO2 layer. As seen in Figure 5m, the magnetic field is
concentrated at this wavelength at the intersection of the surface of the dart-like VO2 layer
as well as at the interface between the ends of the SiO2 dielectric layer and the Ti substrate.
It is analyzed that the absorption peaks at F3 are due to PSPR and LSPR [51]. Figure 5d,i
show the electric field distribution at F4. As depicted in the figure, the electric field is
concentrated at the intersection of the dart-like VO2 layer, extending through its entire
thickness. Additionally, there is an electric field distribution along the edges of the dart. In
Figure 5n, the magnetic field is primarily focused at the surface intersection of the dart-like
VO2 layer, indicating that the absorption peak at F4 is mainly due to the plasmon-enhanced
SPPR (Surface Plasmon Polariton Resonance) [52]. Figure 5e,j demonstrate the electric field
distribution at F5, which resembles that at F2, yet with a slightly different magnetic field
distribution. In Figure 5o, the magnetic field at F5 is concentrated at the lower intersection
of the dart-shaped VO2 layer. By combining the electric field distribution, it can be inferred
that the absorption peak at F5 is predominantly generated by the plasmon-enhanced SPPR.
This section focuses on analyzing the mechanism underlying the absorption peaks of
the absorption device. And these absorption peaks’ existence is the basis of broadband
absorption that is generated by the absorption device.
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Figure 5. (a–e) Electric field distribution in the XOY plane at the absorption peak of the absorption
device. (f–j) Electric field distribution in the XOZ plane at the absorption peak for the absorption device.
(k–o) Magnetic field distribution of the absorption device in the XOZ plane at the absorption peak.

In the preceding section, we explored the electromagnetic field distribution of the absorp-
tion device. Here, we delve into the impact of the shape parameters of the absorption device.
Figure 6a illustrates the influence of the period length (P) of the unit structure of the absorption
device on its absorption rate. The absorption peaks in the absorption curves experience a
blueshift with an increase in period length, as depicted in the figure. For period lengths of
P = 2.83 μm and 2.93μm, the absorption device fails to achieve continuous absorption exceeding
90%. Conversely, at P = 3.13 μm and 3.23 μm, the absorption bandwidth of over 90% absorption
narrows compared to that at P = 3.03 μm. Hence, we have selected P = 3.03 μm as the optimal
cycle length for the unit structure of the absorption device. Figure 6b demonstrates the impact of
the blade length (L) of the top dart-shaped VO2 layer of the absorption device on its absorption
rate. Absorption rates above 90% continuous absorption were not attainable at L = 0.66 μm,
L = 0.86 μm, and L = 0.96 μm. Additionally, the absorption bandwidth at L = 0.56 μm is nar-
rower than that at L = 0.76 μm. Consequently, L = 0.76 μm has been identified as the optimal
parameter. Figure 6c showcases the effect of the distance (W) between neighboring dart blades
of the dart-shaped VO2 layer of the absorption device on its absorption. Notably, at W = 0.62 μm
and 0.72 μm, the absorption bandwidth narrows compared to that at W = 0.82 μm. Furthermore,
at W = 0.92 μm and 1.02 μm, the absorption rate mostly remains below 90%. Thus, W = 0.82 μm
has been selected as the optimal parameter for the absorption device.

In the preceding section, we examined the shape parameters of the absorption device.
In this section, we will delve into the thickness parameters of the absorption device.
Figure 7a,b display the absorption spectra of the absorption device for varying thicknesses
of the VO2 layer and SiO2 layer, respectively. From Figure 7a, it is observed that the
absorption bandwidth of the absorption device exceeds 90% as the VO2 thickness (H1)
increases from 1.18 μm to 1.38 μm. However, the absorption bandwidth narrows as H1 is
further increased to 1.58 μm. Consequently, the optimal parameter for the VO2 thickness
H1 is determined to be 1.38 μm. Figure 7b illustrates the impact of SiO2 thickness on the
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absorption rate. The absorption bandwidth of the absorption device exceeds 90% initially
as the SiO2 thickness increases from H2 = 0.20 μm to H2 = 0.80 μm, reaching optimal
absorption characteristics at 0.50 μm. Therefore, the optimal parameter for SiO2 thickness
(H2) is chosen as 0.50 μm. Furthermore, upon comparing Figure 7a,b, it is noted that the
absorption peaks of the absorption device undergo red-shifting as the thicknesses of both
the VO2 and SiO2 layers increase. This red-shifting phenomenon is attributed to interference
theory [53,54]. An increase in the thickness of the absorption device results in a greater
phase difference in the electromagnetic wave, leading to a lengthening of the wavelength
during resonance. In conclusion, the structural parameters of the absorption device have
been optimized through an analysis of absorption rates at different structural parameters.

Figure 6. (a) Absorption spectra of the absorbing device at different cycle lengths. (b) Absorption
spectra of the absorption device at different distances between neighboring darts. (c) Absorption
spectra of the absorption device at different dart lengths.

Figure 7. (a) Absorption spectra of the absorption device at different VO2 thicknesses. (b) Absorption
spectra of the absorption device at different SiO2 thicknesses.

Table 2 demonstrates the comparison between previous studies and our design [55–58].
The comparison reveals that the absorption device of our design has a wider absorption
bandwidth. Moreover, the absorption band of the absorption device covers the whole
8–14 μm. Our design also has a higher average absorptivity and the absorptivity is tun-
able. Not only that, but our design also has a simpler structure and is easier to fabricate
compared to other designs. Therefore, our design has better absorption performance than
previous designs.
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Table 2. Comparison of our designed absorption device with previous designs.

Reference Absorption Band
Average Absorption in the

Operating Band
Shape of Structure Used Adjustable Characteristics

[55] 8.5–11.5 88% Stacked nanodisk structure Not possessed
[56] 7.5–13.25 91.7% Cross-Ti resonator Not possessed
[57] 6.5–11.5 95.7% Nanocylindrical arrays Adjustable absorption mode
[58] 7.96–14.16 96.5% Nanocube Not possessed

Our Design 6.10–17.42 94.88% Dart-shaped VO2 structure Average absorption rate regulated
within 20.61–94.88%

The sensitivity to the angle of incidence and polarization plays a crucial role in the
functionality of the device [59–63]. In contrast, the vector behavior of this infrared absorbing
system of our design is characterized precisely by a polarization-insensitive response. This
is attributed to the highly symmetric structure of the surface of the proposed infrared
absorbing device. Due to the geometrical symmetry, light of different polarization directions
excites similar electromagnetic resonance modes, and the electric field distribution and
resonance modes are homogeneous, independent of the incident polarization direction. We
show in Figure 8a,b the electric field distributions of the absorbing device in TE and TM
modes for an electromagnetic wavelength of 6.57 μm. As shown, the surface electric field
maps of the absorber device in TE and TM modes are rotationally symmetric and have the
same intensity. This indicates that the electric field vectors exhibit the same pattern for TE
polarization and TM polarization, which suggests that the electromagnetic response of the
absorber device is consistent across polarization states. We scanned the polarization angle
in 5◦ steps using FDTD simulation software. The scanning results are shown in Figure 8c.
The results further confirm that the absorption spectra of randomly polarized light are
almost identical, thus validating the polarization-independent nature of the system.

Figure 8. (a) Surface electric field distribution of the absorbing device in TE mode at an incident
wavelength of 6.57 μm. (b) Surface electric field distribution of the absorbing device in TM mode
at an incident wavelength of 6.57 μm. (c) Absorption spectra of the absorption device at different
polarization angles (0–90◦).

In this section, we explore the effect of the angle of incidence of electromagnetic waves
on the absorbing device in different modes. Figure 9a shows the absorption spectra of
the absorber device in TE mode for different incidence angles. It is observed that the
absorption bandwidth remains relatively uniform in the range of 0–30◦ incidence angle.
Subsequently, the absorption bandwidth shortens between 30◦ and 50◦ with very little
change in absorption. As the angle of incidence exceeds 50◦, especially between 50◦ and
60◦, the absorption bandwidth and absorbance of the absorber decreases. Figure 9b,c show
that the excitation position of the electric field on the surface of the absorber device does not
change significantly as the angle of incidence increases, but the excitation intensity changes.
Figure 9d illustrates the effect of different incidence angles on the absorber device for TM
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mode, which is similar to the trend observed in Figure 9a for TE mode. Figure 9e,f are also
similar to the features in TE mode. Based on the above analyses, it can be concluded that the
electromagnetic wave excites similar electromagnetic resonance (EMR) modes at varying
angles of incidence, with only a slight change in intensity. Therefore, our designed absorber
device is able to maintain excellent absorption characteristics even at larger incidence
angles. This performance indicates the high potential applicability of our design [64–66].

Figure 9. (a) Absorption spectra of the absorbing device in TE mode for different angles of incidence
(0–60◦). (b) Surface electric field distribution of the absorption device at θ = 0◦ incidence in TE mode.
(c) Surface electric field distribution of the absorption device in TE mode at θ = 60◦ incidence.
(d) Absorption spectra of the absorption device in TM mode at different angles of incidence (0–60◦).
(e) Surface electric field distribution of the absorption device in TM mode at θ = 0◦ incidence.
(f) Surface electric field distribution of the absorption device in TM mode at θ = 60◦ incidence.

In this study, we initially considered other surface shapes as well, such as circular
or square structures. We exemplify several shapes in Figure 10 and give their absorption
curves. As shown in the figure, the dart surface shape we designed consistently exhibits
excellent performance in terms of absorption bandwidth and absorption efficiency. The
sharp edges and corners of the surface structure of this dart shape enhance the local
electromagnetic field strength, leading to stronger photomatter interactions [67,68]. This
property is essential for achieving high absorption rates, as it maximizes the dissipation
of energy within the metasurface structure. Moreover, this dart-like structure has a high
degree of symmetry, making it inherently independent of polarization. This is a key feature
for infrared absorption applications as it ensures consistent performance regardless of the
polarization state of the incident light [69–71]. This property is particularly advantageous
in practical applications where the polarization of the incident radiation may change.
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Figure 10. Different surface shapes and corresponding absorption curves.

4. Conclusions

In this study, an infrared metamaterial absorption device has been designed. Working
at a temperature of 342 K, the absorption bands with over 90% absorption cover the range
from 6.10 μm to 17.42 μm, with an absorption bandwidth of 11.32 μm that includes the
mid-infrared atmospheric window (8–14 μm). The average absorption of the absorption
device within this band reaches an impressive 94.88%. By changing the temperature to
adjust the conductivity of VO2 within the device, the absorption rate of our designed device
can be fine-tuned, allowing for an adjustable average absorption rate in the operating band
ranging from 20.61% to 94.88%. The broadband absorption mechanism was explained
by analyzing the electromagnetic field of the absorption device in the design. Structural
parameters were optimized through parameter scanning techniques. Furthermore, a study
on the sensitivity of the absorption device to both incident angle and polarization angle was
conducted, showing the device’s strong insensitivity in these aspects. We strongly believe
that our proposed design has great potential for future applications in energy harvesting,
sensing, and electromagnetic stealth.
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Abstract: In this paper, we propose the use of a monolayer graphene metasurface to achieve
various excellent functions, such as sensing, slow light, and optical switching through
the phenomenon of plasmon-induced transparency (PIT). The designed structure of the
metasurface consists of a diamond-shaped cross and a pentagon graphene resonator. We
conducted an analysis of the electric field distribution and utilized Lorentz resonance
theory to study the PIT window that is generated by the coupling of bright-bright modes.
Additionally, by adjusting the Fermi level of graphene, we were able to achieve tunable
dual frequency switching modulators. Furthermore, the metasurface also demonstrates
exceptional sensing performance, with sensitivity and figure of merit (FOM) reaching
values of 3.70 THz/RIU (refractive index unit) and 22.40 RIU-1, respectively. As a result,
our numerical findings hold significant guiding significance for the design of outstanding
terahertz sensors and photonic devices.

Keywords: plasmon induced transparency (PIT); high-sensitivity; graphene; metasurface

1. Introduction

Electromagnetically induced transparency (EIT) is a phenomenon that occurs when
different energy levels in an atomic system interfere destructively. This results in the
generation of narrow transmission peaks in the spectrum. EIT has potential applications in
optical sensing [1–3], optical modulation [4–6], and all-optical logic devices [7]. However,
implementing EIT requires extremely low temperatures and strict experimental conditions
with rare gases. To overcome these limitations, various metal-based metamaterial structures,
such as waveguides [8] and split ring resonators [9], have been proposed and proven to
achieve the same effect known as “plasmon-induced transparency” (PIT). Like EIT, PIT has
great potential in the development of new optical sensors [10–12], modulators [13,14], and
encoders [15,16]. However, these metal-based devices have fixed spectral responses and
operating frequencies, making it difficult to generate tunable PIT windows. On the other
hand, traditional PIT structures suffer from limited plasma lifetime and high Ohmic losses.
These drawbacks significantly hinder the practical application of tunable PIT devices.
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Metasurface is a two-dimensional (2D) metamaterial with few planar artificial layered
micro/nanostructures, exhibiting novel manipulation of EM and light waves [17,18]. By
adjusting the geometric shape of micro/nanostructures with sub-wavelength dimensions,
the singular properties of metasurfaces can be reasonably designed [19,20]. Based on meta-
surfaces, some anomalous physical phenomena have been achieved, such as polarization
detection and chiral light sources [21], spectral imaging [22], holography [23], and anoma-
lous reflection [24]. However, the manufacturing process of the metasurface will have an
impact on its resonant frequency and transmittance. Factors such as etching deviation,
material thickness, and defects at the edge can all affect the performance of the metasur-
face [25]. Moreover, breakthroughs are also needed in the mass production of metasurfaces.
Deep UV lithography, nanoimprint lithography, and self-assembly-based manufacturing
processes have the potential to mass-produce cost-effective and environmentally friendly
metasurfaces [26].

Graphene has been intensively studied for applications in nanoelectronics and
nanophotonics. There have been numerous reports regarding the advantages of graphene,
which is fascinating for applications in nanoelectronics due to its high mechanical
strength, electronic mobility, and thermal conductivity [27]. Graphene metasurfaces are
two-dimensional planar structures that consist of specially arranged artificial units. These
structures have the ability to flexibly control the amplitude, phase, and polarization of
incident electromagnetic waves. In comparison to three-dimensional metamaterials, the
fabrication process for graphene metasurfaces is simpler and more flexible. This provides
a significant advantage for the integration and miniaturization of plasma devices. In ad-
dition, the bias voltage on graphene can be adjusted between 0 and 3 V to regulate the
extrinsic electromagnetic transmission (EET) of graphene hybrid metasurfaces. Moreover,
the transmission amplitude and operating frequency band of EET can be controlled by
changing the relative position, thereby controlling the coupling of two graphene hybrid
resonators [28]. Numerous studies on graphene metasurfaces have been conducted in
the field of PIT research. The application of graphene metasurfaces to PIT effect has been
extended to various devices, such as sensors, photoelectric switches, and slow light devices.
For instance, in 2023, Liu et al. proposed a metasurface composed of graphene split rings
to achieve multi-frequency asynchronous optoelectronic switching [29]. In 2022, Xie et al.
proposed a single-layer terahertz graphene metasurface that achieves tunable PIT effect
in two vertical polarization directions and exhibits a good slow light effect [30]. Further-
more, Wang et al. proposed a tunable multifunctional graphene metasurface to achieve
high refractive index sensitivity and slow light devices [31]. These works demonstrate
the ability to simultaneously achieve high-sensitivity sensors and optical switches with
excellent performance.

In this paper, we present the design of a graphene metasurface based on the terahertz
PIT effect. The metasurface is composed of a diamond-shaped cross and pentagon graphene
located at the edge. Through the coupling of bright-bright modes, we observe that as the
Fermi level increases, the PIT transparent window shifts towards the high-frequency region.
We conducted a systematic analysis by modulating the Fermi level, carrier mobility, and
incident and polarization angles, exploring its multifunctional applications such as sensors
and optical switches. Finally, we evaluate the performance of the switch by calculating
parameters such as modulation depth, extinction ratio, and insertion loss. We believe
that this designed structure holds tremendous potential for applications in tunable optical
switches and sensors.
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2. Model and Design

The graphene metasurface that achieves the PIT effect is shown in Figure 1a. The
incident wave propagates along the z-axis, with the polarization electric field oriented
along the x-axis. Figure 1b provides a top view and detailed geometric parameters of the
graphene unit structure. The length of the diamond-shaped graphene cross is represented
as r1, and it is set to 2.6 μm. The width of the cross, denoted as r2, is set to 0.6 μm. The
pentagon structure surrounding it has a side length of L, which is equal to 1.5 μm. The
right leg of the isosceles triangle, cut off by the square, has a length of d, which is set
to 0.9 μm. Additionally, in Figure 1b, the silica layer has a thickness of 100 nm, and the
graphene thickness is set to 1 nm. The dielectric constant of silica is assigned a value of
3.9. To simplify the analysis, periodic boundary conditions are applied in both the x and y
directions, with a periodicity of Px = Py = 7 μm.

Figure 1. (a) schematic diagram of unit structure; (b) vertical view of cell structure.

With the rapid advancements in photonics and metamaterials technologies, it is
now possible to fabricate graphene metamaterials. There are several methods available
for producing uniform single-layer graphene, such as micro-mechanical exfoliation, SiC
thermal decomposition, and chemical vapor deposition (CVD) [32]. Among these methods,
CVD is particularly popular for its ability to produce graphene with high conductivity and
field-effect mobility. Additionally, electron beam lithography offers high resolution, making
it suitable for patterning graphene shapes [33]. Therefore, the fabrication of our proposed
graphene metamaterials involves two steps. First, a uniform monolayer of graphene is
grown on a silica surface using CVD technology. Then, a standard exfoliation process is
used to transform the large-area single-layer graphene into a series of isolated single-layer
graphene patches.

Graphene is a unique material made up of carbon atoms arranged in a
two-dimensional honeycomb structure. On the surface of single-layer graphene, plas-
mon polaritons can travel, and their behavior can be modified by adjusting the Fermi level.
This adjustment can be made by either connecting an electrode to the graphene or changing
its carrier concentration through doping. The surface conductivity of graphene is a complex
property that includes both interband and intraband conductivities. It is derived from the
Kubo equation [34–36]:

σg(ω) = σintra(ω) + σinter(ω) (1)

σintra(ω) =
2e2kBT

π�2
i
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π
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In the formula, e represents the electron charge, � is the reduced Planck constant, kB is
the Boltzmann constant, ω refers to the angular frequency, T is the room temperature set at
300 K, and EF denotes the Fermi level. In the terahertz region, the Kubo equation disregards
the interband conductivity by applying the Pauli exclusion principle. Simplifying the
conductivity of single-layer graphene, we assume that EF greatly exceeds both �ω and
kBT [37,38]:

σ(ω) =
ie2EF

π�2(ω + iτ−1)
(4)

Among these parameters, τ represents the relaxation time and is given by the equation
τ = μEF/(eVF

2), where μ is the carrier mobility and VF is the Fermi velocity. In our study,
linearly polarized plane waves are incident on the surface of graphene along the z-direction.
To further analyze the properties of graphene, we calculated the propagation constant (β) by
solving Maxwell’s equations and applying electromagnetic field boundary conditions. The
expression for the propagation constant of single-layer graphene is given as follows [39]:

β = k0

√
εd −

(
2εd
η0σ

)2
(5)

In the formula, k0 represents the wavenumber in free space, η0 represents the intrinsic
impedance in free space, and εd represents the relative dielectric constant of silicon dioxide.
Figure 2 illustrates the use of the Drude model to plot the dielectric constant of graphene
within the 0–7 terahertz range. Figure 2a,b depicts the real and imaginary parts of the
dielectric constant of graphene at different chemical potentials, respectively. The thickness
of graphene is 1 nm. It is clear that within the 0–7 terahertz range, both the real and
imaginary parts of the dielectric constant of graphene are relatively large. Additionally, as
the chemical potential increases, the dielectric constant of graphene also increases.

Figure 2. (a) the real parts of permittivity for graphene in different chemical potentials.; (b) the
imaginary parts of permittivity for graphene in different chemical potentials.

To validate the proposed structure, the transmission spectrum was simulated us-
ing CST STUDIO SUITE 2018, which uses the finite-integration time-domain (FITD)
method [40]. At the same time, in order to shorten the simulation time while ensur-
ing the accuracy of the simulation, we use an adaptive tetrahedral mesh of appropriate size.
The frequency range is set to 1–9 THz. Periodic boundary conditions are applied in the
x and y directions, while open boundary conditions are applied in the z direction. Using a
tetrahedral grid, a total of about 10,000 grids were divided.
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3. Results and Discussions

The transmission spectrum of the structure we designed is shown in Figure 3a. The
figure also includes the spectra of a single diamond-shaped cross graphene resonator and
pentagon graphene located at the edge, which were studied and compared. In our pro-
posed graphene metasurface, we can observe a significant PIT phenomenon at 6 terahertz,
indicated by the blue line in the figure. The black line represents a single transmission peak
generated solely by the diamond-shaped cross graphene monomer structure, while the
red line represents a single transport valley generated solely from pentagon graphene unit
structure. The transmission valleys of the diamond-shaped cross and pentagon graphene
resonators are located at 5.3 and 6.7 terahertz, respectively, as two bright modes. The
electric field distribution at each resonance point is shown in Figure 3b–d. For structures
consisting only of pentagon and diamond-shaped graphene, each resonant cavity directly
interacts with the incident wave, appearing as two dipoles in Figure 3b,d. However, in
composite structures, the electric field redistributes, and strong coupling occurs between
the two resonant cavities, as shown in Figure 3c. As a result, the PIT transparent window is
caused by the destructive interference of the two bright modes.

Figure 3. (a) transmission spectrum of graphene metasurface; (b–d) the normalized electric field
distribution at the frequency of 5.3 THz, 6.0 THz, and 6.7 THz.
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To provide a clearer understanding of the formation process of the PIT transparent
window, we utilized the Lorentz oscillation coupling model to fit the parameters into the
simulation results. In this coupling model, we represent the incident plane wave as E, the

resonant cavity of mode 1 as
∼

M1, and the resonant cavity of mode 2 as
∼

M2. As per the
definition, the Lorentz oscillation coupling model, when coupled in bright mode, can be
expressed as follows [41]:

⎡
⎣ω − ω1 + iγ1

∼
k

∼
k ω − ω2 + iγ2

⎤
⎦
⎡
⎣ ∼

M1
∼

M2

⎤
⎦ =

⎡
⎣ g1

∼
E

g2
∼
E

⎤
⎦ (6)

Due to the energy dissipation of metamaterial structures being primarily determined
by the imaginary part of magnetic permeability, the transmittance of graphene metamaterial
structures can be expressed simply as follows:

T(ω) = 1 −
∣∣∣∣∣∣

∼
M1
∼
E

∣∣∣∣∣∣
2

= 1 −
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(
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k
)∼

E

(ω − ω1 + iγ1)(ω − ω2 + iγ2)−
∼
k

2

∣∣∣∣∣∣∣∣

2

(7)

The numerical fitting results are illustrated by the blue line in Figure 4. The fitted

parameters are as follows:
∼
E = 0.5988, ω1 = 5.329, ω2 = 6.714, g1= 0.0061, g2 = 1.2823,

k = 0.186, γ1 = 0.1073, and γ2 = 0.1036. This figure demonstrates a strong correspondence
between the Lorentz oscillation coupling model and the numerical simulation results. This
finding further corroborates the reliability and accuracy of the simulated PIT curve.

Figure 4. The transmission of our proposed graphene metasurface in THz region. The black dotted
line indicates numerical simulation result and the blue solid line represents the Lorentz oscillation
coupling model calculation result.

Figure 5a,b analyze the tunable transmission spectra of our designed graphene meta-
surface at different Fermi levels. As the Fermi level increases from 0.8 to 1.2 eV, the entire
transmission spectrum shifts towards the high-frequency region. This phenomenon is con-

sistent with the relationship between frequency ( f ) and Fermi level (Ef ) f ∝
√

Ef α0

2π2�cL [30].
According to the formula α0 = e2/h̄, where α0 is the structural constant of graphene, and L
is the length of the graphene ribbon, the resonant frequency will increase with the increase
of the Fermi level. This allows for the tunable function of the device using different Fermi
levels. To adjust the Fermi level and carrier concentration of the entire graphene in the lab-
oratory, a metal electrode will be installed in the graphene layer in order to excite different
Fermi levels.
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Figure 5. (a,b) transmittance spectra with different Fermi energies in the THz region.

The relationship between the gate voltage Ev and its controlled graphene Fermi level
μc could be expressed as shown in Equation (8) [42,43].

μc = �VF

√
πε0εdEv

ed0
(8)

In the equation, h̄, VF, ε0, εd, e, d0 are the reduced Planck constant, Fermi velocity of
graphene, dielectric constant of vacuum, dielectric constant of substrate, electron charge,
and substrate thickness, respectively. The Fermi velocity of graphene is 1.0 × 106 m/s.

Our proposed graphene metasurface can achieve a four-frequency switching modulator.
In this example, the lower limit of the Fermi level is set to EF = 0.9 eV, and the upper limit is
set to EF = 1.2 eV, which serves as the reference. We assume a carrier mobility of graphene
of 1.8 m2/vs. As shown in Figure 6, the frequencies of the four-frequency optical switch are
set at 4.6 terahertz, 5.3 terahertz, 5.9 terahertz, and 6.7 terahertz, respectively. The state of
the optical switch changes simultaneously with the Fermi level. Therefore, these four optical
switches are synchronized. Modulation depth (MD = (Ton-Toff)/(Ton) × 100%), insertion
loss (IL = −10log10(Ton)), and extinction ratio (ER = 10log10(Ton/Toff)) are three important
parameters for evaluating the performance of switch modulators. The modulation depth
(MD) values calculated for the four switches are 92.15%, 94.79%, 92.82%, and 95.04%,
respectively. The corresponding insertion losses (IL) are 0.19 dB, 0.04 dB, 0.06 dB, and
0.08 dB, respectively. The corresponding extinction ratios (ER) are 11.05 dB, 12.83 dB,
11.44 dB, and 13.00 dB. Table 1 presents a performance comparison between our design
and designs proposed in other recent literature. From Table 1, it is evident that our
designed optical switch outperforms others in terms of modulation depth, insertion loss,
and extinction ratio.

Table 1. Comparison of performance with other terahertz optical switch.

MD (%) IL (dB) ER (dB) Ref

95.6 0.315 / [44]
94.3 / 12.43 [45]
94.5 1.360 7.77 [46]
93.3 0.250 11.75 [47]
89.0 0.55 / [48]

95.04 0.08 13.00 This work
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Figure 6. Four-frequency switching modulator modulation of the transmittance spectra when EF is
set as 0.9 eV and 1.2 eV.

In addition, Figure 7 shows the sensing characteristics of the graphene metasurface
proposed by us under different surrounding media. Figure 7a shows that as the refractive
index (n) increases from 1.0 to 1.5, the PIT spectrum shifts towards the low-frequency
region. This shift exhibits a good linear relationship with the refractive index. The perfor-
mance of the metamaterial structure as a sensor is evaluated using sensitivity, defined as
S = Δf/Δn, where Δ f represents the frequency shift of the transmission peak/dip, and
Δn represents the shift of the refractive index. By calculating the slope in Figure 7b, we
obtained sensitivity values of 2.63 THz/RIU and 3.70 THz/RIU for the two transmission
dips, and 3.16 THz/RIU for the transmission peak. Another performance metric used
to describe metamaterial sensors is the figure of merit (FOM), which can be determined
using FOM = S/FWHM. The FWHM represents the full width at half maximum. After
calculation, the designed sensor achieved an FOM of 22.397 RIU-1. Table 2 compares the
performance of our designed sensor with other literature in recent years. From Table 2,
it is evident that our designed sensor exhibits more sensitive sensing performance and a
higher FOM.

Figure 7. (a) transmission spectra with different refraction indices of the surrounding medium;
(b) linear fit of resonant peak with different refractive indices.

We discussed the modulation of the PIT transparent window in Figure 8a,b with different
structural parameters r1 and r2. For graphene, we chose the Fermi level EF = 1.2 eV and carrier
mobility μ = 1.5 m2/vs. In Figure 8a, as r1 increases, dip1 redshifts and the PIT transparent
window widens. In Figure 8b, as r2 increases, dip1 blue shifts and the PIT transparent
window narrows. These phenomena indicate that the size of r1 and r2 will affect the
resonant frequency of dip1. The LC resonance theory can explain these phenomena. The
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periodic graphene units in metasurfaces can be viewed as a combination of capacitive,
inductive, and resistive elements. The resonant frequency of these graphene units with
incident light is inversely proportional to the length of graphene and directly proportional
to its width.

Table 2. Comparison of sensing performance in our design with other graphene-based sensors.

Structure
Sensitivity
(THz/RIU)

FOM (max) Ref

Graphene 1.1 / [49]
Graphene 3.4269 21.92 [50]
Graphene 0.7928 8.12 [31]
Graphene 1.7134 6.998 [51]
Graphene 1.40 17.30 [10]
Graphene 1.8424 44.27 [52]
Graphene 1.21 2.75 [53]
Graphene 3.70 22.40 This work

Figure 8. (a) transmission spectra with r1 from 2.1 μm to 2.7 μm; (b) transmission spectra with r2
from 0.6 μm to 1.0 μm.

Moreover, we also discuss the influence of the incident angle on metasurfaces. In
experiments, it is challenging to achieve a situation where the incident wave is completely
perpendicular to the metasurface. The incident wave has a certain angle with the z-axis,
which may affect the observed data to some extent. To investigate the effect of the incident
angle on the properties of metasurfaces, we varied the incident angle to study the changing
characteristics of metasurfaces. We analyzed the impact of oblique incidence on plasmon-
induced transparency in Figure 9a,b. Let us denote the incident angle of the electromagnetic
wave as α, representing the angle between the incident direction and the z-axis. When the
incident angle is adjusted from 0◦ to 60◦, the transmittance is minimally affected. However,
when the incident angle exceeds 60◦, the transmittance decreases at all frequencies within
the range of 2–9 THz, while the position of the PIT window remains unchanged. This effect
is attributed to the reduced coupling between these two bright modes as the incident angle
increases. Therefore, our proposed graphene metasurface design demonstrates insensitivity
to changes in the incident angle within the terahertz range. This characteristic allows for
the application of our proposed metasurface in experimental environments with incident
angle errors and provides greater adaptability.

72



Photonics 2025, 12, 218

Figure 9. (a,b) transmission spectra with various incident angles.

4. Conclusions

In summary, we have designed a graphene metasurface that achieves a tunable PIT
effect. This effect is caused by the coupling of bright modes in each graphene resonant
cavity. Transparent windows can be accurately fitted using the Lorentz model. By vary-
ing the Fermi levels, carrier mobility, and oblique incidence angles, we can effectively
generate tunable PIT effects. Additionally, we have discussed the impact of different
Fermi levels on the transmission spectra of our proposed metasurface. Furthermore, our
graphene metasurface can function as a four-frequency switch modulator and a high-
sensitivity sensor in the terahertz band. In terms of optical switches, we have achieved
a maximum MD of 95.04%, a minimum IL of 0.08 dB, and a maximum ER of 13 dB. As
for sensing capabilities, we have achieved a maximum sensitivity of 3.70 THz/RIU and a
maximum FOM of 22.40 RIU−1. These physical properties demonstrate that our metasur-
face not only exhibits excellent sensing performance, but also enables high-performance
multi-frequency switching. Therefore, this study holds significant potential for the appli-
cation of tunable metasurfaces. Furthermore, the research results may pave the way for
the design and manufacture of ultra-sensitive sensors, tunable filters, and other related
optoelectronic devices.
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Abstract: An ultrathin film capable of exhibiting material properties across and around
two different dimensions by bridging two-dimensionality frameworks, called a trans-
dimensional (TD) material, can be an exceptional tool to tune various electronic and
optoplasmonic properties of a system that are unattainable from either dimension. Taking
an example of the planar periodic arrangement of single-walled carbon nanotube (SWCNT)
TD films, we semi-analytically calculated their dynamical conductivities and dielectric
responses as a function of the incident photon frequency and the SWCNT’s radius using the
many-particles Green’s function formalism within the Matsubara frequency technique. The
periodic array of SWCNTs has an anisotropic dielectric response, which is almost a constant
and the same as that of the host dielectric medium in the perpendicular direction of the
alignment of the SWCNT array due to the depolarization effect that SWCNTs have. How-
ever, the dielectric response functions depend on the incident photon energy in addition to
the film’s thickness, the SWCNT’s sparseness, inhomogeneity, and the SWCNT’s diameter.
The energy difference between the resonant absorption peak and the plasmonic peak varies
with the thickness of the film. Varying the length of the CNTs, we also observed that the
exciton–plasmon coupling strength increases with the increase in length of the SWCNTs.
The metallic SWCNT-containing films have comparatively pronounced plasmon resonance
peaks at low photon energy than semiconducting SWCNT-containing films. Both metallic
and semiconducting SWCNT-consisting films have negative refraction for a wide range of
energy, making them good candidates for metamaterials.

Keywords: single-walled carbon nanotube; dielectric response; metamaterials; exciton–
plasmon coupling; plasmonics; trans-dimensional material

1. Introduction

Since the first observation of a carbon nanotube (CNT) with a diameter of 50 nanome-
ters in 1952 [1], many scientific studies have been conducted on the synthesis, charac-
terization, and detailed investigation of the mechanical, thermal, electronic, optical, and
plasmonic properties of carbon nanotubes. In 1975, Oberlin et al. observed a multi-walled
CNT (MWCNT) as a hollow tube of rolled graphite in carbon fiber synthesis utilizing the
chemical vapor deposition method decomposing benzene and hydrogen at high tempera-
tures in the presence of a transition metal as a catalyst [2]. Dresselhaus et al. contributed
to the theoretical investigation of carbon-based materials, namely carbon whiskers and
graphite intercalation compounds, in the late 1970s [3,4]. The first evidence of CNT pro-
duction as fiber in a carbon anode via the arc discharge technique was presented at the
Biennial Conference of Carbon in 1978 [5]. MWCNTs were perceived as rolled graphene
layers in a cylindrical geometry after Nesterenko et al.’s work on the thermoanalytical
disproportionation of carbon monoxide to characterize carbon nanoparticles [6]. Howard
Tennent received a US patent for producing cylindrical discrete carbon fibrils of diameters
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in the range of 3.5 to 70 nm [7]. The experimental discovery of MWCNTs by S. Iijima
in arc-burned graphite rods and their imaging through a high-resolution electron beam
technique of transmission electron microscopy has been considered a turning point of CNT
research [8]. Within two years after the discovery, it was observed that some single-walled
CNTs (SWCNTs) show exceptional conducting behavior [9,10]. Since then, CNTs have
received significant attention among researchers in this field because of their high tensile
strength (∼order of 1011 Pa for SWCNTs [11]), higher electrical and thermal conductivities,
optoplasmonic properties, and chirality-dependent metallicity.

The plasmon spectrum of SWCNTs is rich in plasmon resonance peaks. Semiconduct-
ing SWCNTs have plasmon modes in the infrared and visible ranges of a few hundred
to thousands of terahertz (THz), while metallic SWCNTs have plasmon modes and com-
paratively intense plasmon peaks in the low-frequency range of only a few THz besides
the other plasmon modes in the infrared and visible ranges, like semiconducting SWC-
NTs [12,13]. For a thin film of CNTs, the film’s plasmonic behavior on its interaction with
light results due to the collective excitons, which can be tuned by changing the radius,
sparseness of CNTs, thickness of dielectric medium in which CNTs are immersed, and
chirality of the SWCNTs [14–17].

Plasmonic interconnected circuits built from CNTs offer a new material platform
for nanoscale electronic devices integrated with optoelectronic components as they offer
high electrical conductivity, ballistic transportation, resistance to electromigration, and
broadband response [18]. When target molecules are bound to a CNT’s surface, the CNT
can be used for gas sensing, chemical sensing, and bio-sensing as the plasmonic properties
of the CNT have become sensitive in the presence of target molecules [19,20]. SWCNT films’
optical transparency, excellent flexibility, and remarkable potency under mechanical stress
make them good candidates for transparent conductive films for liquid crystal display
and organic light-emitting diode displays, transparent electrodes in photovoltaic cells, and
quantum dot light-emitting diodes [21,22]. The films can also be used in optical modulators
and optoelectronic sensors. SWCNT films can be integrated into metamaterials for sub-
wavelength imaging in super lenses, cloaking devices, beam-steering technologies, and
electromagnetic interference shielding for aerospace and telecommunications [23]. Hybrid
plasmonic–CNT structures obtained by incorporating one-dimensional (1D) CNT tubules
with other 2D plasmonic materials such as MXenes and graphene are useful for fine-tuning
various electrical, optical, thermal, and plasmonic properties as MXenes and graphene
provide additional pathways for electron transport and enhance the coupling between
MXenes’ or graphene’s localized surface plasmons and the electron-rich CNT network,
amplifying the plasmonic response [24–26].

Various semi-analytical approaches such as ab initio calculations, density functional
theory, molecular dynamics, and continuum mechanics have been reported as reliable
methods for studying the structural property relation between SWCNTs and their electro-
optical nature. One can also employ mathematically sophisticated analytical approaches
such as fractional calculus calculations as presented in Ref. [27], where the authors show
that the temporal dynamics of the heat conduction induced by light in SWCNT thin films
present a nonlinear dependence on optical irradiance.

Any SWCNT of chiral indices (n, m) can be thought of as being a hollow cylinder pre-
pared by rolling a graphene sheet along the specific chiral vector �C given by �C = n�a1 + m�a2,
where�a1 and�a2 represent the graphene lattice vectors. �a1 and�a2 serve as translation vectors.
A scheme of rolling a graphene sheet to obtain different types of SWCNTs is presented in
Figure 1. The radius and chiral angle of any SWCNT can be calculated as [28–30]

R =
acc

π

√
n2 + nm + m2 , (1)
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and

θ = cos−1
(

n + m/2√
n2 + nm + m2

)
, (2)

where acc ≈ 1.42Å is the carbon-to-carbon distance in a graphene sheet. The chiral angle θ

satisfies 0° ≤ θ ≤ 30°. θ equals 0° for a zigzag SWCNT with chiral indices (n, 0) and 30° for
an armchair SWCNT with chiral indices (n, n). The chiral angle θ satisfies 0° < θ < 30° for
chiral SWCNTs. All the armchair SWCNTs are metallic. However, the zigzag SWCNTs are
metallic or small bandgap semiconductors based on whether the chiral index n is divisible
by 3 or not, respectively. The chiral SWCNTs, whose chiral indices n and m are neither
identical nor either one is zero, are quasi-metallic if the difference in chiral indices, n − m,
is divisible by 3. Otherwise, they are semiconductive. Statistically, 1/3rd of SWCNTs are
metallic, while the remaining 2/3rd are semiconducting with a small bandgap. Depending
on the technological requirement, one can synthesize SWCNTs of a specific chirality.

Figure 1. A schematic diagram showing the rolling direction for the most general chiral with chirality
vector (n, m) and two special cases of achiral, namely zigzag for (n, 0) and armchair (n, n) SWCNTs.

The literature is rich in the study of mechanical [31], electronic [32], optical [33–35],
and plasmonic [36,37] behaviors of a single SWCNT. This paper extends our work to the
thin and ultrathin films of homogeneous SWCNTs, which are oriented along the y-axis in
periodic alignment. A schematic diagram of the theoretical model considered in this study
is presented in Figure 2. Each SWCNT presented in the figure was plotted using Nanotube
Modeler Software, Version 1.8 [38,39], which is a program to generate xyz-coordinates and
plot interactive graphics for capped and uncapped nanotubes and nanocones for a chosen
chirality, tube length, and bond length. The SWCNT array is immersed in a dielectric
medium of thickness d and constant effective relative permittivity ε. The substrate and
superstate have relative permittivities of ε1 and ε2, which are relatively much smaller in
value than ε. Each SWCNT has a radius R and length L. The center-to-center inter-tube
distance Δ satisfies Δ ≥ 2R with the minimum ideal distance being the sum of the radii of
the two closest tubes. Δ determines the dispersiveness of SWCNTs in the film, with a larger
Δ signifying a highly dispersed SWCNT film. L⊥ denotes the SWCNT film width. The
SWCNTs have uniform electronic charge distribution throughout the surface of the tube.

The carrier concentration, mobility, and conductivity can be enhanced, thereby de-
creasing sheet resistance by treating SWCNT films with inorganic acids such as nitric,
sulfuric, and hydrochloric acid (for example, see Ref. [40]). Acid-treated SWCNT films
maintain a p-type nature with enhanced carrier mobility and low resistance, making them
good candidates for hole-transporting layers in solar cells. Atomic impurities can induce
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localized surface plasmon resonance, while a vacancy acts as a localized charge trap, in-
creases plasmonic decoherence, and broadens plasmon resonance by increasing scattering.
This study considers the pristine SWCNTs with no impurities or defects.

Figure 2. A schematic diagram showing a planar periodic array of identical non-chiral SWCNTs
taken in our theoretical model.

Taking rings in nth SWCNT at position vector�r n and lth SWCNT at�r l , the distance
between the rings can be expressed as r = |�r n −�r l |. For a thin film with a thickness
smaller than the distance between rings denoting unit cells of different SWCNTs as shown
in Figure 2, i.e., d 
 r , the electrostatic (Coulomb) interaction between the rings of unit
cells becomes so strong that it loses the dependency on its vertical component. As a result,
the effective dimensionality of the SWCNT film decreases by one, making it a 2D problem
retaining the vertical size, i.e., thickness, as a parameter [16,17]. Such a system with a
relatively small thickness, better known as trans-dimensional material (TDM), offers an
exceptional tool to tune various optoplasmonic properties that are unattainable from both
3D bulk and/or single-layered 2D counterparts.

To understand and utilize light–matter interactions in an SWCNT and its film at
the nanoscale, evaluating and analyzing their dielectric response tensors are crucial, as
dielectric response functions delineate collective oscillations of free electrons, excitons,
and plasmons. The dielectric property-dependent surface plasmons and localized surface
plasmon resonances occur on the film’s surface, creating strong electromagnetic fields when
free electrons resonate with incident photon [41,42]. We derived closed-form mathematical
expressions for the dynamical (as a function of photon frequency) dielectric response
functions of the SWCNT array as presented in Figure 2 using the many-particle Green’s
function technique by exploiting the Matsubara frequency approach, as discussed in
Ref. [43].

We organize this paper as follows. We orient ourselves with a mathematical overview
for dielectric responses for SWCNTs in Section 2. We first evaluate an SWCNT’s dynamic
conductivity, which is then used to evaluate its polarizability and dielectric response func-
tions. A comparative study of the dynamical conductivity of two different types of SWCNTs
is presented, followed by the dynamical permittivities and dynamical conductivity of an
SWCNT used in the SWCNT array. The dielectric response functions of an array of identical
SWCNTs are presented in Section 3. Therein, we set up the Hamiltonian of the system,
determine the interaction Hamiltonian for the SWCNT film, and present the closed-form
expressions for dielectric responses. Taking two different films, one containing metallic
(9,0) SWCNTs and the other containing semiconducting (10,0) SWCNTs, as references, we
discuss our research findings in Section 4. We present conclusions in Section 5. We have
used Gaussian units throughout this paper unless otherwise stated.
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2. Dielectric Responses of an Isolated SWCNT

When light interacts with a valence electron of carbon in an SWCNT, the electron
becomes excited to the conduction band, leaving a hole behind, thereby creating an electron–
hole pair called exciton and inducing an anisotropic polarization. The induced polarization
is dominant along the SWCNT axis and negligible in the directions perpendicular to the
SWCNT alignment due to the weakening of the response to incident photon along the width
of the tube called the transverse depolarization effect [44,45]. The photon frequency and
SWCNT radius-dependent axial polarizability αyy(ω, R) of an SWCNT can be expressed in
terms of its axial surface conductivity σyy(ω + iδ) as [46]

αyy(ω, R) = i
2πR

ω
σyy(ω + iδ) , (3)

where δ is an infinitesimal frequency parameter. The dynamical conductivity of an SWCNT
is estimated using the well-known�k · �p method of band structure calculations [45,47]. The
conducting behavior of SWCNTs significantly varies with the chirality and divisibility of
the difference between chiral indices by 3. For example, (9,0) SWCNT is metallic, while
(10,0) SWCNT is a semiconducting one. The exciton–plasmon spectrum for the conductivity
of metallic SWCNT significantly differs from the semiconducting one, as shown in Figure 3.

Figure 3. Dimensionless conductivities of (9,0) (left panel) and (10,0) (right panel) SWCNTs along
the corresponding CNT axis as a function of photon energy (expressed in eV).

One may ask how the plasmon spectrum for the conductivity of an isolated SWCNT,
measured by Re

(
1/σyy

)
, can have such intense resonance peaks. The quantity Re

(
1/σyy

)
can be expressed as

Re
(
1/σyy

)
=

Re σyy

(Re σyy)2 + (Im σyy)2 , (4)

where Re and Im denote the real and imaginary parts, respectively. At the energy value,
in which the real part approaches zero, and the imaginary part switches the sign simul-
taneously, the Re

(
1/σyy

)
quantity will have a significantly large value. As Re σyy can be

smaller than unity when the imaginary part becomes zero, the Re
(
1/σyy

)
can be larger

than unity. The plasmon resonance appears at a lower photon energy than that of the
exciton for metallic (9,0) SWCNT. The same is not true for semiconducting (10,0) SWCNT.
In the chosen window of the photon energy, i.e., 0.75−4.25 eV, (10,0) SWCNT has three
intense exciton resonance peaks, while the (9,0) SWCNT has only one resonance peak in
this energy range for each real, imaginary, and energy-loss parts of the spectrum.

Knowing the conductivity of a single SWCNT, one can easily evaluate its dielectric
response functions using [13]

εyy(ω)

ε
= 1 + i

4π�S
ω

σyy(ω + iδ) , (5)
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where S = 2πRL denotes the surface area of an SWCNT in which the charge is uniformly
distributed, and � is the number of SWCNTs per unit volume. For an isolated SWCNT,
� = 1/(πR2L). Consequently, �S = 2/R. One can normalize the axial surface conductivity
σyy(ω + iδ) of an SWCNT as

σyy(ω + iδ) =
e2

2πh̄
σyy(x + iδ) (6)

such that σyy(x + iδ) is a dimensionless axial surface conductivity as a function of dimen-
sionless energy x = h̄ω/(2γ0) and an infinitesimal dimensionless energy δ = h̄δ/(2γ0),
where γ0 = 2.7 eV is the carbon atom’s nearest neighbor overlap integral in an SWCNT.
Substituting the value of σyy(ω + iδ) from Equation (6) to Equation (5), one obtains

εyy(x) =
εyy(x)

ε
= 1 + i

2 e2

γ0R
1
x

σyy(x + iδ) . (7)

One can resolve the complex quantity εyy(x) presented in Equation (7) as

Re εyy(x) = 1 − 1
x

2 e2

γ0R
Im σyy(x + iδ) , (8a)

Im εyy(x) =
2 e2

γ0R
1
x

Re σyy(x + iδ) , (8b)

for the real Re εyy(x) and imaginary Im εyy(x) parts of dielectric response. The loss function
−Im 1

εyy(x) , determined from the plasmon spectra, is given by

−Im
1

εyy(x)
=

Im εyy(x)[
Re εyy(x)

]2
+
[
Im εyy(x)

]2 . (9)

For illustrative purposes, the dimensionless response functions, namely longitudinal
conductivities and longitudinal dielectric functions for an (11,0) SWCNT, are presented
in Figure 4. Re 1/σyy(x + iδ) gives us the surface plasmon’s density of states, which is
nonzero when the imaginary part of σyy(x + iδ) vanishes and the real part of σyy(x + iδ)
also approaches zero. The quantity −Im 1/εyy(x) is nonzero only if the Re εyy(x) is zero
and Im εyy(x) approaches zero at the same time.

Figure 4. Dimensionless conductivities and dimensionless dielectric functions of an (11,0) SWCNT
along the SWCNT axis plotted as a function of photon energy (expressed in eV). Only the
first two excitonic peaks and a plasmonic peak are shown. For better visibility, curves Re σyy(x + iδ)
and Im σyy(x + iδ) are scaled by 10−1. In the inset, the magnified version of the curves near the
resonances of Re 1/σyy(x + iδ) and −Im 1/εyy(x) are shown.
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3. Dielectric Responses of SWCNT Films

From the principle of the second quantization, one can write the Hamiltonian of free
exciton on the surface of the SWCNT as

Ĥ0 = ∑
s,�k

Es(�k) b†
s,�k

bs,�k , (10)

where Es(�k) is an exciton energy in its s-subband.�k = �q +�k⊥ is the electron’s quasimomen-
tum in the plane, where�q is the quasimomentum component along the SWCNT alignment
and�k⊥ is along the perpendicular direction to the plane. The exciton annihilation bs,�k and
creation b†

s,�k
operators follow boson statistics and satisfy the following identities:

[
bs,�k , b†

s′ ,�k′

]
= δss′ δ�k�k′ ,[

bs,�k , bs′ ,�k′
]
=
[
b†

s,�k
, b†

s′ ,�k′

]
= 0 . (11)

A complication arises when we have not just a single SWCNT but an array of SWCNTs
as they interact via dipole–dipole interaction. The Hamiltonian interaction can be written
as [17]

Ĥint =
1
2 ∑
�kss′

′Vss′(�k)
(

bs,�k + b†
s,−�k
)(

bs′ ,�k + b†
s′ ,−�k

)
, (12)

where

Vss′(�k) =
2m∗ ω2

p(k)
N2DNaΔ

X(s) Tyy(�k) X(s′) , (13)

is the interaction potential with X(s) being the transition dipole associated with s-subband
excitation. ωp(k), N2D, a, and Tyy(�k) are the intraband plasma oscillation frequency, the
surface electron density, the lattice translation period, and the Fourier transform of the
SWCNTs’ dipole–dipole interaction, respectively. The total Hamiltonian of the system is
the sum of Equations (10) and (12):

Ĥ = Ĥ0 + Ĥint , (14)

which can be analytically diagonalized using the Bogoliubov–Valatin transformation as
presented in Ref. [48].

For the SWCNT array, the dielectric response is anisotropic, which, along the direction
perpendicular to the SWCNT alignment, remains constant with the value of the dielectric
constant of the host medium, while along the SWCNT alignment, it is given as [17]

εyy(q, ω)

ε
= 1 − 2 fCN σyy(q, ω)

fCN σyy(q, ω) + i ωε
8πq I0(qR)K0(qR)

(
1 + ε1+ε2

qεd

) , (15)

where fCN = N⊥ VCN /V is the ratio of the SWCNTs’ volume to the volume of the film.
fCN measures the sparseness of SWCNTs and/or thickness of the SWCNT film. fCN has a
lower value for larger inter-tube distance and/or larger value of thickness. fCN satisfies
0 < fCN ≤ π/4 < 1, implying that the screening of the host dielectric medium is always
present in an SWCNT array even at the very tightly packed SWCNT array. The screen-
ing leads to broadening excitonic and plasmonic peaks and enhances exciton–plasmon
coupling. I0(qR) and K0(qR) in Equation (15) are the zeroth-order modified cylindrical
Bessel functions. The dielectric response of the SWCNT array is not only the function of
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photon energy and SWCNT radius similar to a single SWCNT, but it is also a function of
the volumetric fraction fCN, permittivities ε1, ε2, and ε of the substrate, superstrate, and
the dielectric medium holding the SWCNT array and quasi-momentum along the SWCNT
alignment. As the ratio of the physical quantities is the same as the dimensionality, the
dielectric response function expressed in Equation (15) is a dimensionless quantity.

4. Discussion

For �k = 0, the right side of Equation (15) equals unity, implying that the dielec-
tric response of the SWCNT array equals the host dielectric medium’s permittivity,
which makes the dielectric response function isotropic. For the nonzero value of �k, or
�q, the yy component of the dielectric response is a complex function. The εyy(q, ω) for
two different composite films, one consisting of a periodic array of (9,0) SWCNTs and the
other consisting of (10,0) SWCNTs, are presented in Figure 5. The SWCNT layers are
embedded in a dielectric medium of thickness d = 2.5R and relative permittivity ε = 20,
where R is the radius of the respective film’s SWCNT. The fractional volume of the CNT in
both these composites is fCN = π/5. The real part Re εyy represents the exciton refraction
spectrum, the imaginary Im εyy represents the exciton absorption spectrum, and −1/Im εyy

represents the plasmon response. The plasmon mode has a resonance at the point in which
Re εyy changes sign from negative to positive, and Im εyy approaches zero. The plasmon
response is positive for the entire energy range, indicating that energy loss is unavoidable.
Even in the wide range of energy window (up to ∼4.0 eV), only one resonance is present
for the (9,0) SWCNT film. However, one witnesses two resonances for the (10,0) SWCNT
film for photon energy up to ∼2.6 eV. The plasmon resonance appears at a lower energy
than the excitonic resonance for the (9,0) SWCNT film. The same is not true for the (10,0)
SWCNT film. The plasmon spectrum is comparatively more pronounced in the (9,0) than
in the (10,0) SWCNT film.

Figure 5. Dimensionless dielectric responses of a periodic array of (9,0) SWCNTs (left panel) and
(10,0) SWCNTs (right panel) along their CNT axis as a function of momentum times the radius of the
respective CNT qR and the photon energy (expressed in eV). The relative permittivity of the substrate,
superstrate, and dielectric medium are taken as 1, 1, and 20, respectively. Only the first resonances
of the response functions are shown for the (9,0) SWCNT film, while the first two resonances of the
response functions are shown for the (10,0) SWCNT film. The fractional density parameter fCN is
π/5. The red-colored surface represents the Re εyy, the blue-colored surface depicts the Im εyy, and
the negative of Im 1/εyy is shown by the green-colored surface.

The real part Re εyy of the dielectric response function is negative for a large range of
photon energy for both (9,0) and (10,0) SWCNT films, making both SWCNT films good
candidates for hyperbolic metamaterials. The energy range, however, depends on the
chirality of constituent SWCNTs. The semiconducting SWCNT films show hyperbolic
metamaterial behavior in the near-infrared and visible spectrum. The metallic SWCNT
films behave as hyperbolic metamaterials in low energy, including the microwave, in
addition to the infrared and visible photon energy range as in semiconducting ones. The
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exciton–plasmon spectra of homogenous arrays of any metallic SWCNTs such as (12,0),
(15,0), (18,0), etc. SWCNTs are expected to behave similarly to (9,0) SWCNT arrays. At
the same time, resonance intensity and photon energy for resonances depend on the
particular metallic SWCNT that the film consists of. The SWCNT films are made up of
semiconducting SWCNT arrays such as (13,0), or (16,0), or (19,0), etc. SWCNTs have similar
behavior to an array of (10,0) SWCNTs. The hyperbolic nature of the SWCNT array has
been experimentally observed in various studies [49–52]. Pristine SWCNTs can be prepared
in a controlled manner with desired chiral purity, density, and alignment as per their need
in electronics [53,54]. This study opens new pathways for experimentalists to design and
explore more on the SWCNT films discussed in this manuscript.

The exciton–plasmon coupling strength is stronger in the SWCNT array than in a single
SWCNT. The inhomogeneity effect abruptly increases the exciton–plasmon coupling [15]
for a mixture of SWCNTs of slightly different diameters. Comparing the dielectric re-
sponses for a single homogeneous array presented in Ref. [14], one can conclude that the
SWCNT film containing more than a single array of identical SWCNTs has a more intense
response function.

Substituting the expression of the volume of an isolated SWCNT and the composite
volume, fCN can be expressed as fCN = πR2/dΔ, which depends on the thickness of the
film and SWCNT sparseness. Choosing a fixed value of Δ, one can observe the effect of film
thickness on the exciton–plasmon spectra, with varying values of fCN. Note that fCN is
smaller for a larger value of d. Figure 6 shows a comparative study of dielectric responses
for three different values of fCN with fixed Δ.

Figure 6. Dimensionless dielectric functions of a periodic array of (11,0) CNTs along the CNT axis as
a function of momentum times radius of (11,0) CNT qR and the photon energy (expressed in eV). The
relative permittivities of the substrate, superstrate, and dielectric medium are taken as 1, 1, and 15,
respectively. Only the first resonances of the response functions are shown. Three different scenarios
if the fCN values, namely π/5 (a), π/7 (b), and π/9 (c), are taken. Figure (d) shows the comparison
of plasmon spectra only for the cases chosen in (a–c).
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As shown in Equation (15), the dielectric response function of the SWCNT array is
electron quasi-momentum q-dependent. The minimum nonzero value that q can take is
2π/L, where L is the length of an SWCNT. One can further explore how the length of an
SWCNT plays a role in the minimum value of q. For q = 2π/L, the longitudinal component
of the response functions reads

εyy(L′, ω)

ε
= 1 − 2 fCN σyy(L′, ω)

fCN σyy(L′, ω) + i ωεL′R
8π I0(1/L′)K0(1/L′)

(
1 + ε1+ε2

ε
L′R

d

) , (16)

where L′ = L/(2πR) is the length of an SWCNT in terms of its circumference. See
Figure 7 for the dielectric response function at the minimum nonzero value of momentum
qmin = 2π/L. The major contribution to the dielectric response comes from the qmin

momentum. At the same time, one should not forget that q = 2πnx/L with nx > 1 also has
a nonzero contribution to the response function, which decays exponentially. The exciton
and the plasmon resonances approach each other more closely for qmin than for the larger
q. However, the intensity of each of the resonance peaks for qmin is smaller than the large q
counterpart. Thus, the resonance intensity and exciton–plasmon coupling strength depend
on the SWCNT length. The momentum qmin has a lower value for a longer SWCNT than
the shorter one. As the CNT length increases, the plasmon resonance comes closer to the
exciton resonance, strengthening the exciton–plasmon coupling.

Figure 7. Dimensionless dielectric responses of an ultrathin array of (11,0) CNTs along the CNT axis
as a function of photon energy (expressed in eV) and length of a CNT L′ (expressed in terms of the
circumference of an (11,0) CNT) for the mimimum nonzero momentum qmin = 2π/L. The CNTs
are tightly packed, and the thickness of the film equals the diameter of an (11,0) CNT, resulting in
fCN = π/4. The inset shows the geometry related to the SWCNT film.

The resonance peaks become slightly less intense and appear at low photon energy
with the increase in the radii of the SWCNTs, provided that the SWCNTs have the same
chirality. For example, the film of the (10,0) SWCNT array has a more substantial resonance
peak at higher photon energy than the film of the (13,0) SWCNT array. The theoretical
model is based on an approximation that the host dielectric medium has larger relative
permittivity than the substrate and superstrate. Thus, the substrate and superstrate should
be chosen adequately based on the permittivity of the host dielectric material and vice versa.
For example, if silicon or GaAs are taken as a host dielectric medium whose permittivities
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are, respectively, 11.7 and 13.1 [55], then the current study requires the substrate and
superstrate to have relative permittivities of about 1 to 3, such as hexagonal boron nitride,
fluorinated silica, etc. For high-dielectric host materials such as TiO2, Ti3C2, and Ti2C [56],
one has a little more freedom of choice for the substrate and superstrate.

The SWCNT film is only a few nanometers thick, which warrants a brief discussion
of its nanoscale effects and the advantages and disadvantages of such effects. At the
nanoscale, conductivity can be tuned selectively with the chosen SWCNT of the desired
chirality. One can use plasmonic resonance as a tool to enable surface plasmon-based
sensing and optoelectronic applications. At the nanoscale, SWCNTs can sustain current
densities much higher than copper. However, SWCNTs at the nanoscale have some limita-
tions; as a result, using SWCNTs and their thin films in the current technology is not free
from challenges. One of the significant challenges using the currently available synthesis
methods is producing SWCNTs of a specific chirality and their scalability [57]. Although
some claims on producing pure SWCNTs have been reported, some issues, such as remov-
ing amorphous carbon, washing out metallic catalysts after catalytic SWCNT synthesis,
and yielding defect-free SWCNTs, remain [58]. As chirality control is usually an issue in
SWCNT production, having a consistent film thickness, as this article proposed, needs
extra work in the experimental setup, which may not only have an inhomogeneous mixing
of SWCNTs of different chiralities, but also have tubular misalignment and inter-tube
junction resistance due to phonon scattering. The phonon scattering at the inter-tube
junction reduces the conductivity of the SWCNT film. In future studies, we will focus on
the phonon scattering at inter-tube junctions and its effect on dielectric responses in the
homogeneous SWCNT arrays and inhomogeneous arrays of SWCNTs of approximately
the same diameters. Future work will concentrate on creating hybrid materials combining
SWCNTs with other materials, such as graphene and polymers, in search of optoelectronic
performance enhancements.

5. Conclusions

Using Green’s function theory for many-body systems within the Matsubara frequency
approach, we derived a closed form of mathematical expression for the dielectric response
function of a periodic array of identical SWCNTs embedded in a dielectric medium with
comparatively higher permittivities than substrates and superstates. The dielectric re-
sponse functions of SWCNTs and its array are both anisotropic. The conducting nature
of SWCNTs depends on the chirality resulting from turning graphene sheets into tubules.
The SWCNT’s photon energy and cylindrical tube’s radius-dependent dynamical conduc-
tivity are calculated using the�k · �p method of the band structure theory. The dielectric
response of the SWCNT film along the perpendicular direction of the SWCNT alignment
is constant and matches the value of the host dielectric medium, while the same along
the direction of SWCNT alignment takes a complex function, which depends on various
parameters, namely photon energy, the radius of SWCNT, volumetric fraction of SWCNT
fCN , relative permittivity of the host medium of high dielectric constant, and the substrate
and superstrate of low permittivities and dynamic conductivity of each SWCNT in the
film. The expression we derived for the SWCNT film’s dielectric response functions links
the SWCNT film dielectric responses to the individual SWCNT’s conductivity and the
individual SWCNT’s plasma frequency. The screening of the host dielectric medium is
inevitable in an SWCNT array primarily because of its geometry.

The excitonic and plasmonic peaks come closer in the periodic array of SWCNTs than
in an SWCNT, increasing the exciton–plasmon coupling. The real part Re εyy of the dielectric
response function is negative for a vast range of photon energy in both cases of having
an array of metallic and semiconducting SWCNTs, making them good candidates for
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hyperbolic metamaterials. This finding is consistent with a recent experimental observation
of the hyperbolic metamaterial behavior for horizontally aligned films of SWCNTs. We
revealed that the exciton–plasmon resonance peaks are closest to the minimum nonzero
value of q, and the resonance intensity and exciton–plasmon coupling strength depend on
the SWCNTs’ length.
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Abstract: A low-profile reflectarray has been designed in the Ka-band to efficiently generate
wideband orbital angular momentum (OAM) vortex beams. The proposed design employs
a reflective phase-shifting patch etched onto a dielectric substrate, featuring a three-square
loop structure intersected by two transverse dipoles. This unit cell achieves a 440◦ phase
shift at 30 GHz with a minimal magnitude loss of (−0.25 dB), enabling high-efficiency
reflectarray performance. The OAM vortex beam supports high-order phase distributions
(l = +1,+2,+3,+4 ) modes, though fabrication and experimental validation focused on
the +1 mode. Measurements confirm that the reflectarray produces a high-purity OAM
vortex beam for +1 mode, covering the operational frequency range from 27 to 39 GHz,
and achieving a 40% bandwidth with a peak gain of 23.39 dBi at 33 GHz and an aperture
efficiency of 17.38%. These results demonstrate the ability of the reflectarray to produce
broadband directive OAM beams with robust performance, making it ideal for Ka-band
communication systems.

Keywords: vortex beam; metasurface; orbital angular momentum (OAM); aperture efficiency;
wideband bandwidth

1. Introduction

Spectrum resources are becoming increasingly crowded as wireless communication
technology develops [1]. Vortex beams carrying OAM have garnered significant attention
in communication research due to their potential to increase transmission capacity [2]. In
the microwave range, vortex waves are produced using a variety of techniques, includ-
ing holographic substrates [3], spiral-phase plates [4], and array antennas [5]. Another
approach in super-oscillation-based lenses offers the potential for high-resolution imag-
ing with reduced sidebands, enabling more effective electromagnetic manipulation and
improved wavefront control [6]. Vortex waves are identified by their spiral-shaped phase
wavefronts. However, these techniques frequently encounter difficulties with prominent
patterns or intricate feed networks. Reflective metasurfaces provide an alternative to
these drawbacks in producing OAM vortex waves. Electromagnetic waves can have their
phase wavefront, amplitude, frequency, and polarization state precisely controlled using
metasurfaces [7]. Based on distinct concepts, various techniques can regulate the phase of
reflected electromagnetic waves. The first technique, the propagation phase (or resonant
phase), works with circular and linear polarized waves. It modifies the element’s geometry
to vary the phase. However, because of the resonant part’s inherent dispersion, OAM

Photonics 2025, 12, 305 https://doi.org/10.3390/photonics12040305
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generators that use this method frequently have narrow bandwidths [8]. Another method,
the Pancharatnam–Berry (PB) phase, rotates the element to alter the phase. This method’s
generators typically offer broadband features, although they are limited to CP waves [9,10].
The detour phase method generates vortex waves but is limited by narrow bandwidth and
compatibility only with linearly polarized (LP) waves, restricting their versatility in broader
applications [11]. An independent LHCP- and RHCP-controlled translational transmis-
sion metasurface (TM) for dual-circularly polarized vortex beam generation is presented.
Measurements confirm their efficacy; however, the challenges are polarization sensitivity
and fabrication complexity [12]. To improve the performance of modern communication
systems, a 1-bit reflecting RIS is proposed for the Ka-band, utilizing triangular patches and
active switching elements. However, the 1-bit resolution limits its precision, and using
active components could increase losses and power consumption [13]. Thermally switch-
able reflecting metasurfaces were created using Z-shaped resonators. Because of these
resonators, the metasurface can produce numerous OAM (orbital angular momentum)
modes by adjusting its properties in response to temperature variations. This means that the
metasurface is adaptable for a range of applications because it can switch between different
OAM beams by simply adjusting its temperature, which can limit stability and control in
dynamic environments [14]. A wideband circularly polarized OAM vortex beam generator
with l = 1 mode is presented using a reflectarray. With steady phase responses and sound
polarization isolation, it is restricted to specific polarization modes (CP) [15]. A CCTA for
OAM vortex wave generation with a double C-shaped grating metasurface is presented,
which achieves sound transmission and 360° phase coverage. Its performance is validated
through measurements, although issues like surface distortion and fabrication complexity
still exist [16]. A compact system is produced by employing high-order modes to transform
a single antenna element into an array. At 2.4 GHz, a patch antenna produces an OAM
beam that is circularly polarized in the right direction and has a topological charge of OAM
l = −1. Still, high-order modes often lead to more significant phase errors and reduced
mode purity [17]. A spider-shaped unit cell is designed to generate OAM modes using
a single-layer reflector that maintains high mode purity. The unit cell’s multi-resonance
characteristics enable a linear reflection phase response, allowing for broad bandwidth
OAM generation, but complexity arises with this in unit cell design and fabrication [18].
A dual-polarized reflectarray is proposed for generating dual OAM beams with minimal
inter-band interaction. Simulations and measurements confirm their feasibility, but there
are issues with element coupling, bandwidth limitations, and the absence of dynamic beam
control [19]. The compact reflectarray metasurface has a planar design, stability, and polar-
ization insensitivity. Though it has potential for development, its limited beam coverage
and low gain make it unsuitable for applications requiring high-performance beam shaping
or wide-area coverage [20]. A compact cascaded metasurface system is introduced for
efficient OAM vortex wave synthesis with customized SAM and polarization conversion.
Its design enhances integration and enables multi-mode OAM generation, but challenges
remain in alignment sensitivity and fabrication complexity [21]. The design integrates the
reflection polarization conversion metasurface with the propagation phase and employs a
low Q-factor C-shaped element. In addition to supporting linear and circularized polarized
waves, the recommended OAM generator exhibits extensive bandwidth coverage in the
microwave range, spanning from 12 to 18 GHz (40%) operations. Still, a broader bandwidth
can increase the overall susceptibility to phase errors and losses [22].

Although these metasurfaces are innovative and effective in their particular domains,
they face significant challenges in high gain, operational bandwidth, aperture efficiency,
flexibility, and the cost and complexity of their design and fabrication processes. Overcom-
ing these limitations is critical, and future research should focus on improving aperture
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efficiency and gain, achieving wider bandwidths, enhancing polarization versatility, and
simplifying manufacturing processes to achieve practical and cost-effective deployment in
real-world applications. This paper introduces a phase-shifting element design to enhance
the mode purity, gain, aperture efficiency, and operational bandwidth of an OAM reflectar-
ray antenna. The aperture phase distribution of the reflectarray vortex beam is precisely
controlled using a variable-size adjustment technique. At the center frequency of 30 GHz,
the proposed unit cell shows a low magnitude loss of −0.25 dB and achieves a phase range
of 440◦. Its symmetric structure enables dual-polarization functionality. Simulation results
confirm that the reflectarray achieves improved mode purity, high aperture efficiency, and
significant gain across a wide frequency range.

2. Element Design and Analysis

The dimensions of the reflectarray element are shown in Figure 1a shows the front
view of the element, highlighting its geometric configuration and planar structure, and
Figure 1b shows the side view of the element, highlighting the layer stack-up, including
metallic patch, the dielectric substrate, an air gap, and a ground plane. The element has a
periodicity (P) of 5 mm (λ/2 at 30 GHz) to ensure effective interaction with electromagnetic
waves. The air gap (H1) and the substrate thickness (H) are both 0.5 mm, contributing to
the overall phase response and ensuring structural stability. The parameters are defined as
follows: the patch width (Wp) is 0.28 mm, L = M − Wp, Lp is an adjustable parameter used
to achieve the desired phase shifts, and M = Lp − Wp. The elements are fabricated on an
FR4 substrate with a relative permittivity of εr = 2.65 and a low loss tangent (tan δ = 0.001),
supporting compact element design while maintaining wide bandwidth. The moderate
dielectric constant ensures efficient impedance matching and phase accuracy. At the same
time, the low-loss tangent minimizes dielectric losses, preserving signal integrity and
efficiency at high frequencies, making FR4 a suitable choice for Ka-band OAM vortex
beam generation.

(a) (b)

Figure 1. Unit cell geometry: (a) front view. (b) side view.

The electromagnetic properties of the reflectarray element are analyzed using ANSYS
HFSS 2023 R2 software. A comprehensive parametric analysis is performed to optimize
the element dimensions by changing the value of A from 3.5 mm to 5 mm. Figure 2 shows
the reflective phase and the magnitude loss of the unit cell dependent on the parameter
Lp at the center frequency. The analysis reveals that varying Lp allows the unit cell’s
phase response to be extended up to 440◦ with a −0.25 dB reflection loss. Therefore,
the proposed single-layer design achieves a reflective phase response greater than a full
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2π cycle, significantly enhancing the element’s linear phase bandwidth. The unit cell
bandwidth is determined by [23].

BW =
2( fu − fl)

fu + fl
, (1)

where fu indicates the highest frequency where the system operates effectively and fl

indicates the lowest frequency where the system operates effectively. Figure 3 shows the
phase and magnitude loss of the element at various frequencies. The phase response
curves at various frequencies are nearly symmetrical and show good linearity, a key feature
for wideband reflectarray design. So, it is essential to consider the reflecting phases and
magnitudes of the element under normal and oblique wave incidences. Figure 4 shows
the reflective phases and magnitudes of the element at various incidence angles. The
differences in reflective phases across these angles are minimal. As a result, the reflective
phase under normal incidence serves as the foundation for the reflectarray design.

Figure 2. Unit cell reflective phase and magnitude.

Figure 3. Unit cell reflective phase and magnitude at different frequencies.
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Figure 4. Unit cell reflective phase and magnitude at different incident angles.

3. Advanced Reflectarray Design and Evaluation Techniques

The geometry of the antenna goes through a structured process. First, element simula-
tions are performed to obtain the phase-shifting curve. Then, we select the focal diameter
ratio (F/D) and the feed position based on beam width and aperture size. After that, we
derive the compensated phase distribution using the aperture phase optimization. Finally,
we calculate the geometric parameters of the reflectarray by converting the compensated
phase into unit geometry with the help of the phase-shifting curve. We can fine-tune the
reference phase to optimize the array beam performance. This method designs a square-
shaped 10λ × 10λ dielectric reflectarray consisting of 20 × 20 elements at the Ka-band. The
overall design of the reflectarray antenna is illustrated in Figure 5.

Figure 5. Design of OAM generating reflective surface.

The structure comprises A × B elements, which are explained by a horn antenna for
operation. Here, A and B represent the number of elements along the X and Y axes. The
reflective phase for each ABth reflectarray element, required to produce an OAM vortex
wave, is determined as follows [24]:

δ(A, B) =
2π

λ

(√
x2 + y2 + F2 − F

)
+ l · arctan

( y
x

)
(2)
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Here, F is the distance between the geometric center of the reflecting metasurface and
the phase center of the horn, λ represents the free-space wavelength, and (x, y) is the unit
elements’ location coordinates. The variable l represents the preferred OAM mode number.
The aperture efficiency depends on the feed distance, and the reflectarray’s feed source
is a standard waveguide horn. Reducing F can reduce spillover loss but also reduce the
reflectarray’s illumination efficiency. To maximize gain, an optimal value of F is established
at 3λ. The designed unit structure’s phase shift is sufficient to generate a reflectarray that
produces OAM beams with the required mode and beam direction. To achieve OAM
modes (l = +1,+2,+3,+4) at 30 GHz, a software-based approach was used to calculate
the overall phase distributions for the reflectarray for all four modes.

4. Simulated and Measured Results

The simulated phase and magnitude of the electric field produced by the proposed
reflectarray are shown in Figure 6. In the reflection spectra, the phase patterns show a
complete 2π phase shift around the reflectarray’s center. In the meantime, the magnitude
distribution forms a characteristic doughnut shape with a central singularity, a key feature
of orbital angular momentum (OAM) vortex beams, confirming the predicted behavior of
the OAM modes (l = +1,+2,+3,+4). These results verify that the reflectarray successfully
produces the desired OAM vortex beam and demonstrates its ability to radiate an OAM
vortex wave efficiently in the specified mode.

Figure 6. Simulated E-field distribution of modes (l = +1,+2,+3,+4) at 30 GHz. (a) Phase
distribution. (b) Magnitude distribution.

The mode purity of each mode is shown in Figure 7. The mode purity was evaluated
using a numerical Fourier transform of the aperture phase function, as defined in [25]
below, to validate the accuracy of the proposed OAM waves:

Plq =
1

2π

∫ 2π

0
Ψ(ψ)e−klqψ dψ (3)

Purity =
|Plq |

∑∞
w=−∞ |Plw |

(4)

At an operating frequency of 30 GHz, the results of the simulations indicate impressive
mode purities: 97% for mode +1, 94% for mode +2, 88% for mode +3, and 84% for mode
+4. These confirm the generation of OAM waves for the modes (l = +1,+2,+3,+4).
Simulated phase and magnitude responses from 27 to 39 GHz are presented in Figure 8.
Furthermore, the purity of the mode consistently remains above 78% for the +1 mode
across a frequency range, highlighting the wideband performance of the proposed design.
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This demonstrates the design’s ability to generate high-purity OAM waves over a wide
range, as seen in Figure 9. Orbital angular momentum (OAM) waves are inherently resilient
to feed obstructions due to their helical phase fronts, which distribute phase and radiation
uniformly across the wave. This feature reduces the impact of localized disturbances
on mode purity, as the spiral structure effectively preserves the wave’s overall phase
coherence and energy integrity. As a result, the generated OAM modes maintain high
purity and performance, ensuring the precision and reliability of the system in advanced
communication applications.

(a) (b)

(c) (d)

Figure 7. Simulated OAM modes purity for the proposed reflectarray metasurfaces at 30 GHz.
(a) l = +1. (b) l = +2. (c) l = +3. (d) l = +4.

Figure 8. Simulated E-field response of the reflectarray for mode l = +1 at different frequencies:
(a) phase; (b) magnitude.
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Figure 9. Reflectarray-simulated OAM mode purity for l = +1 over 27–39 GHz spectrum.

Figure 10 shows the fabricated reflective metasurface designed with OAM mode
l = +1. (a) A perspective view highlights the overall structure, while (b) a close-in view
shows the unit cell patterns and fabrication intricacies. The prototype and measurement
setup is illustrated in Figure 11. Measured phase and magnitude responses from 27 to
39 GHz are presented in Figure 12, showing how well the proposed design performs
over a wide range of frequencies. The measured results exhibit a single-arm spiral phase
distribution, typical of orbital angular momentum (OAM) beams, and an intensity profile
displaying the characteristic doughnut-shaped pattern. This indicates that the reflectarray
continuously generates an excellent OAM beam over the entire frequency spectrum in
the +1 mode. The results confirm that the design is suitable for wideband OAM beam-
generating applications, as it maintains steady performance with decisive phase and
magnitude characteristics.

Figure 10. Fabricated model of reflective metasurface with OAM mode l = +1: (a) overall perspective
view and (b) close-up view.
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Figure 11. The measurement setup for OAM-generated reflective surface.

Figure 12. Measured E-field response of the reflectarray for mode l = +1 at different frequencies:
(a) phase; (b) magnitude.

Normalized radiation patterns at 30 GHz, derived from measurements and simula-
tions, are presented in Figure 13a,b. These patterns exhibit distinct conical beams in both
H-plane and E-plane, characterized by a pronounced null at the center. The 2D radiation
patterns show the significant orthogonal planes; the center null remains consistent across
the E-plane and the H-plane at the operating frequency.These results confirm the efficient
and reliable generation of the OAM +1 mode.
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(a) (b)

Figure 13. Analysis of simulated and measured 2-D radiation pattern at the center frequency: (a) H-
plane; (b) E-plane.

The measured gain and aperture efficiency of the proposed reflectarray at various
frequencies are presented in Figure 14. The reflectarray shows an exceptional performance
at 33 GHz, achieving a peak gain of 23.39 dBi. At this gain, the equivalent aperture efficiency
is 17.38%, indicating effective conversion of the available aperture area into radiated
power. Furthermore, the reflectarray achieves a wide OAM bandwidth of 40%, covering
a wide range of frequencies from 27 to 39 GHz. This extensive bandwidth highlights the
reflectarray’s ability to sustain consistent OAM mode generation and excellent performance
across a significant portion of the spectrum, making it suitable for various applications
within this range.

Figure 14. Measured gain and aperture efficiency at different frequencies.

Table 1 shows the performance of the proposed OAM reflective metasurface com-
pared to state-of-the-art OAM antennas. Previous studies, such as [15] (10 GHz), [18]
(5.75 GHz), [20] (5.8 GHz), and [26] (10 GHz), have primarily focused on generating OAM
beams in the microwave range. In contrast, this work advances OAM technology into
the millimeter-wave spectrum (27–39 GHz) to meet the growing demand for higher band-
width and resolution in applications such as 5G/6G networks and radar systems. While
the authors of [22] reported a 40% bandwidth at 15 GHz, the efficiency and gain remain
lower than this design’s. Similarly, ref. [27], operating at 30 GHz, targeted millimeter-wave
frequencies and achieved a bandwidth of 21.7% and a peak gain of 20.5 dBi, but the profile
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was very high. The proposed reflectarray offers a 40% bandwidth and a peak gain of
23.39 dBi while maintaining an aperture efficiency of 17.78%, ensuring stable and efficient
OAM beam generation across the Ka-band. Additionally, its low-profile structure provides
a compact and practical solution for high-frequency communication and sensing applica-
tions by enhancing phase stability and mode purity. The proposed metasurface effectively
bridges the gap between microwave and millimeter-wave OAM technologies, making it
well-suited for next-generation wireless and radar systems.

Table 1. Performance comparison: This work vs. existing OAM antennas.

Ref. Frequency
Antenna

Type
Element

Phase
Profile Mode

Mode
Purity

OAM BW Gain dBi
Aperture
Efficiency

[15] 10 GHz Reflectarray 400◦ 0.13λ0 1 N/A 20% 19.9 7.2%

[18] 5.75 GHz Reflectarray 750◦ 0.12λ0 1 50% N/A N/A N/A

[20] 5.8 GHz Reflectarray 377◦ 0.11λ0 1 N/A N/A 15.4 22.6%

[22] 15 GHz Reflectarray 360◦ 0.18λ0 1 N/A 40% 18.42 N/A

[26] 10 GHz Reflectarray 360◦ 0.10λ0 1 N/A 40% 20 14.35%

[27] 30 GHz Reflectarray 360◦ 0.5λ0 1 62.6% 21.7% 20.5 N/A

This Work 30 GHz Reflectarray 440◦ 0.10λ0 1 78% 40% 23.39 17.78%

N/A: not available; BW: bandwidth.

5. Conclusions

This work has developed a compact, low-profile reflectarray metasurface for wideband
OAM wave generation in the Ka-band. The innovative unit cell design, comprising square
loops with dipole cuts, achieves a 440◦ phase shift with negligible magnitude loss, enabling
efficient reflection and OAM beam synthesis. Experimental validation for the +1 mode
demonstrates exceptional performance, including a 40% bandwidth (27–39 GHz), a peak
gain of 23.39 dBi, and an aperture efficiency of 17.38%. The proposed reflectarray’s high
gain, wide bandwidth, and excellent mode purity position make it a promising solution
for advanced Ka-band applications, such as 5G/6G millimeter-wave communications,
satellite links, and radar systems requiring multiplexed OAM channels. Future work
will explore reconfigurable unit cells with tunable materials like liquid crystals, varactor
diodes, and graphene-based metasurfaces to enhance the reflectarray’s adaptability. These
advancements could enable real-time OAM beam tuning, frequency agility, and adaptive
mode selection, enhancing its versatility for wireless communication applications.
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Abstract: Absorption of electromagnetic waves in a broadband frequency range with polar-
ization insensitivity and wide incidence angles is greatly needed in modern technological
applications. Many methods using metamaterials have been suggested to address this re-
quirement; they can be complex multilayer structures or use external electronic components.
In this paper, we present a plasmonic metasurface structure that was simply fabricated
using the standard printed circuit board technique but provided a high absorption above
90%, also covering a broadband frequency range from 12.30 to 14.80 GHz. This plasmonic
metasurface consisted of structural unit cells composed of multiple split rings connected by
a copper bar. Analysis, simulation, and measurement results showed that the metasurface
also showed polarization-insensitive properties and maintained an absorption above 90%
at incident angles up to 45 degrees. The suggested plasmonic metasurface is a fundamental
design that can also be used to design the absorber in different frequency ranges and is
able to adapt well to being fabricated at various scales.

Keywords: metamaterial absorber; plasmonic metasurface; broadband

1. Introduction

Materials with unique electromagnetic (EM) properties that can be engineered are be-
ing extensively researched and applied in various fields of science and technology today [1].
Metamaterials are among these, produced by arranging meta-atoms according to specific
principles. We can develop a material structure with extraordinary EM characteristics that
cannot be found in natural materials [2]. Metamaterials with properties such as negative
permittivity (ε) or permeability (μ) have been studied in recent years and introduced in
numerous potential applications, including invisibility cloaking, super lenses, energy har-
vesting, wireless power transmission, and especially perfect EM wave absorption [3–6].
The metamaterial perfect absorber (MPA) is one of the remarkable applications of meta-
materials, made by designing material structures in such a way that, when interacting
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with EM waves, all or most of the incident waves are trapped and dissipated within the
structure [7,8].

Thanks to its unique properties, the MPA can be applied in various fields. For in-
stance, in sensing applications, MPAs can detect changes in the refractive index of the
surrounding environment [9]. In radar applications, they can absorb EM waves in the
Ku-band wavelength range, rendering objects invisible to military radar systems [10]. In
energy harvesting, they enhance the absorption and conversion of incident EM waves into
usable electrical energy [11]. Additionally, MPAs find applications in many other areas.
Research on different MPA structures is highly diverse, depending on specific applications.
The most fundamental and earliest studies focused on MPAs capable of fully absorbing
EM waves at a single designed frequency [12]. Subsequently, those capable of absorbing
waves at multiple frequency peaks were introduced as an extension of the single-peak
absorption type [13]. As the demand for practical applications grows, research on MPAs
has increasingly focused on designing absorbers with a wide absorption bandwidth across
a frequency range [14]. To realize broadband absorption, several MPA design approaches
have been proposed. Ullah et al. suggested external resistors to absorb energy, which
reduced the Q-factor of the metamaterial unit cell and broadened the absorption band-
width [15]. Zhang et al. proposed a multilayered metamaterial structure to extend the
absorption bandwidth, based on the principle of superposition [16]. Liang et al. utilized a
special material, a resistive film, to obtain the absorption over a frequency range from 4 to
24 GHz [17]. Several other studies by Feng et al. and You et al. utilized materials such as
Ti2C3Tx MXene or doped silicon to develop broadband MPA structures operating in the
THz frequency range [18,19].

One of the methods used to design the broadband MPAs is to use the spoof surface
plasmon polariton (SSPP) effect in the GHz and THz frequency range. Materials with
plasmonic effects have also been studied and found to have numerous applications in
the optical wavelength region [20]. The SSPP effect in metamaterial structures was first
proposed by Pendry et al. in 2004 [21]. Metamaterial structures that responded to EM waves
in the GHz and THz frequency range exhibited behavior similar to SSPPs in the optical
range [22,23]. The properties of SSPP, such as local field enhancement, strong dispersion,
and propagation characteristics in the deep subwavelength regime for application in
waveguiding, plasmonic circuits, conformal circuits, and diffractive neural networks, have
been extensively studied in recent years [24–28]. These properties were highly effective in
designing broadband metamaterial absorbers. Many broadband metamaterial absorber
structures have been proposed, based on the SSPP effects in metamaterials [29,30]. For
example, periodic arrangements of metallic strips with overlapping lengths were designed
to achieve the superposition of neighboring resonance peaks [31]. This resulted in a wide
absorption band for the metamaterial structure. However, these designs typically utilized
longitudinal arrays to obtain the superposition along the propagation direction of incident
EM waves. While this approach was highly effective in developing metamaterial structures
with wide absorption bands, it required the structures to be in a 3D form [32]. This made
them bulky and challenging to fabricate.

In this study, we propose a plasmonic metasurface design, based on the SSPP principle,
which operates entirely on a flat metamaterial surface. This structure is capable of absorbing
EM waves over a wide frequency range, from 12.30 to 14.80 GHz. The unit cell of the
plasmonic metasurface consists of multiple split rings that have a circular shape, providing
excellent responses to various polarizations and incident angles of incoming EM waves.
Notably, our plasmonic metasurface was fabricated using standard PCB technology without
specialized materials or external electrical components. The proposed structure was planar
and fabricated from circular copper strips on an FR4 dielectric substrate, making it easy
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to manufacture with high stability. With an absorption exceeding 90% across a wide
wavelength range in the Ku-band, this plasmonic metasurface has potential applications in
radar stealth, satellite communication, and spectral imaging.

2. Design and Analysis

The proposed plasmonic metasurface in this paper was composed of ten concentric
split rings with varying diameters (Ring-1 to Ring-10), as illustrated in Figure 1a. The entire
structure was fabricated as a three-layer configuration, where the top layer consisted of a
structure comprising ten concentric split rings to generate the SSPP effect. However, this
particular concentric ring structure was specially divided into four separate segments, and
the rings were interconnected by four metallic bars. Thanks to these connections, a portion
of the rings could simultaneously contribute to the generation of multiple resonance fre-
quencies when linked with other split rings of different diameters. The multiple resonance
frequencies, generated by these pairs of split rings, induced superposition, forming a broad
resonance band for the structure. Similar to the conventional MPA structures, this design
adopted a sandwich configuration, with a dielectric layer of FR-4 in the middle, having a
thickness of 3.2 mm, a dielectric constant of ε = 4.3, and a loss tangent of tan δ = 0.025. The
bottom layer was a continuous copper sheet that prevented EM waves from transmitting
through the structure [33].

Figure 1. (a) Schematic illustration of the plasmonic metasurface and its unit cell, and (b) high
absorption at various incident angles.

Figure 1b presents the simulated absorption spectrum of the proposed plasmonic
metasurface at some incident angles of EM waves for the TE mode, ranging from 0 to
45◦. The simulations were conducted using CST Studio Suite 2023 software with periodic
boundary conditions applied along the Ox and Oy directions to model the 2D metamaterial
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structure [34]. In the CST Studio Suite 2023 software, this boundary condition can be
selected by using the “unit cell” mode for the Ox and Oy dimensions, while “Et = 0” was
chosen for the Oz axis (Zmin) at the bottom of the unit cell. The opposite side (Zmax) was
configured in the “open” mode, serving as the wave source for the incoming wave. The
results indicated that the plasmonic metasurface exhibited an absorption exceeding 90%
within a broadband absorption range from 12.30 to 14.80 GHz.

The plasmonic metasurface, as illustrated in Figure 1, can be described in terms of
an equivalent circuit model based on the transmission line theory [35]. The plasmonic
metasurface is represented by a combination of circuit elements connected together, as
shown in the circuit diagram in Figure 2. The impedance of free space is represented by Zs.
Subsequently, the circular structure is modeled by the RLC circuits. The dielectric substrate
is represented by impedance Zd. Finally, the continuous copper layer on the backside of
the dielectric layer is considered a short-circuit component in the circuit model [36].

Figure 2. Equivalent circuit model for the plasmonic metasurface.

From the equivalent circuit, the input impedance of plasmonic metasurface can be
calculated by using the following formula:

ZIN =
ZPMZd

ZPM + Zd
. (1)

ZPM is the impedance of the circular structure of the plasmonic metasurface and is
calculated from the parallel RLC circuit components, as shown below.

1
ZPM

=
1

Z1
+

1
Z2

+ . . .
1

Zn
(2)

where
Zi = Ri + jωLi +

1
jωCi

(3)

with Ri, Li, and Ci as the resistance, inductance, and capacitance of the ith branch, respec-
tively. In addition, n is the total number of branches in the parallel circuit.

Consequently, the reflection coefficient of the plasmonic metasurface under the inci-
dence of an EM wave can be determined with the following expression:

Γ =
ZIN − Zs

ZIN + Zs
. (4)
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According to the transmission line theory, to obtain the minimum reflection coefficient,
the input impedance should match that of the free space, as mathematically expressed in
Equation (4). The input impedance of the plasmonic metasurface is composed of those of
the dielectric layer and the split circular structure. These split rings were positioned very
close to one another, resulting in coupling effects between them. This caused the plasmonic
metasurface to function similarly to a multilayer frequency-selective surface [30]. The final
outcome was the existence of a broad frequency band where the plasmonic metasurface
exhibited a low reflection coefficient and high absorption.

To further clarify the absorption characteristics of the plasmonic metasurface, we ex-
amined the response of the split-ring components within the structure. Figure 3a illustrates
the absorption characteristics of the structure formed by pairs of adjacent split rings in the
following order: Rings 1–2, 3–4, 5–6, 7–8, and 9–10, as depicted in Figure 1a. These paired
split rings present the absorption spectra with two resonance peaks in a range of 12.30 to
14.80 GHz. At both end frequencies, a high absorption of over 95% is shown. The results
indicate that, for the rings with smaller radii, the absorption peaks shift slightly toward
higher frequencies, which can be explained by the fact that the total length of the split ring
is shorter when the ring radius is smaller. It is noteworthy that the split-ring pairs can be
formed not only by adjacent rings but also by any arbitrary pairing of rings. Consequently,
a large number of coupled ring pairs can be generated. These coupled rings are capable of
strongly absorbing EM waves across different frequency ranges. As a result, the plasmonic
metasurface exhibits an overlap of multiple absorption peaks from various coupled ring
pairs, leading to a broadband absorption spectrum.

Figure 3. (a) Comparison of the absorption of coupled rings, and (b) surface current distribution on
the adjacent coupled ring.

Figure 3b presents the surface current distribution on a coupled ring at the resonance
frequency. It can be observed that strong currents flow on its surface, and notably, the
current directions on the two branches of the adjacent rings are opposite. This phenomenon
can be explained by the presence of a connected bar linking the two sections. To ensure a
continuous current flow within the structure, the current directions on the two branches
should be opposite. These results highlight the critical role of the connecting bars in this
structure. Without them, the split-ring branches in the two rings would act independently,
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not allowing the existence of multiple interconnected resonance peaks. This interconnection
is essential in forming a broadband absorption.

Two parameters, the strip width of ring (W) and the spacing between adjacent rings (S),
are critical factors in the design of the plasmonic metasurface structure. These parameters
influenced the coupling between neighboring rings as well as the overall length of split
rings, thereby determining both the resonance frequency and the absorption efficiency of
the structure. Therefore, we conducted an investigation on various values of W and S to
identify the optimal dimensions. Figure 4a illustrates the simulated absorption performance
of the plasmonic metasurface by varying the W value from 0.05 mm to 0.3 mm while
keeping all the other parameters constant. The results indicate that, at W = 0.1 mm, the
plasmonic metasurface shows an absorption exceeding 90% with the broadest frequency
bandwidth. Similarly, Figure 4b presents the corresponding results by varying the S value
from 0.05 to 0.3 mm while keeping the other parameters fixed. The results reveal that
the optimal absorption performance, exceeding 90% over a wide frequency range from
12.30 GHz to 14.80 GHz, is obtained when W = 0.1 and S = 0.1 mm. Therefore, we selected
W = 0.1 and S = 0.1 mm as the optimal dimensions for further studies. When observing the
results in Figure 4a,b, it can be seen that, as the values of S and W increase, the broadband
absorption region of the plasmonic metasurface becomes narrower. This phenomenon can
be explained by the fact that the broadband absorption region of the plasmonic metasurface
is formed, based on the overlap of the resonance regions of the split rings. When the
spacing between the split rings increases, this overlap is reduced, thereby narrowing the
broadband absorption frequency range as well as the absorption itself.

Figure 4. Comparison of the absorption of plasmonic metasurfaces with structural parameters
L = 18.7, Rout = 7, and FR-4 thickness tsub = 3.2 mm. (a) S = 0.1 and W = 0.05–0.3 mm. (b) W = 0.1 and
S = 0.05–0.3 mm.

To better understand the underlying mechanisms responsible for the broadband ab-
sorption of the plasmonic metasurface, it is critical to examine the distributions of the E-field
and surface current within the structure. Figure 5a–c provide a detailed visualization of the
E-field distributions across the plasmonic metasurface at three representative frequencies:
12.5, 13.5, and 14.5 GHz. The components of this field represent the absolute value of the
E-field on plane z = 0. The directions of the field are not considered here. Instead, we focus
on observing the direction of the surface current flow within the structure later. It should
be noted that, at all three frequencies, the metasurface showed an absorption exceeding
90%, as in Figure 4, highlighting its efficiency in capturing EM energy. However, the
spatial distribution of the E-field reveals significant variation depending on the frequency,
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indicating that different regions of the metasurface contribute dominantly to the absorption
at different frequencies.

Figure 5. (a–c) E-field intensity distributions in the plasmonic metasurface at various frequencies.
(d–f) Analysis on the surface current distribution of the plasmonic metasurface at the specific fre-
quencies corresponding to the investigated E-field distributions.

At a frequency of 12.5 GHz, which corresponds to a wavelength of approximately
24 mm, the strongest E-field concentration is observed at the outermost cut circular seg-
ments of the plasmonic metasurface structure. These regions, located at the periphery of
design, act as hotspots for field enhancement and play a critical role in the absorption pro-
cess at lower frequencies. As the frequency increases to 13.5 GHz (wavelength ~ 22.2 mm)
and further to 14.5 GHz (wavelength ~ 20.6 mm), the regions of maximum E-field intensity
progressively shift inward, focusing on the smaller-diameter split rings closer to the center
of the structure. This inward movement of the E-field intensity with an increasing frequency
suggests a frequency-selective interaction between the EM wave and structural elements of
the plasmonic metasurface, highlighting the role of geometric scaling in determining the
resonant behavior of different regions. The results of the field distribution, which depend
on the positions of the split rings within the unit cell, can be explained by the fact that each
split ring with a different length resonates at a different frequency of the incident EM wave.
The relationship between the length of the split ring and its resonance frequency can be
expressed by the following formula [37]:

fij =
c
√

i2 + j2

2L√εeff
(5)

where i and j are integers (0, 1, 2. . .), i2 + j2 �= 0, and εeff is the effective dielectric constant.
Based on Equation (5), the operating frequency of the structure is inversely propor-

tional to the length of the split ring. Therefore, the split rings located on the inner side
respond to higher frequencies of the EM waves, and vice versa.
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In addition to the E-field distributions, Figure 5e,f present the surface current distribu-
tions within the plasmonic metasurface at the same frequencies. These current distributions
provide further insights into the physical mechanism that governs the broadband absorp-
tion. The regions exhibiting strong E-field intensities in Figure 5a–c are found to correspond
to the areas with significant surface currents. Notably, the current distribution reveals that
adjacent split rings form continuous current paths, resulting in a unique current flow pat-
tern. Specifically, the currents in neighboring loops flow in opposite directions, developing
localized magnetic dipoles that contribute to the absorption properties of the plasmonic
metasurface. These opposite current directions are a direct consequence of the structural
design with connecting bars.

A key feature of the metasurface design is the presence of connecting bars at the ends
of split rings. These connecting bars play a crucial role in enabling current flow between
adjacent rings. This connectivity facilitates the coupling and overlapping of resonances
between different structural elements, thereby enhancing the capability of the metasurface
to absorb EM waves across a wide frequency range. The coupling effect, combined with
the structural geometry of the split rings, leads to the formation of multiple absorption
peaks that overlap, resulting in the observed broadband absorption.

3. Experimental Verification for the Proposed Plasmonic Metasurface

The proposed plasmonic metasurface, which was analyzed above, was fabricated
as shown in Figure 6. The metasurface consisted of a 10 × 10 array of unit cells, as
described here and in Figure 1, with the following parameters: D = 187 mm, L = 18.7 mm,
Rout = 7 mm, W = 0.1 mm, and S = 0.1 mm. The plasmonic metasurface was fabricated
by using the standard PCB technology on an FR-4 substrate with a thickness of 3.2 mm.
The copper layers on both the top and bottom surfaces of the structure had a thickness of
0.035 mm and conductivity of 5.96 × 107 S/m. FR-4 is a highly durable material resistant
to environmental factors such as mechanical, temperature, and chemical factors, while
the copper layer, manufactured by using the standard PCB technology, exhibits excellent
adhesion to the FR-4 substrate. This method is widely employed in the fabrication of
electronic circuits and antennas owing to its high durability [38]. The structure comprised
only three layers, and with the dimensions of the unit cell as specified above, it was
relatively straightforward to fabricate. This simplicity is one of the advantages of the
proposed plasmonic metasurface by utilizing the SSPP effect, compared to multilayered
or 3D structures commonly employed in MPA designs. The overall size of the fabricated
plasmonic metasurface was 187 × 187 mm. The detailed geometrical parameters of the
proposed plasmonic metasurface are presented in Table 1.

The plasmonic metasurface was characterized by using a Rohde & Schwarz ZNB20
Vector Network Analyzer (VNA) and a pair of wideband antennas operating in a frequency
range of 12 to 18 GHz, as shown in Figure 7. The two antennas were connected to the
two ports of the VNA, enabling the transmission of EM waves toward the structure and
the reception of reflected waves. After the calibration process of the VNA, the reflection
coefficient (S11) of the plasmonic metasurface was determined through the transmission
coefficient (S21) from the transmitting antenna to the receiving one. Since the back side
of the structure consisted of a continuous copper layer, EM waves could not transmit
through the structure, and the absorption of the plasmonic metasurface was calculated
by employing formula A = 1 − |S11|2. To measure the incident angle dependence of the
plasmonic metasurface, the two antennas were rotated and moved along an arc-shaped
support, ensuring that the incident angle θi equals the reflection angle θr.
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Figure 6. Fabricated plasmonic metasurface and its unit cell.

Table 1. Geometrical parameters of the plasmonic metasurface.

Structure Parameters Value

Unit-cell periodicity (L) 18.7 mm
Dielectric thickness (td) 3.2 mm
Dielectric constant (ε) 4.3
Loss tangent (tan δ) 0.025
Metal thickness (tm) 0.035 mm

Width of metal trace (W) 0.1 mm
Spacing between turns (S) 0.1 mm

Outer radius (Rout) 7 mm
Number of rings (n) 10

Total size of plasmonic metasurface 187 × 187 mm

Figure 7. Experiment setup for measuring the absorption of the proposed plasmonic metasurface.

Figure 8a presents the measured absorption performance of the plasmonic metasurface
for the TE-polarized waves at incidence angles ranging from 0 to 45◦. The results demon-
strate that the plasmonic metasurface realized an absorption over 90% of the incident wave
within a frequency range of 12.40 to 14.75 GHz. At larger incidence angles, the absorption
bandwidth becomes broader (e.g., 12.10 to 14.90 GHz at 45◦) compared to smaller incidence
angles. This could be attributed to the parallel component of the EM waves interacting
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with the plasmonic metasurface in a manner similar to 3D structures, where metal bars
aligned with the direction of the incident EM wave contributed to the absorption. When
compared to the absorption spectrum obtained from simulations, the measured values
exhibit some discrepancies. However, the broadband absorption characteristic and high
absorption exceeding 90% of the plasmonic metasurface are still preserved. The observed
differences might stem from the fabrication process of the plasmonic metasurface, since
small fabrication errors can influence the interactions between the split rings in the unit cell
structure. Nevertheless, these interactions might compensate for each other, ensuring that
the quality of the absorption spectrum of the plasmonic metasurface is not significantly af-
fected. Moreover, the discrepancies might also derive from the measurement process, since
we used a VNA to measure the reflection coefficient (S11) of the plasmonic metasurface,
from which the absorption performance was calculated. The antennas might have been
placed at slightly misaligned positions, and certain unavoidable unwanted interactions
could also contribute to these differences.

Figure 8. Measured absorption of the plasmonic metasurface at various incident angles for the (a) TE
and (b) TM modes.

Figure 8b illustrates the absorption performance of the plasmonic metasurface for TM-
polarized waves. Due to the design of the circular unit cell of the structure, the symmetry
is relatively high, resulting in an absorption spectrum for the TM waves, which is quite
similar to that of the TE mode. The metasurface provided an absorption over 90% in
a frequency range of 12.40 to 14.90 GHz for the TM-polarized waves. Naturally, slight
differences between the TE and TM modes remained, attributed to the inherent properties
of the metasurface and the measurement inaccuracies discussed above.

For both TE and TM modes, the absorption spectrum is not completely flat at a level
of 90% across the frequency range. Instead, it reaches 99% at certain frequencies for all
incident angles. This behavior can be explained by the unequal interaction of the split-
ring pairs forming the metasurface. Nevertheless, the lowest absorption level remains
above 90%, making the metasurface suitable for applications requiring a high absorption
efficiency.

4. Discussion

Metamaterials with ring and split-ring structures have been extensively studied for
broadband absorption applications, yielding significant results [39–44]. However, the
achievement of broadband absorption in previous studies often required the use of external
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electrical components, multilayer structures, or specialized materials. For instance, in
Ref. [39], Li et al. obtained an absorption exceeding 90% at incident angles from 0 to 30◦

within a frequency range of 7.93 to 17.18 GHz using a double octagonal ring structure.
However, this design necessitated the integration of four resistors into each unit cell,
where the resistors functioned as energy absorption points, contributing to the broadband
absorption performance of the structure. Similarly, in Ref. [40], the proposed absorber
prototype demonstrated an absorption exceeding 80% across a frequency range of 5.46
to 14.75 GHz, with an incident angle tolerance up to 30◦. To achieve this result, the
metamaterial absorber was fabricated as a multilayer structure, incorporating two layers of
double split-serration rings (DSSRs) sandwiched between three layers of modified epoxy
with varying thicknesses. Additionally, several other structures have been proposed for
broadband absorption. However, these designs typically required the use of four resistors
per unit cell [41,42] or even eight ones per unit cell [43]. In cases where resistors are
not employed, the proposed structures tended to rely on multilayer configurations and
specialized materials, such as indium tin oxide combined with air gaps [44].

In other studies [45,46] that did not employ external electrical components or special-
ized materials, achieving broadband absorption still remained challenging. Instead, these
studies often resulted in multi-peak absorption [45]. Occasionally, broadband absorption
was achieved; however, the absorption bandwidth was typically less than 1 GHz [46].
In contrast, our proposed plasmonic design features a simple configuration based on a
metal—dielectric–metal structure. The top copper layer was fabricated by using the stan-
dard PCB technology, which was highly straightforward and ensured high reproducibility.
No resistors or external components are required in this plasmonic metasurface. Conse-
quently, our proposed design achieved a broadband absorption within a range of 12.30 to
14.80 GHz. When compared to the previous results that used lumped elements/multilayer,
our reported relative absorption bandwidth of 18.45% is indeed narrow. However, when
compared to the publications without the use of lumped elements/multilayer, the 18.45%
bandwidth is significantly larger, since the previous publications have reported values
of 1.18%, 2.46%, and 6.46%, respectively (see Table 2). This approach offers significant
advantages in terms of compactness, ease of fabrication, and cost-effectiveness. A detailed
comparison of the performance of this work with previous studies is presented in Table 2.

Table 2. Comparison of the absorption performance with other works.

Ref.
Bandwidth

(GHz)

Relative
Absorption
Bandwidth

Absorption
Lumped

Elements/
Multilayer

Polarization
(Both TE and

TM?)

Incident
Angle

[39] 7.93–17.18 73.67% >90% Yes/No Both 0–20◦

[40] 5.46–14.75 91.93% >90% No/Yes Both 0–30◦

[41] 6.80–11.80 53.76% >70% Yes/No Both 0–30◦

[43] 6.70–20.58 101.75% >90% Yes/Yes Both 0–30◦

[44] 6.21–19.31 102.66% >90% No/Yes Both 0◦

[45] Peaks at 14.50,
16.50 n/a >90% No/No Both 0, 45◦, 90◦

[46]
11.21–11.49 2.46%

>90% No/No Both 0–45◦13.92–14.85 6.46%
17.66–17.87 1.18%

This paper 12.30–14.80 18.45% >90% No/No Both 0–45◦
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5. Conclusions

This study proposes a plasmonic metasurface structure capable of absorbing over
90% of EM waves in a broad frequency range from 12.30 to 14.80 GHz. Simulation and
experimental studies demonstrated that the plasmonic metasurface maintained a high
absorption and wide bandwidth for both TE and TM waves, for incident angles up to 45◦.
Notably, the broadband absorption was obtained without the use of external elements
such as resistors or specialized materials. The structure was 2D and was easily fabricated
using the standard PCB technology. Due to its simple and compact design, the plasmonic
metasurface also exhibited high durability and was more practical for implementation
compared to previously proposed structures that relied on complex fabrication techniques.
Given its advantages, the plasmonic metasurface has potential for various applications,
including radar stealth technology, satellite communications, surveillance radars, and many
other promising fields.
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Abstract: Silicon photonics is the leading platform in photonic integrated circuits (PICs),
enabling dense integration and low-cost manufacturing for applications such as data com-
munications, artificial intelligence, and quantum processing, to name a few. However,
efficient and polarization-insensitive fiber-to-PIC coupling for multipoint wafer characteri-
zation remains a challenge due to the birefringence of silicon waveguides. Here, we address
this issue by proposing polarization-insensitive grating couplers based on subwavelength
dielectric metamaterials and metaheuristic optimization. Subwavelength periodic struc-
tures were engineered to act as uniaxial homogeneous linear (UHL) materials, enabling
tailored anisotropy. On the other hand, particle swarm optimization (PSO) was employed
to optimize the coupling efficiency, bandwidth, and polarization-dependent loss (PDL).
Numerical simulations demonstrated that a pitch of 100 nm ensures UHL behavior while
minimizing leaky waves. Optimized grating couplers achieved coupling efficiencies higher
than −3 dB and a PDL of below 1 dB across the telecom C-band (1530–1565 nm). Three
optimization strategies were explored, balancing efficiency, the bandwidth, and the PDL
while considering the Pareto front. This work establishes a robust framework combining
metamaterial engineering with computational optimization, paving the way for high-
performance polarization-insensitive grating couplers with potential uses in advanced
photonic applications.

Keywords: polarization; grating coupler; subwavelength; particle swarm optimization;
silicon photonics

1. Introduction

Along with electronics, which revolutionized the last century, photonics is becoming
one of the technological pillars that will face current and forthcoming challenges for hu-
manity. Among these challenges is the exponential growth of data every year, accelerated
in recent years by the explosion of artificial intelligence [1–3], which in turn significantly
increases energy consumption and raises concerns about the environmental sustainability
of current infrastructures [4,5]. In this regard, light can address this challenge by encod-
ing information in its “unlimited” bandwidth, thereby providing much more efficient
energy consumption per bit [6–9]. Hence, to leverage light’s benefits, photonic integrated
circuits (PICs) pose a suitable technology to reduce costs, allow for dense integration,
and implement different functionalities in the same system [10–15]. Among the differ-
ent PIC platforms, silicon photonics is currently the most versatile due to its excellent
electronic/optical integration and scalability, achieved by taking advantage of the com-
plementary metal–oxide–semiconductor (CMOS) fabrication processes of the micro- and
nano-electronic industry [16–18]. Moreover, the high refractive index contrast (Δn ≈ 2)
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between silicon (Si) and silicon dioxide (SiO2) allows us to confine light in silicon wires with
submicron cross-sections. Hence, a large number of emerging and disruptive applications
have been demonstrated using silicon photonics, such as quantum processing [19–21],
neuromorphic computing [22–25], LiDAR [26,27], and data communications [28], to name
a few.

However, silicon photonics still faces some challenges that need to be addressed. The
feasibility of efficient, versatile, and polarization-insensitive fiber-to-PIC coupling remains
an open question due to the strong birefringence exhibited by silicon waveguides. Several
coupling strategies have been proposed based either on edge or vertical coupling [29]. In the
first case, the light is coupled by aligning the fiber and the waveguide on the lateral sides of
the PIC using spot size converters [30–33]. In the latter, the fiber is positioned vertically to
the top surface of the PIC, and the light beam is coupled to the silicon waveguide by varying
the refractive index on the PIC surface using a device coined as a grating coupler [34–41].
Although edge coupling approaches provide low optical losses and negligible wavelength
and polarization losses, alignment is critical. They are not as versatile as grating couplers.
Therefore, grating couplers are the most popular solution since the structure integrates
seamlessly into the PIC and can be placed at any chip position, facilitating multipoint wafer
testing. However, the simplest forms suffer from polarization dependence loss (PDL) caused
by their phase-matching operation, thereby limiting the system performance and stability
against polarization fluctuations.

Therefore, efficient polarization-insensitive grating couplers for a silicon photonics
platform are highly appealing [42]. Some approaches based on polarization diversity have
been proposed in which a 2D grating coupler can be seen as a superposition of two or-
thogonally oriented 1D gratings [43–46]. However, on-chip light is polarized only along a
particular axis. Usually, this approach increases the footprint of the PIC. More recent work
has harnessed subwavelength dielectric structures [47–49]. A wide variety of subwave-
length structures have been harnessed for free-space optics, such as metasurfaces [50–52].
In this case, such periodic structures behave as lossless metamaterials exhibiting a con-
trolled and tailorable degree of anisotropy [53–55]. However, higher design flexibility
comes at the cost of a larger design space, making finding the optimal geometrical param-
eters challenging. In this context, many optimization methods have been employed in
nanophotonic devices, offering routes to leverage their full design potential [56].

In this work, we show through numerical simulation the potential of combining such
dielectric metamaterials with a metaheuristic optimization method such as particle swarm
optimization (PSO) [57] to achieve efficient coupling and polarization-insensitive grating
couplers on the silicon-on-insulator (SOI) platform. We provide a comprehensive analysis
to determine under what conditions Si/SiO2 subwavelength periodic structures can be
approximated to uniaxial homogeneous linear (UHL) materials. Moreover, considering the
Pareto front, different configurations and strategies using the PSO algorithm are reported
to benefit either the PDL or the coupling efficiency.

2. Principle of Polarization-Insensitive Grating Couplers Based on
Subwavelength Si/SiO2 Metamaterials

In standard silicon grating couplers, the relation between the grating’s pitch and the
working wavelength is given by the phase-matching condition [29]:

Λ =
λ

ng − nc sin θ
(1)

119



Photonics 2025, 12, 428

where Λ is the pitch of the grating, λ the working wavelength, ng the effective refractive
index of the light in the grating, nc the refractive index of the cladding material, and θ the
angle of incidence of the light. The value of ng can be expressed as

ng = (1 − f )nwg + f netch (2)

where f is the fill factor of the etched region with respect to Λ, nwg is the effective refractive
index of the light in the unetched region of the slab waveguide, and netch is the effective
refractive index of the light in the etched part of the slab waveguide. The value of netch will
be higher for the fundamental mode of the transverse electric (TE) polarization than the
fundamental mode of the transverse magnetic (TM) polarization in silicon slabs. Hence,
PDL arises because the grating’s phase-matching condition (Equation (1)) cannot be fulfilled
for both polarizations and the same grating’s geometry.

To enable the fulfillment of the polarization independence condition in the grating
phase-matching equation [Equation (1)], the value of ng must be the same for both polar-
izations. Thus, the fill factor must fulfill the following conditions:

1
f
= 1 +

nTM
etch − nTE

etch
nTE

wg − nTM
wg

= 1 +
Δnetch
Δnwg

, (3)

restricted by 0 < f < 1 and Δnwg > 0. As is shown later, in metamaterial-engineered
grating couplers, it is possible to achieve (nTM

etch − nTE
etch) > 0 and thus a value for f between

0 and 1.
The proposed polarization-insensitive grating coupler is illustrated in Figure 1a. It

consists of a one-dimensional grating along the light’s propagation direction (z-axis) made
up of unetched and etched silicon regions. The etched regions comprise a periodic stack
with a Si/SiO2 subwavelength structure (x-axis) that behaves as a dielectric metamaterial
with UHL properties at a 1550 nm wavelength. Due to the UHL behavior of the periodic
structure, the equivalent refractive index for the TE, nxx, and TM, nyy, polarizations will be
different, as shown in Figures 1b and 1c, respectively. Moreover, the equivalent refractive
index can be tailored to specific values by playing with the pitch, ΛSWG, and the fraction
of SiO2, fSWG, within a period. Additionally, for this work, we considered a silicon-on-
insulator (SOI) platform with a 2 μm thick buried oxide layer (BOX), 1 μm thick cladding,
and a fiber angle of 10◦.

(b)

(a) (c)

Figure 1. (a) 3D illustration of the proposed metamaterial-engineered silicon grating coupler with
a polarization-insensitive response. The metamaterial is based on a subwavelength and periodic
Si/SiO2 stack. (b,c) Longitudinal cross-section of the grating coupler and the equivalent refractive
index of the metamaterial under (b) TE and (c) TM polarization.
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3. Applicability of Effective Medium Theory and Optimal
Silicon Thickness

To facilitate the design of the grating coupler through numerical simulations, it was
helpful to consider the subwavelength structure as a UHL medium. However, the effective
medium theory (EMT) employed to carry out this approximation may not capture certain
light phenomena, such as the formation of leaky waves at the interface of two media [58].
Therefore, it is convenient to analyze the impact of the subwavelength pitch in such terms.
To this end, we hereinafter focus on the isolated subwavelength metamaterial to analyze its
effective medium properties.

Let us consider a periodic structure formed by a stack of two materials with permit-
tivities of εA and εB, where light impinges perpendicular to the periodicity. Although the
structure in the grating coupler has a finite width, an infinite periodic approximation along
the x-axis is valid since the width of grating couplers (∼12 μm) is much larger than the
working wavelength (1.55 μm) [29]. The periodic structure is depicted in Figure 2a, where
a plane wave impinges perpendicular to a stack of material of thicknesses a and b with
permittivities of εA and εB, respectively. The stack is periodic along the x-axis with a pitch
of ΛSWG = a + b and extends infinitely along both the y- and z-axis. If the relation between
the pitch and the incident wave’s wavelength is small enough, then the periodic structures
act as a UHL material with the following permittivity tensor:

εSWG =

⎛
⎜⎝εxx 0 0

0 εyy 0
0 0 εyy

⎞
⎟⎠. (4)

Thus, the equivalent metamaterial behaves as a uniaxial crystal with different permittivities
depending on whether the light is TM-polarized, εyy (Figure 2b), or TE-polarized, εxx

(Figure 2c).

(a) (b) (c)

Figure 2. (a) Illustration of a plane wave with TE (Ex, Hy) or TM (Ey, Hy) polarization impinging
along the z-axis from an isotropic homogeneous medium to a subwavelength one formed of a periodic
stack of homogeneous materials with εA and εB permittivities. (b,c) Equivalent permittivity of the
subwavelength medium when the incident wave is (b) TM- and (c) TE-polarized.

The values of εxx and εyy can be calculated by solving the dispersion relation equation
of an infinite two-layer periodic structure [59–61]:

cos(kxΛSWG) = cos(kz,aa) cos(kz,bb)− Δ sin(kz,aa) sin(kz,bb) (5)

121



Photonics 2025, 12, 428

where
kz,a/b =

2π

λ

√
εa/b − εSWG (6)

and Δ depends on the polarization as

ΔTE =
1
2

(
εbkz,a

εakz,b
+

εakz,b

εbkz,a

)
(7)

and

ΔTM =
1
2

(
kz,a

kz,b
+

kz,b

kz,a

)
. (8)

Since the light propagates only along the z-axis, the term kx equals zero.
Equation (5) has no analytical solution, and numeric root-finding methods are nec-

essary. However, suppose the pitch–wavelength relation is small enough. In that case,
it can be accurately approximated to the zero order of a Taylor expansion by using an
EMT model such as the Maxwell Garnett model [62]. For this kind of structure, the ap-
proximations for both polarizations are the well-known Rytov’s formulas [63], given by
Equations (9) and (10) for TM and TE polarization, respectively. A second-order approxi-
mation can be utilized if the relation is not small enough. Nevertheless, obtaining the exact
solution by solving Equation (5) is preferred to obtain much higher accuracy.

εyy =
a

ΛSWG
εA +

b
ΛSWG

εB (9)

1
εxx

=
a

ΛSWG

1
εA

+
b

ΛSWG

1
εB

(10)

However, it is difficult to rigorously define the term “small enough” and thereby
approximate the metamaterial as an equivalent UHL medium. On the other hand, by using
Bragg’s condition, it can be proved that if the pitch fulfills

ΛSWG <
λ

max(
√

εA,
√

εB)
(11)

then diffraction is not allowed, and the light travels through the subwavelength structure
with a phase given by the dispersion relation expression [Equation (5)]. However, this does
not mean the subwavelength structure behaves as a homogeneous material. If Λ/λ → 0 is
not accomplished, leaky waves could arise at the interface, which could tunnel through the
grating structure if it is not long enough and affect its performance. Hence, the material
cannot be treated as homogeneous.

Setting a value of ΛSWG for which the subwavelength structure can be treated as
a UHL medium is not trivial. Here, we have analyzed the following aspects: (i) the
dispersion relation equation, (ii) the field profile inside the periodic structure, and (iii) the
transmittance/reflectance values when it is interfaced with a homogeneous material. In the
following analysis, we consider a stack comprised of Si (εr = 12.08) and SiO2 (εr = 2.085)
at λ = 1550 nm. Moreover, for the ease of calculations, the thickness of both layers is set to
a = b = ΛSWG/2.

3.1. Equivalent Refractive Index

The dispersion relation equation [Equation (5)] was first investigated by obtaining the
real solutions for both polarizations as a function of the pitch, thus yielding an equivalent
refractive index, neq. As shown in Figure 3a, for pitch values lower than λ/nSi = 445 nm,
only the zero order was allowed, in agreement with Equation (11), and the structure is in
the subwavelength regime. It has to be noticed that the lower the pitch, the higher the
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birefringence between the effective refractive index of both polarizations. As discussed
later, large birefringence values are beneficial for designing polarization-insensitive grating
couplers. When the subwavelength condition is not fulfilled, high-order modes begin to
arise. In contrast, when ΛSWG → +∞, all the solutions converge to plane waves.

A comparison between the rigorous solution given by Equation (5) and Rytov’s approx-
imation [Equations (10) and (9)] is shown in Figure 3b. As can be noticed, the approximation
was only accurate for pitch values lower than ∼100 nm. For higher values, it could only be
used to estimate the values of the equivalent refractive index.

Regarding the imaginary solutions corresponding to leaky waves, we observed dif-
ferences between those obtained from approximating the periodic stack as an equivalent
homogeneous material and solving Equation (5). In a homogeneous medium, the imaginary
solutions of neq are antisymmetric, i.e., neq,m = −neq,−m, where m is the mth imaginary so-
lution. However, in a periodic subwavelength medium, the solutions given by Equation (5)
are not antisymmetric and are only approximate when ΛSWG ≤ 100 nm.

(a) (b)

Figure 3. (a) Equivalent refractive index for TM- (solid line) and TE-polarized (dashed line) light as a
function of the subwavelength pitch, calculated using Equation (5). (b) Comparison with Rytov’s
approximation [Equations (9) and (10)]. Equivalent refractive index for both polarizations as a
function of the subwavelength pitch. Results were obtained for the different supported solutions at
1550 nm and for the Si/SiO2 stack.

3.2. Field Profile

Recalling Maxwell’s equations, a plane wave traveling through a homogeneous
medium has only one component in both the E- and H-fields, with a constant value
in the axis transverse (x-axis) to the propagation direction (z-axis). However, in a crosswise
subwavelength periodic medium, two components (transverse and longitudinal) exist in
the E- or H-field (depending on the polarization). The different profiles of the field com-
ponents were obtained by implementing the transfer matrix method (TMM) in MATLAB
2020a [61].

The transverse components for TE and TM polarizations are depicted in Figures 4a and 4b,
respectively, for different pitch values. The amplitude diminishes as the pitch is reduced,
making it negligible for pitch values lower than 100 nm, thereby approximating a plane
wave in a homogeneous medium.
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(a) (b)

Figure 4. Field profiles obtained by TMM for different values of pitch. (a) TM and (b) TE polarization.
Results are given for Si/SiO2 stack at λ = 1550 nm.

On the other hand, the impact of the longitudinal component can be visualized by
representing the ellipse of polarization. These ellipses are plotted for different pitch values
in Figures 5a and 5b for TE (Ex and Ez) and TM (Hx and Hz) polarization, respectively.
The ellipse was calculated at the interface of the Si/SiO2 stack. The interface point was
chosen since the longitudinal component attained its maximum value. As noted, for
both polarizations, the polarization ellipse tended to shrink as the pitch was reduced,
i.e., only the transverse component, as in a homogeneous medium, existed. Moreover,
for TE polarization, this was more pronounced than for TM polarization because in the
latter, Ez ∝ ε(x). On the other hand, the axial ratio was obtained as |φx/φz| and is depicted
in Figure 5c. For a plane wave, the axial ratio is infinity; however, in a subwavelength
medium, this is not accomplished, as noted.

(a) (b) (c)

Figure 5. Ellipse of polarization for (a) TE and (b) TM polarization as a function of the pitch. (c) Axial
ratio for both polarizations as a function of the pitch. Results were obtained for a Si/SiO2 stack at
λ = 1550 nm.

3.3. Interface with Homogeneous Material

A non-constant field along the x-axis must be considered when the subwavelength
structure is interfaced with a homogeneous material. To fulfill boundary conditions,
significant leaky waves may arise at the interface, thus making it inaccurate to treat the
periodic stack as a homogeneous material.

To analyze this behavior, we considered the previous SiO2/Si stack (medium II) inter-
faced with silicon (medium I). A plane wave traveled along the z-axis from medium I and
impinged to medium II. The field profile at the interface of Si and the Si/SiO2 stack and
each medium was obtained using the eigenmode expansion method [64]. In contrast with
other simulation methods such as the finite-difference time domain (FDTD), the utiliza-
tion of eigenmode expansion allowed for discrimination between the propagating modes
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(m = 0) and the leaky modes (m �= 0) and thus for gaining insight into the phenomena that
occurred within the structure. Calculations were carried out for both polarizations and
pitch values of 400 and 100 nm.

In Figure 6, the field distribution (x,z) is depicted for ΛSWG = 400 nm of the |Ey|
(Figure 6a) and |Hy| (Figure 6b) components for the TM- and TE-polarized waves, respec-
tively. As can be noticed, leaky modes at the interface perturb the adjoint wave between
the two media for both polarizations. However, for TE polarization, they extend fur-
ther along the z-axis. Such leaky modes arise to satisfy the continuous condition of the
tangential electric field at the interface between the two media. Therefore, if several ho-
mogeneous/subwavelength media are stacked along the z-axis, as in grating couplers,
leaky waves may interact with the propagated wave, giving rise to optical perturbations.
Consequently, the subwavelength medium cannot be approximated as being homogeneous.
In contrast, if the value of ΛSWG is reduced to 100 nm, leaky waves are negligible, as shown
in Figure 7, and thus, a homogeneous approximation can be accurate.

(a) (b)

Figure 6. Field profiles (propagated + leaky) obtained through eigenmode expansion and mode-
matching when a plane wave in a homogeneous medium made of Si (medium I) impinges into a
crosswise subwavelength structure made of a Si/SiO2 stack with a 400 nm pitch (medium II). The
final field is the superposition of the propagated mode with the leaky waves that arise at the interface
between mediums I and II. Results are given for (a) TM and (b) TE polarization at 1550 nm.

Therefore, based on these results, we chose ΛSWG = 100 nm for the design of our
polarization-insensitive grating coupler. Figure 8a shows the equivalent refractive index as
a function of the filling factor using the zero-order approximation given by Rytov. As can
be noticed, TM polarization exhibits a larger refractive index than TE polarization, which
could enable the fulfillment of the polarization independence condition of the grating
coupler. Moreover, the birefringence, Δn, can be as large as 0.8 for filling factors of around
40% and greater than 0.2 for almost the whole range (see Figure 8b).
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(a) (b)

Figure 7. Field profiles (propagated + leaky) obtained through eigenmode expansion and mode-
matching when a plane wave in a homogeneous medium made of Si (medium I) impinges into a
crosswise subwavelength structure made of a Si/SiO2 stack with a 100 nm pitch (medium II). The
final field is the superposition of the propagated mode with the leaky waves that arise at the interface
between mediums I and II. Results are given for (a) TM and (b) TE polarization at 1550 nm.

(a) (b)

Figure 8. (a) Equivalent refractive index and (b) associated birefringence, Δn, as a function of the
fill factor of the periodic structure. Results are given for a stack of SiO2/Si and were obtained using
Rytov’s expressions [Equations (10) and (9)].

3.4. Optimal Thickness of Silicon

The thickness of the silicon layer plays a vital role in a grating coupler’s performance.
A thick silicon layer provides a broader range of tunability in the equivalent refractive
index of the metamaterial. The best case or lower limit of the fill factor is given when Δnetch

attains its maximum value, i.e., when the subwavelength structure achieves the maximum
birefringence ( fSWG = 0.4). For the latter, the values of Δnwg and Δnetch are depicted as

126



Photonics 2025, 12, 428

a function of the waveguide thickness in Figure 9a. As the thickness increases from the
standard 220 nm, the difference between both increments decreases until it reaches around
320 nm. The associated minimum value of f is shown in Figure 9b. Thick waveguide
thicknesses may not be appropriate as they are highly multimodal and more sensitive to
environmental variations such as the temperature. Thus, considering this trade-off, we
chose 320 nm as the thickness for the silicon layer of the gratings. On the other hand,
regarding the upper limit of the fill factor, this is achieved when nTM

etch − nTE
etch = 0. For a

320 nm thick waveguide, this yields a fSWG value of between 7% and 99.6% (see Figure 8).
Finally, minimum feature sizes below 10 nm can be obtained by electron beam lithography
(EBL) [65,66] and are expected to be improved using photolithography in silicon photonic
foundries. Hence, the upper and lower bounds of fSWG were set to 0.1 and 0.9, respectively.

(a) (b) (c)

Figure 9. (a) Effective index difference and (b) minimum attainable value of the filling factor, fmin,
as a function of the waveguide thickness. Results are given for a stack of SiO2/Si of Λ = 100 nm
and fSWG = 40% at λ = 1550 nm. (c) Effective refractive index as a function of the fSWG value for a
320 nm thick slab waveguide with a core made of equivalent material to that of the aforementioned
subwavelength structure.

4. Achieving High Optical Performance via Particle Swarm Optimization

The phase-matching condition can be fulfilled for both polarizations using a large set
of fSWG values. However, each solution yields a different grating coupler performance.
Indeed, the diffraction strength, i.e., the amount of power that is diffracted due to the
impedance mismatch of different waveguides, is different for both polarizations. Figure 10a
shows the coupling losses between a 320 nm thick Si slab waveguide and a metamaterial
slab waveguide comprising the subwavelength structure as a function of the fSWG value.
The coupling losses are higher for TE polarization because it presents a more significant
impedance mismatch than TM polarization. The difference in the diffraction strength
is increased with the fill factor achieving its maximum at fSWG ≈ 85%, as shown in
Figure 10b. Hence, the optimization of each grating period should be carried out to ensure
the maximum performance.

As mentioned in the Introduction, in this work, optimization is based on the meta-
heuristic method of PSO. The flow chart of the implemented PSO algorithm is depicted
in Figure 11. This begins with the initialization of the particles that comprise the swarm.
The swarm consists of N particles, with each particle being M-dimensional. In our case, a
particle represents a grating coupler, for which the variables are fSWG, λTE, and λTM. The
wavelength values are set as variables for greater freedom during optimization. Then, the
following steps are repeated Imax times. First, the performance of the particles is evaluated
using the fitness, which assigns a cost to each particle. If each particle’s cost is better (lower)
than in the previous iteration, then the pBest (particle’s best) is updated. Moreover, among
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the particles, their positions are compared to the gBest (global best), saving the best particle
from all iterations. When the pBests and gBest are updated, if required, the velocity of each
particle is updated to obtain their new position.

(a) (b)

Figure 10. (a) Coupling losses and (b) increment between 320 nm thick Si and metamaterial waveg-
uides as a function of the subwavelength filling factor for both polarizations. Results are for a stack
of SiO2/Si of ΛSWG = 100 nm at λ = 1550 nm.

Figure 11. Flow chart of the PSO algorithm.

The velocity of the particles is calculated by using the following expression:

v(n,m)
i+1 = wiv

(n,m)
i + c1r1

(
g(m)

i − x(n,m)
i

)
+ c2r2

(
p(n,m)

i − x(n,m)
i

)
(12)

where w is the inertia weight that prevents the particle from drastically changing its
direction, c1 is the cognitive coefficient that is related to the memory of the previous best
position, c2 is the social coefficient and relates to the neighbors, r is a random number
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between 0 and 1 following a uniform distribution, x(n,m)
i stands for the current position,

and p(n,m)
i and g(m)

i are the particle’s best position and the global best position, respectively.
The coefficients c1 and c2 impose a trade-off between exploration and exploitation, i.e., the
ability to explore various regions of the search space or to concentrate the search around
a promising area, respectively. For instance, if c1 = c2 > 0, particles are attracted toward
the average of the personal best position and the global best position. On the other hand,
c2 > c1 is more beneficial for unimodal problems, whereas c2 < c1 is better for multimodal
problems. Then, the position is updated as

x(n,m)
i+1 = x(n,m)

i + v(n,m)
i+1 (13)

Every nature-inspired algorithm is not exempt from potential issues. The most com-
mon are related to convergence. For instance, the optimal solution can stick to a local
minimum, or the particle position goes out of the boundaries. Several solutions have been
proposed to tackle these problems [67]. Among them, in this work, we used the following
strategies:

• Usually, the positions of particles are initialized to cover the search space uniformly.
An efficient initialization method for the particle position is

x(n,m)
0 = xmin + r(xmax − xmin) (14)

• To control the global exploration of particles, velocities are clamped to stay within the
boundary constraints. The velocity clamping is defined as

v(n,m)
i+1 =

{
v(n,m)

i+1 if v(n,m)
i+1 < vmax

vmax if v(n,m)
i+1 ≥ vmax

(15)

where vmax = k(vub − vlb), with k being a constant between 0 and 1 and vup and vlb

the upper and lower boundaries of the velocity, respectively. On the other hand, if the
particle is about to go beyond the boundary limits, the velocity is set randomly to set
the next position of the particle within the boundaries.

• The inertia weight value is problem-dependent. A common strategy is to start with
a large value to facilitate exploration and linearly decrease its value to promote
exploitation. Thus,

wi = (w0 − wImax )
Imax − i

Imax
+ wImax (16)

where w0 = 0.9 and wImax = 0.4.
• PSO can find optimal solutions with a small population of between 10 and 30. In this

work, we employed 25 particles.
• Particles draw their strength from their cooperative nature and are more effective

when nostalgia (c1) and envy (c2) coexist in a good balance (c1 ≈ c2).

Table 1 shows the parameters utilized for all optimization cases.

Table 1. Summary of the PSO parameters used for optimization.

Iterations # of Particles c1 c2 w0 wImax k

150 25 2.05 2.05 0.9 0.4 0.1

The fitness of the solutions is assessed by defining a figure of merit (FOM) that
includes the following metrics: the coupling efficiency (CE), bandwidth (BW), PDL, and
PDL BW. The FOM gives a value that should be minimized in this case. Defining the right
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FOM is crucial to obtaining the best solution, and its definition depends on the required
specifications. However, one must keep in mind that trade-offs exist among these metrics,
and not all can be improved at the same time, known as the Pareto front, in which one
parameter or some parameters will not be improved without diminishing others [68].

High coupling, efficiency, and a large bandwidth are desired in a grating coupler.
However, there is a trade-off between them (2D Pareto front). Moreover, in a polarization-
insensitive grating coupler, the PDL and its bandwidth are included as extra parameters,
which extends the Pareto front to four dimensions. The dependence among the four
parameters is reflected in Figure 12.

Figure 12. Grating coupler parameters’ dependence.

This work considered using grating couplers to cover the telecom C-band (1530–1565
nm) while maximizing the coupling efficiency at 1550 nm. The number of grating periods
was fixed at 20. On the other hand, since the perfect coupler does not exist according to
Figure 12, three different FOMs were proposed depending on the critical parameter to
improve, while the others could be relaxed. The first FOM included all four parameters
[Equation (17)] and tried to balance them. The second one was focused on the coupling
efficiency, and the PDL and bandwidth constraints were relaxed [Equation (18)]. Finally, the
last FOM relaxed the performance at 1550 nm and aimed to cover the entire C-band with
PDLs of lower than 1 dB [Equation (19)]. The values of the PDL and CE were calculated
in dB and were obtained at 1550 nm, while the bandwidth had nanometer units and was
clipped to within the C-band wavelength range (35 nm).

FOM =
35

BWPDL PDL − 35
BWTE CETE − 35

BWTM CETM (17)

FOM = −
(

CETE + CETM
)

max(1, PDL) (18)

FOM = −
(

CETE + CETM
)( 35

BWPDL

)8
(19)

The PSO algorithm was implemented using an in-house script adapted to the RSoft
commercial simulation tool [69], which was employed to calculate the optical metrics of the
grating couplers using the 2D-FDTD method. Other numerical simulation tools combining
the FDTD method with a built-in PSO optimizer could be employed with the proposed
PSO settings and workflow.

130



Photonics 2025, 12, 428

For the first case, the evolution of the gBest fitness as a function of the iterations is
shown in Figure 13a. The cost of the gBest rapidly decreased in the first few iterations.
This behavior was attributed to the size of the swarm and the promotion of exploration.
Afterward, the cost decreased at a slow pace and converged from the 100th iteration.
The spectra for the gBest particle at the beginning and at the end of the optimization are
depicted in Figures 13b and 13c, respectively. At the beginning, the PDLs were very low
because of the low coupling efficiency for both polarizations (see Figure 12). For the final
spectra, the coupling efficiencies were increased from −7.5 dB to −4 dB while keeping the
PDL lower than 1 dB across the entire C-band.

(a) (b) (c)

Figure 13. (a) Fitness of the gBest as a function of the iterations. (b) Initial and (c) final spectra of the
gBest. Results correspond to FOM #1.

The optimized grating’s physical parameters can be found in the Supplementary
Materials. Most of the fSWG values were between 35% (35 nm) and 75% (75 nm). Thus, the
footprint of the structures was far from the e-beam lithography minimum feature size.

The algorithm converged in the first iterations for the second FOM, as seen in
Figure 14a. The initial spectra did not meet the requirement of having less than 1 dB
for the PDL at 1550 nm. Moreover, the coupling efficiencies were quite low (see Figure 14b).
These values were improved by the end of the optimization, as shown in Figure 14c. The
PDL was lower than 1 dB. However, the PDL bandwidth was narrower than in the first
case since this metric was not included in the FOM. Regarding the coupling efficiencies,
these suffered an increase of up to 5 dB, and values of as high as −2.5 dB were achieved
for TE polarization. The geometrical values of the optimized structures can be found in
the Supplementary Materials. In this regard, it would be feasible to fabricate these by
e-beam lithography.

Finally, for the third analyzed case, the PSO converged similarly to in FOM #1, as seen
in Figure 15a. Although the initial spectra met the requirement of having a PDL bandwidth
in the C-band with PDLs lower than 1 dB, the coupling efficiencies were relatively low (see
Figure 15b). After the optimization, the PDL requirements were still met, but the coupling
efficiencies improved by more than 5 dB, as shown in Figure 14c. The physical values
corresponding to the last FOM are summarized in the Supplementary Materials. As in
the previous designs, the values were within the boundaries, and the physical parameters
would be feasible to fabricate.
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(a) (b) (c)

Figure 14. (a) Fitness of the gBest as a function of the iterations. (b) Initial and (c) final spectra of the
gBest. Results correspond to FOM #2.

(a) (b) (c)

Figure 15. (a) Fitness of the gBest as a function of the iterations. (b) Initial and (c) final spectra of the
gBest. Results correspond to FOM #3.

The final metrics of the optimized gratings for the different FOMs are summarized
in Table 2. The final geometries of the optimized grating couplers are listed in the Supple-
mentary Materials. The overall best grating performance was achieved with the grating
corresponding to FOM #1. The grating of FOM #2 presented a better CE for TE polarization
but at the cost of a lower bandwidth and an increase in the PDL. Finally, the grating of
FOM #3 covered the entire C-band with a PDL lower than 1 dB but with slightly worse CE
values than FOM #1 since this parameter was not evaluated in this FOM.

Table 2. Comparison of the performance of the final gratings. Coupling efficiencies and PDLs are
given at λ = 1550 nm.

TE TM PDL

CE (dB) BW (nm) CE (dB) BW (nm) PDL (dB) BW (nm)

FOM #1 −3.96 35.0 −3.97 35.0 0.01 35.0
FOM #2 −2.79 35.0 −3.78 29.06 0.99 21.3
FOM #3 −3.70 35.0 −4.08 34.4 0.39 35.0

5. Conclusions

In this work, we have demonstrated the potential of polarization-insensitive silicon
grating couplers designed using subwavelength metamaterials and the PSO method. The
proposed approach achieved efficient coupling with a minimal PDL by leveraging the
anisotropic properties of Si/SiO2 subwavelength structures. Our numerical simulations
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confirmed that a 100 nm subwavelength pitch ensures UHL behavior in such subwave-
length structures by negating the influence of leaky waves. On the other hand, a silicon
thickness of 320 nm delivered a broad tunable range for the metamaterial’s fill factor. The
optimized grating couplers achieved coupling efficiencies exceeding −3 dB and a PDL
below 1 dB across the telecom C-band (1530–1565 nm). Three optimization strategies
were explored, revealing trade-offs between the coupling efficiency, bandwidth, and PDL
through Pareto front analysis. Moreover, our designs are compatible with standard CMOS
fabrication processes employed for silicon-based integrated photonics and coupler devices,
such as e-beam lithography and reactive ion etching [29].

Therefore, our work establishes a robust framework combining metamaterial engi-
neering with computational optimization, paving the way for advanced photonic devices.
The findings are particularly relevant for photonic applications in telecommunications,
quantum technologies, and artificial intelligence, where high performance and polarization
insensitivity are vital.

Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/photonics12050428/s1: Table S1: Geometrical grating coupler
parameters obtained for FOM #1; Table S2: Geometrical grating coupler parameters obtained for
FOM #2; Table S3: Geometrical grating coupler parameters obtained for FOM #3.
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Abstract: With global energy demand surging and traditional energy resources diminish-
ing, the solar absorber featuring optimized design shows substantial potential in areas like
power generation. This study proposes a solar absorber that is insensitive to wide-angle
incidence and polarization. It has a cylindrical structure with square holes, which is con-
structed from titanium nitride (TiN). The calculation results indicate that, for plane waves,
the average absorption of this solar absorber across the wavelength range of 300–2500 nm
reaches 92.4%. Moreover, its absorption rate of the solar spectrum corresponding to AM1.5
reaches 94.8%. The analysis of the characteristics within the electric and magnetic field
profiles indicates that the superior absorption properties arise from a cooperative reso-
nance effect. This effect originates from the interaction among surface plasmon resonance,
guided-mode resonance, and cavity resonance. In this study, the geometric parameters of
the solar absorber’s structure significantly influence its absorption performance. Therefore,
we optimized these parameters to obtain the optimal values. Even at a large incident
angle, this absorber maintains high absorption performance and shows insensitivity to the
polarization angle. The findings expected from this study are likely to be of considerable
practical importance within the realm of solar photothermal conversion.

Keywords: titanium nitride; solar absorber; finite element method; surface plasmon
resonance; solar photothermal utilization

1. Introduction

New energy is an important direction of current energy development. It is sustainable
and capable of offering stable energy support for the long-term progress of human society.
As a prime example of new energy, solar energy is not only clean and pollution-free but
also inexhaustible, which makes its position in the global energy structure increasingly
prominent [1–3]. Solar absorbers are of importance in the exploitation of solar photother-
mal energy. They effectively take in solar radiation and transform it into heat. During the
procedure of photothermal conversion, the surface plasmon resonance of metal materials
plays an important role. By optimizing the surface structure of metal materials, different
resonances are coupled, thus greatly improving absorption efficiency. Currently, solar
absorbers, e.g., metallic nanoparticle-based absorbers, graphene absorbers, and metamate-
rial absorbers, possess substantial application prospects such as desalination of seawater,
irrigation in agriculture, energy resupply in aerospace [4–7]. These advanced configu-
rations leverage nanoscale light-matter interactions to optimize solar energy harvesting
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efficiency [8–10]. Solar absorbers possess substantial application prospects in areas like de-
salination of seawater, irrigation in agriculture, as well as energy resupply in aerospace. It is
also evidenced that modifications in the polarization angle scarcely influence the absorption
performance. The findings expected from this study are likely to be of considerable practical
importance within the realm of solar photothermal conversion, effectively covering the
visible and infrared light bands, and showing certain polarization-independent charac-
teristics in the full-absorption band [11]. Elsharabasy et al. [12] engineered a broadband
metamaterial perfect absorber featuring a Au-TiO2-Au. This structure consists of concentric
arrangements made up of crossed ellipses and quadruple split-ring resonators [12]. Zhang
and colleagues [13] developed a broadband solar metamaterial absorber (BSMA). It spans
from 280 to 2500 nm, featuring a structure composed of patterned Si3N4-TiN, SiO2, and
Ti. The average absorption achieves 97.77%. Many studies show that solar absorbers
based on different materials and structural designs all exhibit significant light-absorption
performance. Although these metamaterial solar absorbers perform well in absorption
performance, and some even achieve high or even perfect absorption, their complex prepa-
ration processes and high costs limit their application in large-scale scenarios. Therefore,
finding simple materials that can achieve efficient solar energy absorption has become a
major challenge. Titanium nitride (TiN), as a newly synthesized artificial metal material,
not only has excellent optical properties, enabling it to efficiently absorb solar energy,
but also has good thermal conductivity, allowing it to quickly transfer heat energy and
achieve effective energy transportation [14–16]. Its melting point attains a value as high as
2950 ◦C. Additionally, its structure and properties exhibit stability at elevated temperatures.
Owing to its cost-effective production, this method has been extensively utilized in the
development of solar absorbers [17–21].

Columnar structures are widely used in solar absorbers. Yu et al. designed a broad-
band solar absorber composed of a TiO2-TiN nano-elliptical cylinder array, which achieved
an average absorption of 95.68% in the wavelength range of 360–1624 nm [22]. Chen et al.
proposed a solar absorber with a cylindrical array, which achieved a total solar absorption
of 94% in the wavelength range of 300–2500 nm, providing a reliable thermal management
solution for concentrated solar power systems [23]. We also focused on solar absorbers
with square hole structures. Gao et al. [24] designed a TiN square-ring superstructure
absorber. The thickness of the TiN square ring is 25 nm. It achieves an average absorption
of 95.69% in the wavelength range of 280–2500 nm, supporting wide-angle incidence, and is
insensitive to polarization. Song et al. [25] developed a four-layer metamaterial absorber of
Ti/Si3N4/Ti-SiO2, covering the wavelength range of 200–4200 nm with an average absorp-
tion of 98.16%. It had the characteristics of wide-angle insensitivity and high manufacturing
tolerance. Pan et al. proposed an ultra-broadband absorber based on the TiN rectangular
column-ring structure, which had an average absorption of 97.02% in the wavelength range
of 300–4962 nm and was suitable for photovoltaic and infrared imaging applications [26].
All the above designs with square holes have good absorption performance. We referred to
the above models and considered the manufacturing feasibility [27–29], so we controlled
the difference between the radius of the circumscribed circle of the square hole and the
radius of the cylinder to be approximately 30 nm. Therefore, we attempted to combine
the advantages of the two and add square holes to the columnar structure to see if its
performance can be improved. In addition, although TiN is widely used, most of the above
structures are about the combinations of multiple materials, and there are relatively few
studies using a kind of material just. Constructing the surface structure of an absorber with
one kind of material can not only exhibit excellent performance but also avoid problems
such as instability caused by the superposition of materials. Therefore, it is necessary to
conduct further research on TiN-based solar absorbers.
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In the present study, the finite-element method was employed to perform simulations
and proposed a solar absorber that uses only titanium nitride (TiN). By discussing the
absorption effect of 300–2500 nm plane waves and the absorptivity of the actual solar
spectrum, we analyzed its absorption performance of solar radiation. By comparing the
electric and magnetic field profiles, changes in local electric field intensity were identified,
and the mechanism by which the solar absorber achieves efficient absorption was clarified.
Meanwhile, the effect of geometric parameters on the absorber’s absorption characteristics
was taken into account. Furthermore, the influence of the incident angle and polarization
on the spectral absorption patterns was also analyzed. As a result, a thorough evaluation
of the solar energy absorption capability of the absorber was conducted.

2. Models and Methods

Considering the significant characteristics of titanium nitride (TiN), including its high
hardness, excellent chemical stability, and elevated melting point, TiN was chosen as the
material in this study. In terms of micro-nano structures, through extensive literature
comparison and analysis, we found that square-columnar and cylindrical solar absorbers
each exhibit unique advantages. The square-columnar structure provides higher light-
absorption efficiency due to its larger surface area, while the cylindrical structure is favored
for its lower manufacturing complexity. Based on these findings, we proposed an inno-
vative design that combines the advantages of these two structures, aiming to achieve
better photothermal conversion performance [30]. We conducted a detailed analysis of
the impact exerted by diverse structural parameters on the light-absorption efficacy [31].
Regarding the proposed structure, the finite-element approach was employed to optimize
the parameters [32–34] with the aim of improving the absorption performance and ex-
ploring the maximum possible absorptivity within the required wavelength range. All
geometric parameters were optimized based on COMSOL software (COMSOL 6.2).The
configuration of the proposed solar absorber is illustrated in Figure 1. After optimization,
the parameters are as follows: the height of the cylinder (h1) is equivalent to the height of
the square column(h2), h1 = h2 = 2000 nm, the diameter (D) of the cylinder is 200 nm, the
period (P) amounts to 300 nm, and the width (L) of the square-shaped column is 130 nm.

 
Figure 1. The proposed TiN absorber. (a) 3D view, (b) x–z view, and (c) x–y view.

Material parameters are of great importance in research. The refractive index and
the extinction coefficient together form the complex refractive index of the material. The
complex refractive index exerts a direct impact on the way light interacts with the material.
Consequently, it dictates the energy conversion efficiency of the solar absorber. In this
context, the real part (n), which denotes the refractive index of the light-absorbing medium,
is closely related to the velocity at which light waves propagate through the absorbing
material [35]. It influences the propagation path and the refraction of light within the
medium. The imaginary part (k) is governed by the degree of light wave attenuation during
its propagation through the absorbing medium, which is directly related to the material’s
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ability to absorb light. As presented in Figure 2, the data from reference [36] were employed
in our simulation process.

 

Figure 2. The refractive index and extinction coefficient values for TiN.

In this paper, the finite element method (FEM) is utilized to numerically simulate and
analyze the proposed solar absorber [37–39]. This method is widely applied to the calcu-
lation of solar absorbers. The unit-cell model of the proposed solar absorption structure
is depicted in Figure 3a. Above and below it, there are, respectively, an air layer and a
perfect matching layer. To save simulation time, we took one unit cell and performed a
parameter-sweep calculation in the 300–2500 nm spectrum range. A normally incident
plane wave was adopted as the light source. Due to the fact that the structure is a periodic
array, during the specific calculation process, a solitary unit cell featuring Floquet peri-
odic boundary conditions was employed [40,41]. To simulate an infinite surface, periodic
boundary conditions were applied to the walls in the x–z and y–z planes, as depicted in
Figure 3b. The periodic ports illustrated in Figure 3c are denoted by arrows. The light is
incident from the top through the specified periodic port, and a second port is added at the
bottom. The upper horizontal port functions as the inlet for the incident light and simul-
taneously serves to model the reflected light. In the meantime, the lower horizontal port
acts as the outlet port and is employed to simulate the transmitted light. In the simulation
calculation, the setting of the grid deserves special attention. To a large extent, the grid
determines whether the establishment and calculation of this model are reasonable. Since
the cylindrical structure model is relatively complex, a relatively detailed meshing was
carried out in this area. Looser meshes were adopted in the air and the perfectly matched
layer. This approach not only ensures the accuracy of the calculation but also guarantees a
reduction in computational costs [42,43]. Figure 3d outlines the grid used in the simulation
of this study.
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Figure 3. (a) The proposed structure, (b) Boundary conditions, (c) Port 1 and Port 2, (d) Mesh.

In the research of solar absorbers, theoretical calculations guide the final results. When
light strikes the surface of TiN (which has a complex refractive index n2 = n + ik) from air
(where the refractive index n1 is approximately 1), Maxwell’s equations, in combination
with the relevant boundary conditions, govern the values of the amplitude coefficients
for reflection and transmission. For vertically incident light, the reflection coefficient r is
determined by the complex refractive index [44,45]:

r =
n2 − n1

n2 + n1
. (1)

The reflectivity is R(λ):

R(λ) =
(n − 1)2 + k2

(n + 1)2 + k2
. (2)

Provided that the TiN substrate has sufficient thickness, the transmittance is close to
zero, that is, when T(λ) = 0, the light is completely reflected or absorbed. Therefore, the
absorptivity A(λ) [46] is

A(λ) = 1 − A(λ)− T(λ). (3)

Here, λ represents the wavelength of the incident light beam. To assess the practical
solar absorption capability of the solar absorber, we examined its practical absorption
characteristics by taking into account the AM1.5 solar irradiance spectrum [24]:

Iabs = A(λ) · IAM1.5(λ) (4)

Iloss(λ) = IAM1.5(λ)− Iabs(λ). (5)

Here, IAM1.5(λ) corresponds to the solar spectrum distribution under AM1.5 condi-
tions, Iabs denotes the absorption spectrum, and Iloss(λ) stands for the solar spectrum that
is lost. According to the computations in Equations (4) and (5), The ratio of the total solar
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energy absorbed to the energy within the solar radiation spectrum provides the amount of
energy that is actually absorbed [25]:

α =

∫ λ1
λ2

Iabsdλ∫ λ1
λ2

IAM1.5dλ
. (6)

Since solar energy is mainly concentrated in the wavelength band of 300–2500 nm,
λ1 = 300 nm and λ2= 2500 nm.

3. Results and Discussions

Figure 4a shows that the average absorptivity of this solar absorber within the wave-
length range of 300–2500 nm is 92.4%. Under the same conditions, the average spectrum
absorptions of the planar unstructured titanium nitride (TiN), columnar TiN, and the ab-
sorber proposed by us within the same wavelength range are 30.1%, 91.2%, and 92.4%,
respectively. In comparison, the absorber proposed by us has an average spectrum absorp-
tion more than three times that of the planar unstructured TiN. Since the materials used
for them are the same, this is entirely attributed to the structural optimization. After the
structural design, a remarkable enhancement occurs. This is attributable to the fact that
the periodic array of TiN structures gives rise to a matched impedance, which mitigates
solar reflection and substantially boosts solar absorption. Moreover, there exist four charac-
teristic absorption maxima in the vicinity of λ1 = 400 nm, λ2= 1100 nm, λ3= 1450 nm, and
λ4 = 2100 nm. The absorbance values at these wavelengths are 99.2%, 92.4%, 94.8%, and
99.1%, respectively. Additionally, by incorporating the AM1.5 solar radiation spectrum, we
examined the actual absorption rate of solar energy by the solar absorber. As illustrated in
Figure 4b, solar energy is predominantly distributed within the visible light spectrum, and
our absorber demonstrates optimal absorption performance precisely within this wave-
length band. At the 2500 nm wavelength band, the absorption of solar energy is nearly
negligible. Although the absorption of our absorber declines beyond 2500 nm, this does
not impact the overall actual absorption of solar energy. The spectrum absorptivity of the
solar absorber reaches 94.8%. It is evident that the energy loss is minimal, with the ratio of
energy loss to energy absorption being merely 0.052. This substantiates the superiority of
our designed structure and offers compelling evidence for its promising potential in solar
energy harvesting.

Figure 4. The absorption performance of TiN absorbers (a) Planar wave absorption for planar
unstructured TiN (black), columnar TiN (red), and the structural model (blue) (b) The absorption
spectrum of the absorber.
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In Table 1, we compare the absorption characteristics of TiN-based devices in prior
works [22,23,47,48] with those of the proposed structure in the manuscript. The proposed
design in this paper achieves a broad absorption band spanning 300–2500 nm. Refer-
ence [23] also reported the same range, while our structure exhibits a higher average
absorption of 92.4%. Notably, our structure eliminates complex multilayer configurations
(e.g., nanocone arrays in reference [47], cross-based layers in reference [48], or nano-elliptical
disks in reference [22]) and employs a simplified single-material TiN architecture. This
structural simplicity enhances the fabrication feasibility and provides potential application
for broadband absorption.

Table 1. Comparison of our designed absorption device with previous designs.

Reference Absorption Band Absorption Structure

[47] 400–1500 nm 99.6% TiN nanocone
array/Al2O3/TiN

[48] 300–900 nm 93% cross-based TiN/AlN/TiN

[22] 360–1624 nm 95.68% TiO2-TiN nano-elliptical
disk arrays

[23] 300–2500 nm 88% TiN cylinder
array/SiO2/TiN

proposed 300–2500 nm 92.4% TiN

The distribution of the electric field and the magnetic field inside the solar absorber
are shown in Figures 5 and 6. The absorber’s broadband absorption performance stems
from three resonance mechanisms, each supported by distinct electric and magnetic field
behaviors [49,50]. Surface plasmon resonance (SPR) is confirmed by the electric field inten-
sity near the cylindrical periphery (Figure 5a–d), which increases with wavelength, driven
by free electron oscillations on the TiN surface at shorter wavelengths [51,52]. When the fre-
quency of the incident light matches the collective oscillation frequency of the free electrons
on the metallic surface, a strong interaction will occur. This enables the light energy to be
effectively coupled into the absorber and converted into the kinetic energy of electrons.
Subsequently, the energy is dissipated in the form of heat energy through the processes,
thus achieving a high absorption. While the corresponding magnetic field in Figure 6a–d
shows localized hotspots near the same edge, spatially overlapping with electric field max-
ima. This coupling between SPR-induced electric dipoles and magnetic dipoles enhances
energy retention at metallic-dielectric interfaces. Guided mode resonance (GMR) manifests
in the electric field’s standing-wave pattern beyond 1100 nm (Figure 5e–h), where light
undergoes multiple reflections and interferences, extending its propagation path [53,54].
Correspondingly, the magnetic field in Figure 6e–h exhibits periodic oscillations along the
absorber, aligning with GMR’s phase-matched interference. Cavity Resonance (CR) plays a
critical role in enhancing the absorber’s energy localization, as evidenced by both electric
and magnetic field behaviors [48]. Figure 5a–d exhibits stronger field intensity compared to
its surface. This contrasts with the weakening field in the cavity’s periphery, a hallmark of
CR induced energy confinement. This phenomenon arises when the incident wavelength is
smaller than the cavity’s cutoff wavelength, trapping light within the cavity and amplifying
the field through resonant oscillations. Figure 6g,h reflects the influence of cavity resonance
(CR) on energy redistribution. At wavelengths below the cavity’s cutoff condition, the
magnetic field shifts toward the cavity interior due to confined modal profiles, further
corroborating CR’s role in vertical energy trapping. The absorber’s symmetric geometry
minimizes radiative losses, directing energy toward thermal dissipation. SPR enhances
surface coupling, GMR prolongs light-matter interaction, and CR localizes energy. Together,
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SPR, GMR, and CR optimize broadband absorption through correlated electromagnetic
field interactions.

 
Figure 5. Electric field distributions of the proposed solar absorber at the absorption peaks (a–d) top
view; (e–h) side view.

Figure 6. Magnetic field distributions of the proposed solar absorber at the absorption peaks (a–d) top
view; (e–h) side view.

Moreover, the geometric parameters of the structure of the solar absorber exert a
remarkable influence on its absorption capabilities. Therefore, each parameter in this struc-
ture was optimized individually to ensure that the final determined structural parameters
are optimal. Figure 7a shows that altering the height of the absorber’s cylinder significantly
impacts the absorption ratio. As the cylinder height increases, the absorption ratio also
increases, reaching its peak value when the height reaches 2000 nm. The change in height is
capable of significantly altering the light scattering pattern and propagation path. It has an
impact on the activation of surface plasmon polaritons and leads to a substantial variation
in the region of interaction with the incident light [55,56]. Consequently, it significantly
impacts the absorption performance. Furthermore, considering the cylinder’s diameter, as
illustrated in Figure 7b, the absorption performance reaches its peak when the cylinder’s
diameter is 200 nm. An appropriate diameter can better excite SPR and GMR phenomena,
thereby enhancing absorption [57]. Figure 7c illustrates the impact of the period (P) for
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the absorber regarding its absorption characteristics. When the period reaches 300 nm,
there is a remarkable enhancement in the absorption performance. However, as the period
increases, the improvement in absorption performance becomes slow, and there is even no
obvious increase. This implies that an augmentation in the period can boost absorption.
However, if the period is excessively large, it has a negligible effect on the absorption result.
Finally, Figure 7d illustrates the effect of the square column’s width on the absorption char-
acteristics. Clearly, as the width of the square column increases, the absorber’s performance
in absorption improves. Overall, alterations in the geometric parameters of the absorber
play a crucial role in determining its performance. The optimized structural parameters
provide guidance for the precision of the preparation process, aiming to maximize the
efficiency of the solar absorber [58].

Figure 7. Impact of geometric parameters on absorption properties: (a) The height h1 of the cylinder,
(b) the diameter D of the cylinder, (c) period P, and (d) the width L of the square column.

To investigate the relationship between structural dimensions and resonance modes,
cylindrical column height (h1) and square column width (L) were selected as observation
parameters. Figures 8a and 8b, respectively, depict the distribution of the electric field
diagrams corresponding to the absorption peak at 1840 nm along the red line when different
parameters are changed. As can be seen from the figures, at the titanium nitride metal-
dielectric interface at the edge of the square hole, the incident light excites the collective
oscillation of free electrons, leading to the enhancement of the local electric field and
significantly improving the light absorption [59]. As h1 increases, the effective optical
thickness of the waveguide layer increases and the supported guided mode resonance
wavelength experiences a red shift. At the same time, it can be observed that the square hole,
as a resonant cavity, concentrates the energy within the cavity, causing cavity resonance.
In Figure 8b, it can be seen that as L decreases, the local ability of the surface plasmon
resonance weakens and the cavity resonance gradually becomes less obvious, resulting in a
slight decrease in absorption [60]. In summary, the two parameters jointly optimize the
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synergistic effect of the guided mode resonance, cavity resonance, and surface plasmon
resonance, enabling the absorption rate at 1840 nm to reach its peak.

Figure 8. Absorption and electric field distribution: (a) The height h1 of the cylinder and (b) the
width L of the square column.

Through extensive comparisons with the existing literature [24–26] and meticulous
consideration of practical fabrication feasibility [27,28], we optimized structural parameters
under mutual constraints. Our design carefully addresses critical manufacturing limita-
tions including aspect ratio and vertical inclination. As demonstrated in references [61,62],
which exhibit high absorption performance with identical vertical inclination to our pro-
posed design, and their reported aspect ratios exceed 11. In contrast, our model adopts
a more manufacturable aspect ratio of 10, well within the achievable range of standard
fabrication processes. Furthermore, we incorporated the inevitable rounding of corners
during machining into our simulations. While maintaining a cylinder radius of 100 nm, we
ensured a minimum gap of approximately 30 nm between the circumcircle radius of square
apertures and cylindrical outer boundaries, resulting in a corresponding square pillar width
of 100 nm. Figure 9a presents comparative simulations with and without rounded corners
to mimic actual fabrication processes. Analysis confirms negligible variation in absorption
efficiency between these configurations, demonstrating our proposed solar absorber’s
exceptional tolerance to typical manufacturing imperfections. This robust performance
under practical fabrication conditions substantiates the design’s high technical feasibility
for scalable production.

Figure 9. Comparison of (a) square with and without corners and (b) square versus pentagram and
hexagram.
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To further validate structural superiority, we conducted a comparative analysis of
our square-aperture design with alternative geometric configurations as illustrated in
Figure 9b, including pentagram and hexagram patterns. Although these star-shaped struc-
tures theoretically offer enhanced surface areas under comparable fabrication precision,
experimental results reveal only negligible absorption enhancement relative to our orig-
inal design. Such marginal performance gains fail to justify the substantially increased
fabrication complexity arising from the multi-angle vertices inherent to these intricate
geometries [63,64]. Consequently, the square aperture configuration was selected as the op-
timal architecture, achieving an optimal balance between optical performance and superior
manufacturability [65].

As a broadband incoherent light source, the incident angle, polarization state, and
spectrum distribution of sunlight directly affect the performance of the absorber [66]. In
practical applications, sunlight does not directly irradiate the solar absorber vertically
but at different angles [67,68]. Therefore, in the design of the absorber, it is crucial to
consider the effect of the incident-light angle on absorption performance [69,70]. The
spectral absorption characteristics of both transverse magnetic (TM) waves and transverse
electric (TE) waves were analyzed under various incident angle conditions [71–73]. As
presented in Figure 10a, the spectrum absorption behavior for TM waves under various
incident angles is depicted. It is evident that when the incidence angle reaches 30◦, the
absorber’s average absorption ratio achieves 92.3%. Even when the angle of incidence
is relatively large, at 60◦, the absorption ratio remains at 77.1%. This maintenance of
performance implies that the absorber continues to exhibit a high-level absorption ability
at varying angles, signifying the stability of the absorber’s performance across different
angles. In a similar vein, the alterations in the spectrum absorption characteristics of TE
waves at diverse angles were also explored, and the findings are presented in Figure 10b.
At an incidence angle of 60◦, the average absorption for TE waves is 89.8%. Specifically,
the absorber can effectively capture and absorb both TE and TM waves, which gives the
absorber high angular sensitivity. Even as the incident angle of the light changes, the
alteration in absorption performance remains negligible [74]. Figure 10c further illustrates
the effect of the polarization angle on the spectrum absorption characteristics of the solar
absorber. Owing to the isotropic properties and high degree of symmetry in the designed
solar absorber structure, it demonstrates a high level of resistance to alterations in the
polarization angle. This indicates that regardless of changes in the polarization angle
of the incident light, the variations in the absorption characteristics of the absorber are
barely noticeable [75,76]. This further bolsters its adaptability within practical scenarios,
particularly in intricate lighting conditions, allowing it to uphold high efficiency.

Figure 10. (a) TM polarization, (b) TE polarization, and (c) variation in spectrum with
polarization angle.
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4. Conclusions

In summary, a wide-angle, polarization-independent metamaterial solar absorber,
made entirely of TiN, was proposed. Utilizing the finite-element method, the overall solar
absorption within the wavelength range of 300–2500 nm was determined to be 92.4% and
the absorption under the AM1.5 solar irradiance spectrum reached 94.8%. Analysis of the
electric and magnetic field distributions showed that the synergistic effect of SPR, GMR,
and CR enhances the light absorption efficiency of the absorber. Additionally, the effects
of the geometric parameters of the solar absorber on its absorption characteristics were
also investigated. Even at a relatively large incident angle of 60 degrees, the solar absorber
still maintains excellent performance and achieves an absorption of 89.8%. This paper
plays an exploratory role in the application of TiN materials in solar absorbers and in the
optimization of solar absorbers.
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Abstract: A dual-band tunable terahertz electromagnetically induced transparency (EIT)
metamaterial is introduced. The EIT metamaterial consists of two rectangular split rings,
two metal strips, and a patterned vanadium dioxide (VO2) located at the back. The rectan-
gular split rings serve as the bright resonator to generate two resonance valleys at distinct
frequencies. The metal strips act as the dark resonator and are indirectly activated via the
coupling influence of the bright resonator. The EIT metamaterial’s response mechanism
is analyzed via the field effect and the two-particle model, with theoretical fitting results
showing strong agreement with the simulation results. Moreover, VO2’s conductivity is
altered to dynamically control the EIT effect in both frequency bands. Two transparency
windows, with modulation depths of 70% and 75%, are observed as the conductivity
of VO2 decreases. Simultaneously, the simulation results reveal a favorable slow light
effect, with group delays reaching 51 ps and 74 ps at the transparency windows. The
proposed metamaterial holds considerable promise for future modulator, filter, and slow
light device applications.

Keywords: metamaterial; electromagnetically induced transparency (EIT) effect; vanadium
dioxide (VO2)

1. Introduction

The electromagnetically induced transparency (EIT) phenomenon results from de-
structive interference effects in quantum systems [1] and shows significant advantages in
achieving narrow and sharp resonances. It can eliminate materials’ medium absorption
during electromagnetic wave transmission, thereby creating a narrow transparent window
within a broad opaque spectrum. This process significantly enhances nonlinear magnetic
susceptibility [2] and is often accompanied by a slow light effect [3]. A more pronounced
slow light effect enhances light–matter interaction, thereby improving the performance
of optical devices. However, the traditional achievement of the EIT effect requires a sta-
ble pump light source and a low-temperature environment as strict test conditions [4],
which severely limits practical applications. The development of metamaterials has en-
abled the successful simulation and realization of the EIT effect, thus no longer relying
on traditional strict conditions. This progress provides new development opportunities
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for multiple potential application fields, including optical switches [5], biosensors [6], and
slow light devices [7].

The EIT effect arises from either bright–dark mode or bright–bright mode coupling [8].
Bright modes [9] can be easily activated by incident waves, while dark modes [10] cannot
couple directly with the incident waves. It is excited through indirect coupling with the
bright mode. Additionally, similar resonance frequencies are observed for bright and dark
modes, with differing quality (Q) values. Transparent windows emerge in metamaterials
composed of bright and dark resonators through mode coupling. Likewise, the EIT effect
arises from bright mode coupling.

Recently, the dynamically tunable EIT metamaterials have garnered significant at-
tention. By incorporating tunable materials into EIT metamaterials, the EIT effect can
be actively modulated [11]. Very recently, due to its excellent adjustability, vanadium
dioxide (VO2) has received increasing attention in related fields and has become one of the
most notable materials [12]. As the temperature increases, the VO2 lattice transitions from
monoclinic to tetragonal, causing a sharp rise in electrical conductivity. This transformation
is complete when the temperature reaches 340 K, marking the shift from an insulator to
a metal [13]. This temperature-induced phase transition makes VO2 an ideal material for
tuning the EIT effect in metamaterials. A metamaterial structure of VO2 as a terahertz
modulator in an insulating state was proposed by Wang et al. [14]. The EIT window peak
decreases as VO2 conductivity increases, and the EIT effect gradually disappears. Ning
et al. introduced a two-layer metamaterial structure with VO2 as its substructure [15]. The
EIT effect is observed when VO2 exhibits a metallic phase, whereas the disappearance of
the transparency window occurs when VO2 transitions to an insulating phase, demonstrat-
ing that controlling the temperature can tune and switch the EIT effect. However, these
studies predominantly focused on tuning a single EIT window, with limited exploration
of dual-band EIT tuning. With the increasing demand for multi-band tunable devices,
the research on dual-band EIT effects has become an important research direction. Chen
et al. reported a dual-frequency EIT effect VO2 metamaterial with modulation depths of
45.2% and 42.7% and group delays of 3.24 ps and 3.17 ps [16]. However, the relatively
low modulation depth and group delay significantly weaken the light signal processing
capability, affecting its performance in practical applications. Therefore, utilizing VO2 to
dynamically control the dual-band EIT effect while achieving a high modulation depth and
high group delay remains a significant challenge.

In this context, a dynamically tunable EIT metamaterial based on thin VO2 films has
been proposed, aiming to achieve dual-band EIT effects with a higher modulation depth.
The top layer of this metamaterial is constructed from two symmetrical rectangular split
rings (as the bright mode) and two metal strips (as the dark mode). The coupled bright–dark
mode generates transparency windows with high Q values of 102 and 80 at 1.02 THz and
1.15 THz, respectively. Meanwhile, the VO2 structure is added at the bottom layer of the
unit, and its conductivity is changed to achieve the simultaneous dynamic regulation of
the dual-band EIT effect. Modulation depths of 70% and 77% and group delays of 41 ps
and 74 ps are achieved, respectively, on the two transparent windows. The two-particle
model further illustrates the generation mechanism of the EIT effect and calculates the
theoretical transmission spectrum, which fits well with the simulation results. The proposed
metamaterial holds great potential for making significant contributions to the evolution of
modulators, filters, sensors, and slow light devices.

2. Structure Design and the Material Properties of VO2

Figure 1 illustrates the designed EIT metamaterial, which is deposited on a SiO2

substrate in a periodic arrangement. The top unit cell is made up of two rectangular
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split rings and two metal strips, as shown in Figure 1b. Compared with continuous thin
films, patterned VO2 structures exhibit significant advantages in achieving EIT effects,
reducing fabrication costs and enhancing the applications’ performance. Consequently,
we have designed a patterned VO2 structure as the bottom layer of the unit, as shown in
Figure 1c. Furthermore, through simulating the thickness of VO2 and comprehensively
evaluating the EIT effect for the two transparent windows, the parameter t = 0.2 μm is
determined. The substrate is made of lossless SiO2, and the metal layer is gold with a
conductivity of 4.56 × 107 S/m. The geometric parameters of the unit cell are as follows:
Px = Py = 160 μm, a = 90 μm, b = 40 μm, c = 10 μm, d = 13 μm, and g = 16 μm. In this
paper, we utilize commercial CST simulation software (Version 2020) to numerically model
the metamaterial’s structure. Periodic boundary conditions are adopted in the x- and
y-directions, while open boundary conditions are applied in the z-direction.

 
Figure 1. (a) Three-dimensional view of the EIT metamaterial array; (b) top and (c) back view of the
EIT metamaterial structure unit.

The Drude model provides an accurate characterization of the terahertz optical prop-
erties of VO2 [14], which is as follows:

ε(ω) = ε∞ − ω2
p(σVO2)

ω2 + jγω
(1)

ω2
p(σVO2) =

σVO2

σ0
ω2

p(σ0) (2)

where ε∞ is 12, representing the high-frequency dielectric permittivity, and γ (5.75 × 1013 rad/s)
represents the collision frequency. Additionally, ωp

(
σVO2

)
is the plasma frequency at σVO2, with

ωp(σ0) = 1.4 × 1015 rad/s and σ0 = 3 × 105 S/m. Generally speaking, the conductivity of
VO2 varies in response to changes in the external temperature. When the external temperature
increases, the internal lattice structure of the VO2 undergoes a transformation, thereby causing
a phase transition from an insulator to a metal [14]. This transformation induces changes
in physical parameters, such as conductivity and the transmission coefficient. Consequently,
the designed metamaterial structure is dynamically modulated by adjusting the electrical
conductivity of VO2.
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3. Results

3.1. Mechanism Analysis of the EIT Effect

Fano resonance [17], surface plasmon resonance [18], and guided mode resonance
(GMR) [19] are common physical phenomena used to generate sharp spectral features in
filtering and sensing applications. For example, Lotfiani et al. proposed a Ge-on-Si self-
powered photodetector enhanced by GAM [19]. In contrast, this paper achieves sharp EIT
resonances via bright–dark mode near-field coupling, generating two transparent windows
with a higher modulation depth and group delay. Figure 2a illustrates the transmission
spectra corresponding to the different substructures. Observations indicate that, for the
x-polarized incident wave, the rectangular split rings, as the bright modes, can directly
couple with the incident wave, resulting in resonance valleys at 1.02 THz and 1.15 THz. In
contrast, the metal strips represent the dark mode and are not directly stimulated by the
incident wave. When the two substructures are combined, destructive interference occurs
between their scattered fields through bright–dark mode coupling, resulting in resonance
transmission amplitudes of 0.86 and 0.85 at 1.02 THz and 1.15 THz, respectively. Figure 2b
depicts that these two transparent windows are regarded as the EIT effect. At this point, the
peak value of the transparent window has not reached 1 because the ohmic loss dominates
the total loss [20]. Moreover, the Q factor is the core parameter for measuring the energy
storage efficiency of a resonant system, formulated as the ratio of the resonant frequency f 0

to the full width at half maximum (FWHM) Δf [21]. The Q factors of the two transparent
windows are 102 and 80. The larger the Q factor, the greater the dispersion and the higher
the group delay.

Figure 2. Transmission spectra of (a) the two substructures and (b) the overall structure of the EIT
metamaterial. The yellow shadows represent the resonant regions of 1.02 THz and 1.15 THz.

To further research the underlying mechanisms of the EIT effect, Figure 3a–c present
the surface current distributions of the first transparency window. In these figures, the
arrow direction in the figure indicates the direction of current flow, and the arrow color
changing from blue to red represents the trend of current density increasing from small to
large. At 1.015 THz, quasi-circular currents flow in opposite directions on the rectangular
split rings, as shown in Figure 3a. The weak coupling to free space increases the radiation
loss [22], leading to reduced transmission, while the surface current in the metal strips
(dark mode) remains weak. At 1.03 THz, a redistribution of the surface current within the
metamaterial structure becomes evident. The current concentrates at the junction between
the rectangular split rings and the metal strips, indicating a weakening of the destructive
interference among the bright and dark modes. This results in increased radiation loss
and further decreases transmission, as presented in Figure 3c. Figure 3b illustrates that
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the current flows in the opposite direction at 1.02 THz, resulting in destructive regions,
as indicated by the red arrow. Destructive interference between the bright and dark
modes leads to a strong current distribution throughout the entire metamaterial structure,
enhancing transmission and generating the transparency window.

 

Figure 3. The current and electric field distributions of the EIT metamaterial at (a,d) 1.015 THz,
(b,e) 1.02 THz, and (c,f) 1.03 THz. The big red arrow represents the overall trend of the current
flow direction.

Figure 3d–f illustrate the electric field distribution at the first transparent window, with
red areas indicating regions of stronger electric field intensity. As depicted in Figure 3d, the
electric field strength of the rectangular split rings are significantly enhanced at 1.015 THz,
leading to increased loss and consequently reduced transmittance. Figure 3f indicates
that at 1.03 THz, both the rectangular split rings and the metal strips exhibit further en-
hancement in electric field strength, resulting in increased losses and a corresponding
decrease in transmittance. In contrast, Figure 3e displays the overall structure’s electric
field distribution at 1.02 THz, which is relatively weak, suggesting lower losses and higher
transmittance. It is worth noting that the junctions are the key regions where the interaction
between bright and dark resonators occurs. Therefore, the currents and electric field inten-
sities generated by coupling are concentrated in these regions. The formation mechanism
of the second transparent window at 1.15 THz is fundamentally similar to that of the first
transparent window.

3.2. Parameter Analysis

The EIT effect in metamaterials is influenced by geometric parameters. To optimize
the performance of the EIT metamaterial, we systematically simulated and analyzed
the impact of various structural parameters (g, d, a, b) on performance, and ultimately
determined the optimal parameter combination. As shown in Figure 4a, when g increases
from 10 μm to 18 μm, the transmission amplitudes at both transparency windows exhibit
slight enhancements, while their resonant frequencies remain nearly constant. Similarly, as
d increases from 9 μm to 13 μm, the resonant frequency of the two transparent windows
shows no significant change, and the transmission amplitude only slightly increases, as
shown in Figure 4b. Furthermore, the first resonance dip frequency is almost unaffected,
while the second resonance dip displays a blue shift. Figure 4c shows the changes in the
two transparent windows when a increases from 86 μm to 94 μm. The results reveal that
neither the transmission amplitude nor the resonant frequency of the two transparent
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windows exhibits significant changes. When the structural parameter b increases from
36 μm to 44 μm, the changes in the transmission amplitude and resonant frequency of
the first transparent window can be ignored. However, the second transparent window
shows a significant reduction in the transmission amplitude, accompanied by a distinct
redshift of the resonant dip frequency, as shown in Figure 4c. To sum up, the change in
the structural parameters has a certain influence on the transmission spectra of the two
transparent windows. It may even lead to the case that the resonant valley cannot be
completely and accurately reproduced at 1.02 THz and 1.15 THz during the simulation
process. However, this deviation is almost negligible and has a negligible impact on the
final result.

 

Figure 4. Transmission spectra of EIT metamaterial structures with different values of (a) g, (b) d,
(c) a, and (d) b.

3.3. Dynamic Regulation of VO2

The tunable EIT effect has broad applications in modulators, filters, sensing, slow
light, and other fields [23]. To achieve the tunable EIT effect, VO2 is incorporated into
the bottom layer of the metamaterial structure, enabling dynamic regulation of the EIT
effect by modulating the conductivity of VO2. Figure 5 displays the transmission spectra
of the hybrid structure across a range of conductivity of VO2. It is observed that as the
conductivity of VO2 increases from 10 S/m to 200,000 S/m, the resonance frequencies
associated with the two transparency windows are nearly unchanged. However, notable
variations are observed in the resonance strengths of the EIT effects. As conductivity
increases from 10 S/m to 200,000 S/m, the strengths of the EIT effects gradually decrease
and eventually disappear. This is attributed to a reduction in the destructive interference
between the bright and dark modes as the conductivity of VO2 increases. Furthermore, the
terahertz metasurface based on VO2 proposed by Chen et al. can increase the electrical
conductivity of VO2 from 0.02 S/m to 250,000 S/m by raising the temperature from 40 ◦C
to approximately 110 ◦C [24], further verifying the feasibility of thermal tuning for the
regulation of VO2 within the terahertz range. The modulation depth of the transparency
window is determined using the formula ρT = (Ton − Toff)/Ton. Ton represents transmission
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when VO2 is insulating (10 S/m), while Toff denotes transmission in the metallic state
(200,000 S/m) of VO2. Although our modulation depth has not yet reached the theoretical
limit, it is already at higher levels of 70% and 75%.

 

Figure 5. Transmission spectra of EIT metamaterial structures with different levels conductivity of VO2.

To highlight the modulation depth of the introduced metamaterial, the modulation
properties of various tunable metamaterials are compared, as shown in Table 1. Chen et al.
proposed a VO2-based terahertz metamaterial with dual-band EIT properties, achieving
modulation depths of 46% and 45% for the two transparency windows [25]. They also
presented an EIT metamaterial that exhibits multi-resonance, polarization insensitivity, and
dynamic adjustability, with modulation depths of 62.5% and 65% for the two transparency
windows [26]. Xu et al. introduced a terahertz metamaterial based on MoTe2, which
achieves a modulation depth of 77% at the transparency window but supports only a
single band of EIT effect [27]. Wang et al. realized an EIT effect, achieving a maximum
modulation depth of 80% and a Q factor of 544 in a single band by adjusting the Fermi level
of graphene [28]. Although the EIT modulation depth of graphene and MoTe2 is slightly
higher than in this study, their single-band EIT effect limits their application in multi-
frequency communication systems. Moreover, MoTe2 has a limited conductivity tuning
range, restricting modulation depth enhancement. While graphene offers strong tunability,
it requires complex electrocontrol to adjust the Fermi level, increasing the complexity and
cost. In contrast, the proposed dual-band EIT metamaterial not only enhances flexibility
for multi-frequency applications but also achieves efficient and rapid modulation through
a broad conductivity tuning range and the fast phase transition properties of VO2

Table 1. Comparisons of the properties of different tunable metamaterials.

Reference Active Material
Center Frequency of

the EIT Window
Modulation Depth

Ref. [25] VO2 1.23 THz, 1.41 THz 46%, 45%
Ref. [26] VO2 0.90 THz, 1.06 THz 62.5%, 65%
Ref. [27] MoTe2 1.23 THz 77%
Ref. [28] Graphene 220.6 THz 80%

Proposed structure VO2 1.02 THz, 1.15 THz 75%, 70%

3.4. The ”Two-Particle” Model

The “two-particle” model serves as a classical framework to characterize the EIT effect
and quantitatively analyze its occurrence in metamaterials [29]. To clarify the coupling
mechanism underlying the EIT effect in the metamaterial system, the “two-particle” model
was employed. In this model, the bright mode structure and the dark mode structure are
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represented as two particles, and the system of coupled particles satisfies the following
coupling equation [29]

..
x1(t) + γ1

.
x1(t) + ω2

0x1(t) + k2x2(t) = qE0
..
x2(t) + γ2

.
x2(t) + (ω0 + δ)2x2(t) + k2x1(t) = 0

(3)

where x1 and γ1 denote the amplitude and loss of the bright particle, respectively; x2

and γ2 denote those of the dark particle, respectively; δ is the detuning of the resonance
frequencies between particles; k characterizes the coupling strength between the bright
and the dark particles; and q represents the coupling intensity between the bright particle
and the incident field. On the basis of Equation (3), the transmission coefficient for the EIT
metamaterial can be determined in the following manner

|T| =

∣∣∣∣∣∣∣
4
√

xe f f + 1

(
√

xe f f + 1 + 1)
2
ej 2πd

λ0

√
xe f f +1 − (

√
xe f f + 1 − 1)

2
e−j 2πd

λ0

√
xe f f +1

∣∣∣∣∣∣∣ (4)

where d represents the metamaterial’s thickness, λ0 represents the vacuum wavelength, and
xeff denotes the equivalent magnetic susceptibility of metamaterial, which can be evaluated
with the following formula [29]:

xe f f =
p

ε0E0
=

q2

ε0
·

[
ω2 − (ω0 + δ)2 + iγ2ω

]
k4 −

[
ω2 − (ω0 + δ)2 − iγ2ω

]
· (ω2 − ω2

0 + iγ1ω)
(5)

On the basis of the previous discussion, the theoretical results of the EIT effect with
different VO2 conductivities in the metamaterial are calculated, which are basically con-
sistent with the simulation results. To further analyze the relationship between the fitting
parameters and the conductivity, Figure 6 presents the fitting parameters (γ1, γ2, k) of
different conductivities for the first transparent window. Among them, γ1 and γ2 are the
losses of the bright mode and the dark mode, respectively, and k represents the coupling
strength between the bright mode and the dark mode. Since the bright mode can be directly
excited by the incident wave, its loss γ1 is relatively large and remains almost unchanged
with the increase in the electrical conductivity. However, the dark mode cannot be directly
excited by the incident wave, the loss γ2 is relatively small, and it will slightly increase with
the increase in electrical conductivity. Meanwhile, with the increase in conductivity, the
coupling strength k remains almost constant. In conclusion, as the conductivity increases
from 10 S/m to 200,000 S/m, γ1 remains almost unchanged, while γ2 gradually increases.
This indicates that the conductivity mainly affects the value of γ1.

 

Figure 6. The relationship graph between γ1, γ2, and k and the conductivity of VO2 at (a) 1.02 THz
and (b) 1.15 THz.
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3.5. Slow Light Effect

The pronounced phase dispersion in the transparency window is a prominent charac-
teristic of the EIT effect. To calculate the group delay and analyze the characteristics of the
EIT transparent window in this metamaterial, we adopted the following formula [30]

tg = − dψ

dω
(6)

where the phase shift of the transparent window is represented by ψ, and the resonant
frequency is represented by ω.

Figure 7 illustrates the relationship between the conductivity of VO2 and the group
delay at 1.02 THz and 1.15 THz. Specifically, the group delays at both transparent windows
exhibit a pronounced decrease as the conductivity of VO2 rises from 10 S/m to 50,000 S/m,
thereby gradually weakening the slow light effect. When the conductivity of VO2 increases
from 50,000 S/m to 200,000 S/m, the group delay only shows a slight increase. Obviously,
the maximum group delay occurred at the two transparent windows of the EIT effect,
reaching 51 ps and 74 ps. Compared with Refs. [31–33], the metamaterial designed in
this work achieves higher group delays at both transparency windows simultaneously,
with values surpassing those in Ref. [31] (9.98 ps and 6.23 ps), and Ref. [32] (0.34 ps and
0.62 ps). Although the group delay of the metamaterial presented here is lower than that
in Ref. [33] (117.21 ps), it enables the dual-band slow light effect, which holds promise for
multi-band or broad-band slow light applications. Moreover, modifying the conductivity
of VO2 allows for the active adjustment of the group delay. As the conductivity increases,
the slow light effect gradually diminishes. Thus, the presented EIT metamaterial provides
a new method for designing flexible and tunable slow light devices, opening up exciting
possibilities for future applications.

 

Figure 7. Relationship graph between the conductivity of VO2 and group delay at 1.02 and 1.15 THz.

4. Discussion

Owing to the experimental constraints, we have currently verified the feasibility of
dual-band tunable EIT metamaterials based on VO2 through simulation. If possible, in
the future, the processing and manufacturing of this metamaterial will be carried out in
accordance with the following steps. Firstly, a gold film is deposited on the SiO2 dielectric
substrate using radio frequency sputtering. Secondly, the photoresist film is spin-coated and
the top layer of the metal structure is patterned using ultraviolet lithography technology.
Thirdly, the VO2 film is deposited at the bottom layer by the pulsed laser deposition method,
and the same method is used for spin-coating and patterning. Finally, the VO2 film is
etched by the reactive ion etching method to form two rectangular split ring structures at
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the bottom layer [34]. However, in actual manufacturing and testing, the manufacturing
tolerances of the terahertz structure’s nanolithography [35], the uniformity of the VO2

film’s deposition [36], the accuracy of electrical conductivity regulation [37], the loss of the
SiO2 substrate [38], and the non-ideality of the VO2 phase transition’s sharpness [39] may
affect the performance of metamaterials. In addition, the influence of the loss of the SiO2

substrate on the transmission peak, Q factor, and modulation depth cannot be ignored.
To further optimize the material design, on the one hand, in the future, we plan to

introduce advanced computing technologies such as artificial intelligence and machine
learning to predict the interplay under different combinations of geometry and tunable
material properties [40,41]. Meanwhile, we will explore methods for optimizing the phase
transition characteristics of VO2 to improve the design’s efficiency. On the other hand,
the modulation depth of the metamaterials can be further enhanced through a multi-layer
structure [42], material optimization [43], and dynamic tuning [44].

According to the discussion above, the dual-band EIT metamaterial based on VO2 that
we propose, with its tunability, high Q factor, high modulation depth, and slow light char-
acteristics, holds substantial application prospects for fields like terahertz communication,
high-precision sensing, and intelligent cloaking. It can achieve functions such as multi-band
signal control, high-sensitivity parameter detection, and targeted interference shielding.
Among them, the EIT effect limits the light field by enhancing light–matter interaction,
improving the sensors’ sensitivity and spectral clarity, offering a unique advantage in
high-precision sensing. In comparison, although other nanoplasmonic or resonant sensors
are applied in biological field, such as the infrared photodetector combining PbS quantum
dots with silver nanoparticles proposed by Izadpour et al. [45], and the PIN photodetector
based on plasmonic nanostructures designed by Lotfiani et al. [46], they are still inferior to
EIT-based sensors in terms of spectral resolution and sensitivity to environmental changes.

5. Conclusions

In summary, a dual-band tunable EIT metamaterial based on VO2 is designed in this
paper. The top layer structure of the designed metamaterial consists of rectangular split
rings and metallic strips, with the dual-band EIT effect is generated through the coupling of
bright modes (rectangular split rings) and dark modes (metallic strips). By introducing VO2

into the bottom layer of the metamaterial structure and tuning its conductivity, dynamic
regulation of the dual-band EIT effect is manifested. The maximum modulation depths of
70% and 75% are achieved at 1.02 THz and 1.15 THz, along with higher Q values of 102 and
80. The two-particle model further analyzed the physical and modulation mechanisms of
the designed metamaterials. The good fit between the calculated and simulated transmis-
sion spectra verified the reliability of the proposed metamaterial. Furthermore, by taking
advantage of the tunability of VO2, the slow light effect is dynamically controlled at two
frequency bands to achieve group delays of 41 ps and 74 ps. Therefore, the designed dual-
band tunable EIT metamaterials have significant potential in the progress of modulators
and slow light devices with a high modulation depth.
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Abstract: We introduce a novel approach to achieve broadband rainbow trapping in a
2D photonic crystal (PC) platform. By exploiting the concept of valley PCs, we engineer
a structure that supports robust topological edge states. A carefully designed rotational
angle gradient along the edge state path induces frequency-dependent light localization,
forming a topological rainbow with a significantly expanded bandwidth. This phenomenon
of topological rainbow trapping is attributed to the interplay between valley-dependent
topological edge states and the engineered rotational angle gradient. To further enhance
light localization and broaden the trapping spectrum, we incorporate a graded radius
profile in the bottom row of dielectric columns. Through a combination of rotational angle
modulation and radius grading, we successfully realize broadband rainbow trapping with
enhanced light localization. Our findings reveal a broad trapping bandwidth spanning
from 0.8314c/a to 0.9205c/a, showcasing the potential of this approach for applications in
optical frequency filtering, sensing, and information processing.

Keywords: photonic crystals; topological states; broadband; rainbow tapping

1. Introduction

The manipulation and control of light at the nanoscale level has been a cornerstone of
scientific and technological advancement [1–3]. Photonic crystals (PCs), periodic structures
that modulate light propagation, have emerged as a promising platform for achieving
unprecedented control over light flow [4–11]. In recent years, exploring topological phe-
nomena in photonic systems has opened up new avenues for designing innovative optical
devices with unprecedented functionalities [12–15]. Among these, valley topological PCs
have garnered significant attention due to their ability to support topologically protected
edge states, characterized by their robustness to defects and disorder [16–20]. These
properties hold immense potential for applications in various fields, including optical
communication, sensing, and information processing.

In recent years, there has been a growing interest in developing methods for controlling
the frequency-dependent behavior of light within PC structures. This has led to exploring
strategies for achieving broadband light manipulation, essential for various applications,
including optical communication, sensing, and imaging. One particularly intriguing
phenomenon is the creation of a “topological rainbow”, where light of different frequencies
is localized at distinct spatial positions within a PC structure [21–26]. This phenomenon is
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attributed to the interplay between the valley-dependent topology of the system and the
engineered structural gradients.

The core of the design is a two-dimensional (2D) PC platform. Leveraging a square
lattice structure with judiciously designed circular dielectric columns, we induce topologi-
cal phase transitions by manipulating rotational symmetry with varying radii arranged
in a specific pattern by carefully adjusting the rotational angle gradient of these columns
along the edge state path. This gradient induces a frequency-dependent modulation of
light propagation, resulting in the localization of different frequencies at specific points
within the structure, forming a topological rainbow. This phenomenon arises from the
interplay between the valley-dependent topological edge states (TESs) and the engineered
rotational angle gradient.

Moreover, introducing a graded radius profile to the dielectric columns further en-
hances light localization and broadens the trapping spectrum. This approach offers several
advantages over existing methods. Firstly, the utilization of valley topological PC ensures
the robustness of the TESs, making the system resilient to imperfections and disorder.
Secondly, the combination of rotational angle modulation and radius grading allows for a
significant enhancement in light localization and a broadening of the trapping spectrum.
Consequently, we achieve a broadband rainbow trapping with a bandwidth spanning
from 0.8314c/a to 0.9205c/a, surpassing the limitations of previous approaches. This
study presents a groundbreaking advance in the field of PCs by demonstrating broadband
rainbow trapping through the integration of valley topological photonics and carefully
engineered structural parameters. These findings pave the way for developing novel pho-
tonic devices with enhanced functionalities and open up new possibilities for applications
in optical communication, sensing, and information processing.

2. Valley Topological PC and Photonic Band Structures

A 2D PC based on a square lattice was designed, consisting of four circular dielectric
columns embedded in an air background. The rods have radii r1 = 0.05a and r2 = 0.1a,
where a = 1000 nm is the lattice constant. Each rod is positioned at a distance l = 0.20a
from the unit cell (UC) center that supports symmetry manipulation. The dielectric rods
have a refractive index of n = 3.46, which is representative of silicon in the infrared regime.
Figure 1a shows the three UC configurations used throughout the study, each representing
a distinct symmetry or perturbation. To analyze the photonic band structure, the finite
element method (FEM) was employed via COMSOL Multiphysics (version 6.2), applying
periodic boundary conditions and computing along the high-symmetry path Γ–X–M–Γ of
the first Brillouin zone (BZ). The focus was on transverse magnetic (TM) modes with non-
zero components Ez, Hx, and Hy. For TM polarization, the governing Maxwell equation
for electromagnetic wave propagation in the PC is given by [5]:

∇×
[

1
ε(r)

∇× Ez(r)
]
=

ω2

c2 Ez(r), (1)

where ε(r) is the position-dependent permittivity, ω is the angular frequency, and c is
the speed of light in the vacuum. The corresponding magnetic field components Hx, and
Hy are derived from Ez using Faraday’s law: H = [i/(μ0ω)]∇× E, assuming vacuum
permeability μ0. Due to the periodicity of the dielectric structure, the out-of-plane electric
field component Ez(r) can be expanded using Bloch’s theorem:

Ez(r) = unk(r)eik.r, (2)
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where unk is the periodic part of the Bloch function for the nth band. This periodic function
can be further expanded in a Fourier series over reciprocal lattice vectors:

unk(r) = ∑G Ekn(G)eiG.r, (3)

Substituting this into Maxwell’s equations and applying orthogonality of plane waves
leads to the eigenvalue problem [27]:

∑G′ κ
(
G − G′)∣∣k + G′∣∣2Ekn

(
G′) = ω2

kn
c2 Ekn(G), (4)

where κ(G) is the Fourier component of 1/ε(r). By solving this eigenvalue problem using
FEM with periodic boundary conditions, the eigenfrequency ωkn and Fourier coefficients
Ekn(G) of the corresponding eigenmode can be obtained, leading to the photonic band
structures, as shown in Figure 1b–d. The formation of topological phases in PCs fundamen-
tally relies on symmetry breaking, which modifies the degeneracies and field distributions
of photonic modes [28–31]. Two primary methods of symmetry breaking are commonly
used: (i) shifting the positions of adjacent rods to break inversion symmetry, or (ii) rotating
dielectric rods to perturb mirror and rotational symmetries. In this study, we adopt the lat-
ter method by introducing a rotational angle θ for the rods, enabling controlled topological
transitions within the same lattice geometry.

Figure 1. (a) The three possible unit cells (UCs) that contributed to the designed structure at (I) of
θ = 0◦, (II) θ = 45◦, and (III) θ = 90◦, (b–d) the band structures of I, II, and III UCs, respectively,
(e) the electric field Ez distribution for band four at the frequency of 0.6944c/a at θ = 0◦ and θ = 90◦,
(f) the projected band structure of the supercell with forming topological edge mode inside the
bandgap (green). The red dot marks the point kx = 1, at which the electric field distribution (right
panel) is evaluated, demonstrating strong localization along the domain wall.

To understand the topological origin of the valley-protected edge states in the de-
signed PC, we analyze the evolution of the photonic band structure and field characteristics
associated with the three rotational configurations of UCs, illustrated in Figure 1a. In
the unrotated configuration θ = 0◦ (Figure 1b), the structure preserves both mirror and
inversion symmetry. This high-symmetry state results in multiple clear photonic bandgaps
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for TM modes and supports degenerate modes at certain high-symmetry points, leading
to topologically trivial bands. At intermediate rotation θ = 45◦ (Figure 1c), symmetry is
partially broken, lifting degeneracies and inducing accidental Dirac points, and linear band
crossings away from high-symmetry points (highlighted by the red dashed line) [32,33].
These crossings arise due to the hybridization of photonic modes carrying opposite orbital
angular momentum, signaling a critical point in a topological phase transition [34,35].
The Berry curvature becomes non-zero near these valleys, and multiple peaks appear,
implying potential non-trivial topological indices [34,36]. Upon further rotation to θ = 90◦

(Figure 1d), symmetry breaking is maximized again but with an inverted topological char-
acter. The bandgap reopens with opposite Berry curvature signs compared to θ = 0◦,
completing the topological phase transition. The effective Hamiltonian governing this val-
ley Hall transition is: [37–39] He f f (k) = vD

(
τkxσx + kyσy

)
+ λ(θ)σz, where vD is the Dirac

velocity, τ is the valley index for the two inequivalent momentum valleys, and σxyz are the
Pauli matrices representing the pseudospin degrees of freedom. The term λ(θ) is an external
perturbative parameter determined by the rotational angle θ. It reflects the degree of inver-
sion and mirror symmetry breaking introduced by rod rotation [40,41]. The Berry curvature
is defined via the Berry connection Ωn(k) = ∇k × An(k), with An(k) = i〈unk|∇k|unk〉.
In inversion symmetry-broken PCs, this curvature becomes sharply localized near val-
ley centers [42]. Integrating over the Brillouin zone (BZ) gives the valley Chern number
C = 1

2π

∫
BZ Ωn(k)d2k. The term λ(θ) is an external perturbative parameter determined by

the rotational angle θ. The continuous variation λ(θ) along the interface results in a graded
energy landscape for TESs, which translates into frequency-selective localization. The field
distribution maps of the designed valley PC at two symmetry-broken configurations θ = 0◦,
and θ = 90◦ were constructed to reflect the vortex behavior of the out-of-plane electric
field Ez, which was directly extracted at the Dirac point frequency 0.6944c/a (Figure 1e).
At θ = 0◦, Ez exhibits a clockwise vortex, corresponding to a negative Berry curvature
concentrated at the upper valleys and a positive Berry curvature at the lower valleys. In
contrast, at θ = 90◦, the phase vortex is counterclockwise, yielding an opposite Berry
curvature distribution with positive curvature at the upper valleys. This reversal of Berry
curvature is a direct consequence of the valley pseudospin switching induced by symmetry
manipulation [26]. These antisymmetric Berry curvature distributions are centered at the
valley points of the Brillouin zone and serve as the real-space indicator of the valley Hall
topological phase transition. The sign reversal leads to a valley Chern number difference of
ΔC = 1 between θ = 0◦ and θ = 90◦, ensuring the existence of a robust topological edge
mode along their interface, consistent with the bulk-boundary correspondence [13,43–45].
Figure 1f shows the projected band structure of a supercell composed of UCs with θ = 0◦

and θ = 90◦, forming a domain wall. A topological edge mode clearly appears inside
the bandgap (highlighted in green). The electric field distribution at kx = 1 (red dot)
shows strong localization at the interface (right panel), with negligible leakage into the
bulk [46]. This is a hallmark of valley Hall topological edge states, confirmed by prior stud-
ies [47]. These states are immune to backscattering and remain stable even in the presence
of structural disorder, making them suitable for broadband slow-light applications and
frequency-dependent light localization.

The capacity to precisely control and localize light within PC structures is paramount
for advancing optical technologies. By strategically manipulating the rotational angles of
the four circular dielectric columns in the valley topological PC design, we introduce a
novel method to achieve highly customizable and robust light confinement. This approach
gradually modulates the rotational angle for the four rods (orange color) along the edge
state path, as shown in Figure 2a, which subtly alters the TESs by modifying their group
velocities, implementing a graded interface to achieve broadband light manipulation. To
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understand this effect, we analyze the evolution of the TES dispersion curves shown in
Figure 2b. As the rotational angle increases, the slope of the TES dispersion curve progres-
sively decreases, indicating a reduction in the group velocity. This modulation is crucial
for inducing spatial light localization, as lower group velocities correspond to enhanced
energy confinement. The group velocity is defined as:vg = dω/dk, progressively decreases
with the angle gradient. This modulation is crucial for inducing spatial light localization,
as lower group velocities correspond to enhanced energy confinement. Figure 2b illustrates
this behavior, showing the evolution of the dispersion curves for the TESs as the rotational
angle increases from θ = 0◦ to θ = 40◦. The band structure transitions from a positive to an
opposing group velocity regime, as depicted in Figure 2c. The group velocity ultimately
approaches zero for certain frequency components, forming a localized “slow light” region.
This localized region is the fundamental mechanism enabling broadband rainbow trapping.
The resulting frequency-dependent control over light propagation forms a topological
rainbow, wherein distinct light frequencies are located at specific spatial positions within
the structure. This phenomenon is a direct consequence of the interplay between the
valley-dependent nature of the TESs and the meticulously engineered rotational angle
gradient. The physical origin of this effect lies in the symmetry perturbation induced by
the rotational angle gradient. By varying the rotational angle, the inversion symmetry
between neighboring unit cells is progressively broken. This perturbation modifies the
local dispersion properties, causing different frequency components to propagate at distinct
velocities. As a result, different frequencies experience varying delays, effectively leading
to spatial separation across the graded structure, which is the signature behavior of the
rainbow trapping effect. We have demonstrated an effective method for controlling light
propagation and localization within a PC structure by harnessing the intricate relationship
between rotational angle, group velocity, and frequency. This approach holds significant
potential for applications in optical frequency filtering, wavelength division multiplexing,
and other photonic devices.

Figure 2. (a) The designed supercell structure with a graded rotational angle θ applied to the four
dielectric rods (orange color) along the edge interface, (b) dispersion relations of the guided TESs at
various values from θ = 0◦ to θ = 40◦, (c) corresponding group velocities vg vs. frequency, showing
the transition from positive to negative slopes, indicative of slow-light behavior and potential
localization due to the graded symmetry breaking.

To further enhance light localization and broaden the rainbow trapping bandwidth,
a radial gradient was introduced to the dielectric rods along the propagation path. As
illustrated in Figure 3a, the bottom-row rod rd (red) gradually chirped in radius from
0.25a to 0.29a. The bottom row does not form a full topological interface; the resonant

169



Photonics 2025, 12, 487

frequency gradient induced by refractive index modulation that supports gradual frequency
localization effectively creates a quasi-1D slow-light path that enables strong localization
via slow-light effects. This modulation increases the local dielectric density, effectively
raising the refractive index along the direction of light propagation. The adjacent bulk
region with non-trivial topology still provides a bandgap barrier, allowing light to remain
confined along this quasi-guided path, as shown in Figure 3b, which displays the dispersion
relations for different values of rd. The progressive downward shift in the dispersion curves
with increasing rd confirms the redshift in modal frequency induced by the structural chirp.
Moreover, the structure was engineered such that the effective operating point approaches
the band edge, leading to a flattening of the dispersion curves. This behavior is clearly
illustrated in Figure 3c, where the group velocity vg decreases significantly for increasing
rod radii. The resulting slow light regime stems from the constructive interference of
multiple scattering events within the spatially graded medium. The prolonged light–
matter interaction enabled by this gradient design opens pathways for enhanced optical
confinement and spectral control. Our simulations are intentionally performed in 2D,
assuming infinite structural thickness. While in practical three-dimensional structures,
parameters such as rod depth indeed influence resonant frequencies and rainbow trapping
behavior (see, e.g., Refs. [48,49]), the current design specifically isolates the effects arising
solely from the rotational angle gradient and graded radius profile. Investigating additional
frequency-tuning mechanisms via structural depth variation potentially extends and further
optimizes these trapping phenomena.

Figure 3. (a) Supercell structure incorporating a chirped dielectric rod (red) with a radius rd gradually
increasing from 0.25a to 0.29a along the propagation direction, (b) TES dispersion curves show-
ing a frequency redshift as rd increases, (c) corresponding group velocities of the guided modes
(TESs) versus frequency, demonstrating dispersion flattening and slow light behavior as the rod
radius grows.

3. Rainbow Trapping Structures

To engineer a rainbow-trapping structure, we designed a valley topological PC with
a gradually modulated rotational angle along its edge state path. This was achieved by
coupling supercells together, as illustrated in Figure 4a, where the four orange rods define
the rotational angle. The graded structure spans 21-unit cells along the x-direction, with the
rotational angle of the orange rods increasing from 0◦ to 40◦ degrees in 2-degree increments
to span the topological bandgap without crossing the Dirac point at 45◦, ensuring stable
mode confinement and smooth field evolution over 21 units in the propagation direction.
The upper unit cells remained constant throughout. To characterize the rainbow trapping
phenomenon, FEM simulations were performed using COMSOL Multiphysics. A plane
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wave broadband source was introduced at the left boundary while scattering boundary
conditions were applied to all other sides, as depicted in Figure 4a. This configuration
allowed for a comprehensive analysis of the structure’s response to multifrequency light
input and the electric field distribution visualization. The origin of rainbow trapping
lies in the structure’s dispersive nature. When a spatial gradient in the rotational angle
is introduced along the propagation direction (from θ = 0◦ to θ = 90◦ across 21 units),
each interface segment locally supports a slightly different TES with a distinct dispersion
relation. This results in a position-dependent group velocity, as shown in Figure 2b,c.
Specifically, the slope of the TES dispersion curve (vg = dω/dk) flattens progressively with
increasing θ, indicating a reduction in the group velocity. The slower light is more confined,
and near-zero group velocities correspond to frequency components being effectively
“trapped” at specific spatial positions. This behavior is physically analogous to an adiabatic
modulation of the local photonic potential, where each unit cell along the gradient acts as a
locally perturbed resonator with a slightly shifted resonance [50]. This detuning along the
interface forms a graded photonic landscape, where light experiences increasing delay as it
propagates, leading to the rainbow trapping effect. Importantly, this is achieved without
altering the global topology of the structure, thereby maintaining topological protection.
Accordingly, by incident broadband plane wave comprises a spectrum of frequencies, and
due to the structure’s properties, these frequencies interact differently, leading to distinct
propagation delays. This differential delay results in the spatial separation of frequencies, or
rainbow trapping, as different frequency components become localized at specific positions
within the structure. The engineered rotational angle gradient plays a crucial role in this
process. Inducing a frequency-dependent modulation of light propagation enhances light
localization and broadens the trapping spectrum. This interplay between valley-dependent
TESs and the rotational angle gradient creates a topological rainbow formed, where each
frequency component is spatially separated. Our design achieved broadband rainbow
trapping with a bandwidth spanning from 0.8314c/a to 0.8960c/a, significantly surpassing
the capabilities of previous approaches. This is evident in the electric field distribution
shown in Figure 4b, where the spatial separation of frequencies across the structure is visible.
Although the demonstrated design inherently localizes energy into a relatively narrow
spatial region at the topological interface, such strong localization is highly beneficial for
specific advanced applications, such as integrated nanolasers [51], optical multiplexers [52],
high-Q resonant cavities, and sensors [53,54]. The barrier regions (bulk structures above
and below the interface) are critical to maintaining robust topological confinement by
preventing scattering or leakage.

Figure 4. Cont.
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Figure 4. (a) Schematic diagram of valley topological PC with a gradually modulated rotational angle
from 0◦ to 40◦ degrees in 2-degree increments along its edge state path. A plane wave broadband
source was introduced at the left boundary, while scattering boundary conditions were applied to all
other sides, (b) the electric field distribution |E| demonstrated broadband rainbow trapping with a
bandwidth spanning from 0.8314c/a to 0.8960c/a.

A radial gradient was introduced to the dielectric columns in the bottom row of the
structure to achieve broadband and spatially localized topological rainbow trapping. This
graded configuration consisted of 21 units along the x-axis, with the column radius (rd)
increasing linearly from 0.25a to 0.29a in increments of 0.002a (Figure 5a). Eigenfrequency
simulations were performed using the Wave Optics module in COMSOL Multiphysics
to characterize the resonant frequencies and the field within this gradient structure. A
2D cut line was defined along the arc length of the dielectric column gradient (from 0a
to 21a) as shown by black and green arrows in Figure 5a, allowing for analysis of the
electric field amplitude as a function of both radii (rd) and position along the arc length.
This analysis revealed a systematic shift in the maximum electric field amplitude position
towards larger arc lengths with decreasing frequency, confirming the occurrence of rainbow
trapping (Figure 5b). Further validation of the rainbow trapping effect was obtained by
simulating the structure’s response to a broadband plane wave source. The resulting electric
field distribution (Figure 5c) clearly demonstrated the localization of different frequency
components within specific spatial regions, spanning a bandwidth from 0.8657c/a to
0.9205c/a. This trapping occurs at frequencies where the group velocity of the slow light
mode approaches zero, facilitated by the refractive index gradient induced by the structure.
This study demonstrates the realization of broadband and localized topological rainbow
trapping, surpassing the limitations of previous approaches. The ability to manipulate and
control light frequencies within a compact structure holds promise for various applications.
The precise control over frequency localization can enable the development of highly
selective optical filters with tailored spectral responses. The sensitivity of the trapped
frequencies to environmental changes can be exploited for sensing applications, such
as refractive index sensing and biochemical detection. By harnessing the principles of
topological photonics and gradient engineering, this work contributes to the advancement
of light manipulation and control, with the potential for significant impact across multiple
scientific and technological domains [55,56]. While the broadband rainbow trapping
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presented here is primarily enabled through a spatial gradient in rod radius that tunes
local resonances, we note that inter-rod separation can also influence coupling strength
and dispersion. However, based on the presented design and trapping mechanism, radius
variation is more effective in producing distinct and spatially localized field concentrations.

 

Figure 5. (a) Schematic diagram of the proposed PC heterostructure with the designated gradient
rd from 0.25a to 0.29a by an increment of 0.002a, (b) the normalized electric field amplitude with
changing rd and arc length along the propagation direction of 21a, (c) the electric field distribution
|E| to realize broadband rainbow trapping with a bandwidth spanning from 0.8657c/a to 0.9205c/a.

To further examine the influence of radius variation, we conducted additional simula-
tions where the radius gradient was confined to three distinct subranges, each targeting spe-
cific modal regimes. As shown in Figure 6, the monopole region (0.05a–0.08a, step 0.0015a)
supports simple localized field profiles (Figure 6a), while the dipole range (0.12a–0.17a,
step 0.0025a) leads to modes with increased spatial symmetry (Figure 6b). The quadrupole
regime (0.20a–0.24a, step 0.002a) enables higher-order field confinement (Figure 6c). These
results confirm the ability of the proposed design to achieve spatially resolved rainbow
trapping across different frequency bands by selectively exciting monopole-, dipole-, and
quadrupole-like edge states. Compared to spacing-based modulation, this radius-tuning
strategy proves more robust, controllable, and compatible with broadband operation. The
modal localization patterns observed here complement the multipolar coexistence region
illustrated in Figure 5c, highlighting the flexibility of the design to enable diverse rainbow
trapping responses.
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Figure 6. Electric field distributions |E| showing rainbow trapping achieved by three different graded
radius profiles, (a) from ri = 0.05a to r f = 0.08a with step 0.0015a, exciting monopole-like modes,
(b) from ri = 0.12a to r f = 0.17a with step 0.0025a, exciting dipole-like modes, (c) from ri = 0.20a
to r f = 0.24a with step 0.002a, supporting quadrupole-like field patterns. These localized modes
contribute to broadband rainbow trapping, each type operating within a different frequency range.

The proposed approach combines insights from previous topological rainbow trap-
ping designs while introducing a novel mechanism that leverages the interplay between
topological phase transitions and rotational angle gradients. Previous studies have demon-
strated broadband topological rainbow trapping using different strategies. For example,
in [57], a dual-mode rainbow was obtained via a sandwiched heterostructure structure
with a combined bandwidth of ∼ 0.038c/a. Meanwhile, in [24], a cavity-coupled TES was
used, achieving a normalized bandwidth of approximately ∼ 0.045c/a (from 0.295c/a to
0.340c/a). However, both methods rely on dual-mode interference or coupled cavities
and are either limited in flexibility or involve complex spatial layouts. In contrast, our
structure achieves a significantly broader normalized bandwidth of ∼ 0.089c/a (from
0.8314c/a to 0.9205c/a), solely through continuous modulation of rotation angle and rod
radius in a single unified interface. This results in a simpler and more compact design,
free of external cavities or mode conversion schemes, while preserving topological pro-
tection. Additionally, this method allows tunable excitation of different modal families
(monopole, dipole, quadrupole), offering a versatile platform for integrated slow-light and
light-trapping applications. Thus, the approach not only outperforms previous structures
in terms of bandwidth but also demonstrates higher design efficiency and robustness
through a single-phase-engineered interface.

4. Verification of Robustness

We introduced controlled disorder into the system to assess the robustness of our
proposed rainbow-trapping design against structural imperfections. Specifically, random
displacements and omissions of rods near the edge state path were implemented, as shown
in Figure 7a. Disordered rods were shifted by ±0.05a in the x or y directions and, in
some cases, entirely removed. Remarkably, electric field distributions |E| at the targeted
frequencies (0.8960c/a and 0.8314c/a) remained highly localized and largely unaffected by
the introduced disorder, demonstrating the intrinsic robustness of the topological rainbow
trapping effect (Figure 7b). While minor perturbations in the field distribution were
observed near the defect sites at intermediate frequencies (e.g., 0.8687c/a (II)), the overall
rainbow trapping phenomenon persisted. This resilience to disorder can be attributed to
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the topological protection of the edge states, which renders the system less susceptible to
localized perturbations. The robustness of the TESs can be further understood by analyzing
the system’s Berry curvature. In the presence of a rotational angle gradient, the Berry
curvature becomes asymmetric, resulting in a net accumulation of geometric phases across
the structure. This non-trivial curvature leads to non-reciprocal light propagation along the
interface, reinforcing the system’s robustness against structural imperfections and disorder.
As demonstrated in Figure 7b, even with intentional rod displacement and omissions, the
localized field distribution remains robust, confirming the topological protection of the TESs.
The observed robustness underscores the potential of this design for practical applications
where fabrication imperfections are inevitable. Moreover, the system’s sensitivity to local
perturbations suggests a potential avenue for tuning the rainbow trapping characteristics
through controlled defect engineering, offering opportunities for dynamic control and
modulation of the trapped light.

Figure 7. (a) Schematic of the disordered structure. Random perturbations were introduced to the Si
rods, including ±0.05a displacements in the x-direction (black and red rods), ±0.05a displacements in
the y-direction (pink and mauve rods), and the removal of one rod (black pattern). Inset: magnified
view of the disordered Si rods, (b) electric field distribution |E| demonstrates the robustness of
topological rainbow trapping in the presence of structural disorder.

The proposed PC heterostructure can be fabricated using standard techniques widely
employed in photonic device manufacturing [54,58–61]. Techniques such as electron beam
lithography (EBL) and electrochemical etching have proven highly effective for realizing
2D PCs with well-defined rod patterns. In the EBL process, a patterned resist layer is
defined on a substrate using electron beam exposure, followed by developing and lift-off
procedures to produce the desired rod geometry [62,63]. This approach enables precise
control over rod dimensions and orientation, which is essential for realizing the rotational
gradient required in the proposed design [64–66]. Electrochemical etching offers an efficient
method to fabricate large-area PCs using silicon and hydrofluoric acid, providing excellent
control over spatial periodicity [67,68]. Meanwhile, direct laser writing (DLW) provides
a flexible and accessible alternative for prototyping, allowing on-demand patterning of
complex topological structures.

To ensure fabrication accuracy and performance validation, standard characteriza-
tion techniques can be employed. Scanning electron microscopy can be used to confirm
geometric fidelity, while near-field scanning optical microscopy enables spatial mapping
of the localized electric fields. Additionally, far-field broadband sources can be used to
monitor spectral-spatial separation of light, serving as direct experimental confirmation
of the rainbow trapping phenomenon. Robustness to fabrication imperfections can also
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be evaluated by intentionally introducing rod displacement or defects and observing field
confinement behavior.

These fabrication and characterization techniques are well-established in integrated
photonics and provide a feasible path to experimentally realize and validate the proposed
structure. Thus, the design aligns well with existing fabrication and measurement capa-
bilities and can be integrated into practical photonic devices for sensing, filtering, and
light routing.

5. Conclusions

In conclusion, we proposed and demonstrated topological rainbow trapping in two-
dimensional valley PCs. The structure possesses a square lattice with circular dielectric
columns of varying radii. We achieve robust localization of different frequency components
at specific spatial positions by introducing a rotational angle gradient along the edge of a su-
percell composed of unit cells with distinct topological phases. This phenomenon, termed
topological rainbow trapping, is attributed to the interplay between valley-dependent
TESs and the engineered rotational angle gradient. Our design exhibits a wide trapping
bandwidth and robust light localization, surpassing conventional rainbow trapping meth-
ods. This work paves the way for novel photonic devices with enhanced functionality
and robustness.
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Abstract: In this paper, we experimentally investigated the excitation of spoof surface
plasmon polaritons (SSPPs) supported by a 1D subwavelength grating with a rectangu-
lar profile in the terahertz (THz) frequency range. Using the attenuated total reflection
technique and the THz radiation of the Novosibirsk free electron laser, we carried out
detailed studies of both angular and gap spectra at several wavelengths. A shallow grating
supporting a fundamental mode was fabricated by means of multibeam X-ray lithography
and used as a test sample. The results indicated that we achieved 1-THz tunability of
resonance in the frequency range from 1.51 to 2.54 THz on a single grating, which cannot be
obtained with active tunable metamaterials. The Q factors of the resonances in the angular
spectra were within the range of 19.4–37.6, while the resonances of the gap spectra had
a Q factor lying within the 1.17–2.03 range. The gap adjustment capability of the setup
shown in the work has great potential in modulation of the absorption efficiency, whereas
the angular tuning and recording data from each point of the grating will enable real-time
monitoring of changes in the surrounding medium. All of this is highly important for
enhanced terahertz real-time absorption spectroscopy and imaging.

Keywords: attenuated total reflection; Otto configuration; spoof surface plasmon resonance;
monochromatic radiation source; frequency tunability; angular and gap interrogation

1. Introduction

Surface plasmon polaritons (SPPs) are TM-polarised waves exponentially bound to
a metal–dielectric interface and propagating along it. These kinds of waves have found
widespread use in sensor and nonlinear applications in the visible and infrared spectral
ranges due to their capability to field enhancement, light concentration, and sensitivity
to minute changes of analyte [1–3]. However, the promising technological potential of
SPPs on metals cannot be directly transferred to the terahertz (THz) frequency range
(0.1–10 THz). Since surface waves arise from a collective oscillation of electrons, their
existence is related to the negative dielectric permittivity of metals. Being an evanescent
wave, SPPs penetrate into the metal to a distance referred to as the skin depth. In the optical
range, a skin layer depth of about 15–30 nm can be observed with a similar penetration
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depth into the dielectric medium [4], whereas in the THz range the dielectric permittivity of
metals increases significantly, leading to a slight excess of these values in metals (30–50 nm
depth at 2 THz =150 μm) and a gigantic penetration depth into the space above them (the
experimental value for gold is ≈5λ ≈ 750 μm) [5]. Thus, THz SPPs have low confinement
near the surface and weak coupling (the proportion of the SPP energy carried in metals is
much less than that in air), which results in their emitting into bulk waves at any slight
roughness or optical inhomogeneities of the surface [6,7] and makes them virtually useless
in the context of the above applications.

The coupling and confinement problems can be overcome with three effective ap-
proaches. First of all, it is possible to replace a metal material with semiconductors [8] or
carbon materials, such as graphene [9]. At low frequencies, metals behave like a nearly
perfect conductor due to the high density of electrons, while doped semiconductors or
carbon nanoparticles can be considered as metallic systems, with the electron density sig-
nificantly lower than that of metals. Moreover, their properties can be tuned via the doping
density [10]. Another way to reduce the delocalization is to use metals with a thin dielectric
coating. Such a multilayer system can be seen as a dielectric film waveguide, which has
only the TM0 mode if the film thickness is in the deep subwavelength regime. This mode
corresponds to surface plasmons, and using this method can increase their confinement by
an order compared to a bare metal [6,11]. The third approach is related to subwavelength
textured periodic structures on metal surfaces. In this case, the patterned metal supports
surface modes, and its average response corresponds to that of an effective metal with
a larger skin depth and lower dielectric permittivity. The excited surface waves on such
metamaterials imitate well the properties of classical surface waves, having yet completely
different dispersion relations, which depend on the geometry and material. Due to this
similarity, they are called spoof surface plasmon polaritons (SSPPs) [12].

The high flexibility in manipulating and changing the properties of the SSPPs not only
gave rise to various applications, but also made it possible to transfer some field concepts;
for example, localised surface plasmon polaritons, from the visible range to the terahertz
frequency one [13]. The experimental configurations for the implementation of the SSPP
potentialities, mainly in sensing, include 1D subwavelength metal gratings, on which the
SSPP resonance is excited with an attenuated total reflection setup. The first experimental
demonstration of refractive index sensing of various fluids with this scheme was given in
2013. In 2014, Ng with his colleagues used the scattering edge coupling configuration to
extract broadband dispersion data [14,15]. Since then, various scientists have conducted
extensive numerical studies on the influence of various parameters on SSPP resonances and
sensor capabilities of 1D subwavelength gratings in this scheme [16–22]. For instance, Yao
H. and Zhong S. investigated the properties of high-order modes excited on subwavelength
gratings [16], whereas Chen L. et al. demonstrated an analysis of their groove shape [19].
In another work [18], it was shown that by measuring the angular spectra, one can attain
a high resolution for refractometry of substances. Further experimental works related
to excitation of fundamental SSPP modes appeared in 2019 and 2020, when Huang et al.
demonstrated the modulation of resonances via gap variation and realised a liquid sensor
with direct phase readout capacity [23,24].

There have only been a few experimental works on the generation of spoof surface
plasmon resonances on a subwavelength grating by the Otto method, where the time-
domain spectroscopy (TDS) technique with broadband radiation sources was used. In the
reflection spectrum, a resonant frequency corresponding to the resonance on the grating
was observed, and refractometry of the substance surrounding the grating was performed
based on the frequency shift. Despite the TDS method advantages, such as the possibility
of simultaneous reconstruction of amplitude and phase spectra, there can be some disad-
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vantages for SSPP sensing: (1) low spectral brightness (especially in the high-frequency
region > 2 THz of the THz range for most TDS spectrometers), which complicates study of
substances with absorption lines in this range; (2) numerical errors arising during spectrum
reconstruction, which reduce the spectral resolution of the surface plasmon resonance (SPR)
method; (3) not the entire spectral range of the source can be effectively used because of
the subwavelength nature of the grating in relation to the wavelength; (4) excitation of
SSPPs requires inducing THz waves with various incident angles at a certain frequency,
which could be a challenge with the TDS method because of the need to adjust the optical
path [25].

Recently, we made the first attempt to experimentally observe a plasmon resonance in
the angular spectrum on a shallow subwavelength grating using a cylindrical silicon prism
and monochromatic laser radiation [26]. The results showed poor resonance quality because
of (1) the necessity to work near the critical angle (due to the high refractive index of silicon),
which led to appearance of interference effects due to the leakage of some radiation from the
prism; (2) the focusing properties of the cylindrical prism, which increased the dispersion
of the incidence angles of radiation on the prism–air-grating interface; (3) a non-optimal
system for recording the reflected signal. In this paper, we modify the experimental setup,
taking into account the shortcomings of the first experiments. The new setup allowed us to
suppress most of the side effects mentioned in the previous work and carry out detailed
studies of both the angular and gap spectra at several wavelengths. A shallow grating
supporting a fundamental mode was fabricated by means of multibeam X-ray lithography
and used as a test sample.

2. Theoretical Description

Many scientists have proposed descriptions of spoof surface plasmon polaritons
excited on 1D subwavelength gratings using an effective medium and the mode matching
technique [27–32]. We will use the theory written by Rusina et al. [29] for such structures
with losses. In the framework of this consideration, a subwavelength grating (see Figure 1a)
with period p, groove width w, and depth d satisfying the conditions p, w 
 λ and w 
 d
can be described as a three-layer medium consisting of a homogeneous anisotropic layer
with height d placed between metal and dielectric layers. The dispersion relation of SSPPs
is as follows:

kSSPP =

(
εdk2

0 +
(

wεd
pεg

)2·k2
gtan2(kgd

)) 1
2
, (1)

where kg = k0
√

εg

(
1 + ls(i+1)

w

) 1
2 is the wave vector of the wave propagating in the groove;

εg and εd is the dielectric permittivity of substance inside and outside grooves, respectively;
k0 = 2π

λ is the wavenumber of the wave in free space. This model takes into account the

finite conductivity of the metal εm via the skin depth ls =
(
k0Re

√−εm
)−1.

The typical dispersion relation is shown in Figure 1b. It exhibits high dependence on
the width, depth, and period of the grooves, which provides flexibility in designing gratings
for various applications. Among all these parameters, the depth has the greatest influence
on the asymptotic frequency of spoof SPPs and excitation of the higher spoof plasmon
modes, which can be seen as follows. If the higher-order mode exists, then the dispersion
curve will intersect the light line, that is, kSSPP =

√
εdk0. This condition corresponds to

tan
(
kgd
)
= 0 and kgd = mπ, where m = 0, 1, 2, . . . is the order of the spoof plasmon. The

wavevector of the surface wave propagating along the corrugated surface is limited by the
first Brillouin zone of kg < π

p . Thus, clearly, modes with m ≥ 1 begin to be supported when
d ≥ mp [31].
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Figure 1. (a) Attenuated total reflection scheme in Otto configuration; (b) Typical dispersion curve.
X-axis is limited by Brillouin zone, while Y-axis is restricted by condition of grating period being
twice as small as wavelength, which is necessary for considering grating as subwavelength one;
(c) Typical reflectance spectrum.

To excite a spoof plasmon, the incident wave must have a similar frequency and
wavevector. However, for a given frequency, because of differing dispersion relations, the
wavevector of a free-space wave is smaller than that of the SSPPs. This mismatch can be
overcome with the attenuated total reflection technique. In this approach, a plane wave
incident at the angle θext onto a prism positioned against the subwavelength grating in the
Otto configuration (see Figure 1a) creates an evanescent field from the prism surface at
angles θint greater than θcr:

θint > θcr = arcsin
(
nd/np

)
, (2)

where np is the refractive index of the prism.
This field satisfies the spoof plasmon wave vector matching condition when

kSSPP = k0npsin(θint). (3)

The coupling of the spoof plasmon affects not only the matching condition but also
the gap between the prism and the subwavelength grating. In the first approximation,
excitation of the mode appears when the evanescent wave from the prism overlaps with
the mode of the subwavelength grating. This process is related to the penetration depths

lsspp = 1√
k2

SSPP−εdk2
0

(4)

of the spoof plasmon waves and

lp = 1√
k2

0n2
psin(θint)−εdk2

0
(5)

of the evanescent wave from the prism. As can be seen from Equation (4), lsspp is smaller
in the region above the surface for the higher operation frequencies due to the larger
deviation of the parallel component of wavevector from the light line. In turn, lp (see
Equation (5)) becomes smaller for prisms with higher refractive indices, which leads to
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higher confinement. The coupling process can be accompanied by side effects. If the prism
is in close proximity to the grating, this significantly enhances the scattering and reflection
between the prism and grating surfaces, which reduces the coupling efficiency, especially
for strongly localised modes. On the contrary, a larger gap will result in a small overlap of
the waves and poor coupling.

The coupling process can be explained precisely by the interference of the incident
wave and reflected beam from the grating [33,34]. To our knowledge, this problem has
not yet been analytically solved for the spoof surface plasmon polaritons excited on sub-
wavelength gratings. However, we can draw on theoretical results developed for classical
surface plasmon polaritons, assuming that the mechanisms for SSPPs are similar.

In this context, the transfer of the evanescent wave to the SSPPs is associated with
losses in the system under consideration. On one hand, the resonance in the spectrum (see
Figure 1c) can be described using a complex wavenumber, as follows [35–37]:

qres = q
′
res + iq

′′
res = k0npsin(θres) + ik0npcos(θres)·Δθres, (6)

where q
′
res corresponds to the angle of minimum reflectivity, i.e., the phase matching condi-

tion, and q
′′

res is related to the losses and determines the halfwidth of the resonance Δθres.
On the other hand, the shape of the resonance is entirely determined by the charac-

teristic of the spoof surface plasmon polaritons. The imaginary part of the wavenumber
represents the damping rate of the SSPP, which consists of two damping mechanisms:

• Internal damping (qi), associated with absorption in the metallic grating and propor-
tional to the imaginary part of the effective dielectric constant.

• Radiation damping (qr), arising from the emission of SSPPs into the prism, which
depends on the gap between the prism and the grating.

It is expected that the critical coupling condition (corresponding to a minimum in
the reflection spectrum) is achieved when the internal losses equal radiation losses that is
qi = qr [35,36]. Furthermore, the influence of losses on the optimal gap can be understood
in terms of SSPP skin depth into the grating. Lower internal losses result in a smaller
skin depth and stronger localization of the spoof plasmon, thereby increasing the coupling
between the SSPP and the incident wave. Consequently, a system with lower losses will
exhibit a larger optimal gap.

3. Numerical Simulation

The above theoretical model of SSPP on the grating is limited by the lack of consid-
eration of diffraction of higher modes and interaction of fields arising above the grating
grooves. These effects can be taken into account through either more rigorous, compli-
cated theories [30] or a numerical simulation chosen as a basis. We performed numerical
simulations using the finite difference method with the Radio Frequencies module of the
commercially available COMSOL Multiphysics Software (version 6.0) [38]. The COMSOL
eigenmode solver was applied to finding numerical dispersion curves, whereas the analysis
of the reflection spectra was carried out with the frequency domain solver.

The numerical scheme for searching for eigenmodes is shown in Figure 2a. We
calculated the dispersion curves of a 1D subwavelength grating with rectangular grooves
infinite in the y-direction, which enabled us to use a 2D Floquet cell during the analysis.
The right and left boundaries of the cell were limited by periodic boundary conditions,
while the upper side was closed by a scattering boundary condition (SBC) with a perfect
matched layer (PML) domain, and the lower one was defined as a perfect electric conductor
(PEC). The SBC and the PEC almost did not affect the result of the simulation because of
the high absorption of the grating and PML domains.
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Figure 2. Numerical schemes for calculation of (a) eigenmodes, (b) reflection spectra, and (c) meshing
around grating domain.

The x-component of the wavevector directed across the grooves varies, and an eigen-
mode is excited when kx coincides with the propagation constant of the spoof plasmon
supported by the structure. The variation range was limited by the first Brillouin zone, that
is, |kx| ≤ π

p . The distance between the upper surface of the groove and the PML domain
was large enough (greater than the penetration depth of the evanescent wave) to avoid the
influence of the latter on the SSPP modes. The number of modes to be found was defined as
M = 1 +

⌊
d
p

⌋
, while the initial frequency for search resulted from solution to Equation (1).

“Larger real part” was chosen as “the search method around shift” parameter.
The calculation of the reflection spectra was carried out using the numerical config-

uration consisting of the prism domain, dielectric gap, and grating shown in Figure 2b.
As in the previous case, the left and right boundaries were periodic Floquet boundary
conditions, but the wavevector magnitude was governed by the periodic port applied to
the upper boundary. This boundary must not interact with the evanescent surface plasmon
modes; thus, the prism domain size was large enough to allow waves from the port to
propagate and reflect inside it. The remaining side was the PEC, which did not affect
the response but made it possible to close the cell. The port excited a plane TM wave of(

Hx Hy Hz

)
=
(

0 0 1
)

. The electric field component was solved for the “in-plane
vector.” The simulations were conducted at various angles θint, frequencies, and gaps g. In
both simulations, the permittivity of the metal was modeled with the Drude model

εm = 1 − ω2
p

ω2+iωωτ
= 1 − ω2

pω2
τ

ω4+ω2ω2
τ
+ i

ω2
pωτ

ω(ω2+ω2
τ)

, (7)

where ωτ is the electron-collision frequency, and ωp is the plasma frequency. The parame-
ters of gold were ωτ = 4.05·1013 rad/s and ωp = 1.37·1016 rad/s [39]. For account of the
metal loss and tiny skin depth, the mesh size at the metal–air interface was set to 100 nm
and 300 nm as the minimum and maximum element sizes, respectively. The correctness of
the definition of the mesh size around the metal–dielectric boundary significantly impacts
the value of the optimal gap obtained in the simulation. The rest parameters of meshing
were set to “extremely fine”, and the mesh was built automatically. The typical meshing
around the metal–dielectric interface is shown in Figure 2c.

185



Photonics 2025, 12, 651

4. Fabrication Process

The process of rectangular grating fabrication consisted of two stages. At the first
stage, we fabricated a rectangular grating using multibeam X-ray lithography in a manner
similar to that described in the previous papers [40,41]. The gratings were embedded in
a 50 × 50 × 10 mm polished glass substrate. The patterned area was 22 × 20 mm. The
lithographic process used synchrotron radiation with energy in the range of 4–12 keV from
the VEPP-3 electron storage ring, transmitted to the LIGA station of the Siberian Center of
Synchrotron and Terahertz Radiation of Budker Institute of Nuclear Physics SB RAS [42].

The fabrication process was as follows. After wet cleaning in an aqueous solution
of sulfuric acid, SU-8–100 photoresist layer about 50 μm thick was deposited by the cen-
trifugation method and then dried on a hotplate. Then the photoresist layer was exposed
to synchrotron radiation through a slit diaphragm with step-by-step motion of the sub-
strate [43]. The exposure time depended on the required depth of the grating. This approach
enabled quickly changing the design parameters through variation of the slit width and
scanning speed. Once the photoresist layer had hardened on the hotplate at a temperature
of 95 ◦C, liquid development of the photoresist layer was carried out in the PGMEA solvent.

At the second stage, a thin metal film was deposited on the patterned substrate using
magnetron sputtering. The grating was covered with a 0.3 μm-thick gold (Au) layer with a
10 nm thick chromium sublayer, which was necessary to improve the adhesion of Au to the
resist. Due to the small thickness of the Au layer, the geometric dimensions of the grating
remained the same as before the sputtering. The choice of gold was due to its chemical
inertness to the atmosphere and high conductivity. A fragment of the microstructure with
a height and width of 14.5 ± 0.2 μm and period of 40 ± 0.1 μm is shown in the inserts of
Figure 3.

 

Figure 3. Scheme of experimental setup with photo inserts of its part and subwavelength grating
after magnetron sputtering.

5. Experimental Scheme

To excite SSPPs we built the experimental scheme shown in Figure 3. The Novosi-
birsk free electron laser (NovoFEL) [44] was used as a source of monochromatic terahertz
radiation. The power of the incident p-polarised beam (E ⊥ grating grooves) was con-
trolled using a metal wire polarizer, whereas its direction was governed by a system of
mirrors. The beam splitter directed part of the beam energy to the laser power meter, which
enabled detecting the current reference value of the power and tracking changes in the
power during the experiment. The other part of the wave passed through the lithographic
polarizer to be filtered from the parasitic s-polarised background (E || grating grooves).
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Then the beam impinged on the ZEONEX rectangular prism (np = 1.531) [45], transparent
in both the THz and visible ranges. To adjust the 20-mm beam to the small size of the prism
(≈7 mm), we used the 7-mm iris diaphragm placed near the prism. The incident angle
exceeded the total internal reflection angle, resulting in the appearance of the evanescent
wave interacting with the subwavelength grating. In our case, the relation between θext

and θint can be calculated with Snell’s law as

θint = 45◦ − asin
(

sin(45◦ − θext)
1

np

)
(8)

in the assumption that the prism is surrounded by air. Therefore, the experimental
angles were θext > 38.56◦ and θint > 40.8◦. The beam reflected from the interface
(prism–air–grating) was recorded using a TPX lens (f = 50 mm) in the 2f -2f configura-
tion and a pyroelectric matrix detector (Pyrocam-IV) with a receiving area of 25 × 25 mm2

(320 × 320 pixels).
The subwavelength grating sample was attached to the optic mount at the distance

g from the prism surface along the vertical axis. The motorised rotation stage (Standa)
controlled the angular position of the prism with increments of 0.01◦, while the vertical
motorised stage (Standa) moved the gap with a step of 83 nm. The mechanically adjusted
goniometer managed the parallel position of the prism surface and the subwavelength
grating. The whole setup was adjusted using the red beam of the diode laser, combined
with the THz beam.

6. Simulation Results

6.1. Dispersion Curve

The groove depth of our sample is 14.5 ± 0.2 μm, which is smaller than its period of
40 ± 0.1 μm, and thus it can support only the fundamental mode. The dispersion curves
obtained with the simulation and Equation (1) are shown in Figure 4. As can be seen, a
significant deviation of the analytical theory from the numerical results can be observed in
the case of a shallow grating (w~d), as follows from the Rusina theory limitation (see the
theory and numerical sections).

Figure 4. SSPP dispersion curve obtained with numerical simulation and analytical equation. High-
lighted points with filled rectangles reflect positions of experimental resonances, while limiting points
of our setup and grating are shown in rectangles without color.
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We conducted experiments in the vicinity of several frequencies and angles (see
Figure 4). Their choice was determined by the atmospheric frequency transparency win-
dows (in the absence of strong water vapor absorption lines) and the angles that can be
adjusted with our in-house setup. The NovoFEL frequency can be tuned over a wide range
(0.75–38 THz), but there are well-established operating regimes. Some of them correspond
to 1.51 THz, 2 THz, 2.306 THz, and 2.535 THz. The range of angles covered by our setup is
limited by both the prism size and the diameter of the incident beam. Due to this, the angle
has to be between 40.8 (the ATR critical angle) and 50 degrees. The limited angular range
has narrowed the operating frequency range to 1.21–2.806 THz. Both the frequencies and
angles at which we work satisfy the matching condition (Equation (3)) and limitations of
the setup.

6.2. Gap and Frequency Variations

The gap between the grating and the prism base affects the efficiency of coupling of
the evanescent wave into spoof surface plasmon polaritons. Through several simulations,
we obtained gap–angular maps for the chosen excitation frequencies. One of the maps
is shown in Figure 5a. By comparing the dip values of the reflectivity at the SPR points
for different gap distances, we could find the optimal coupling distance. The optimal
gap distance varies with the position on the dispersion curve, and the larger optimal gap
corresponds to the closest position to the light line.

Figure 5. (a) Gap–angular map (λ = 150 μm) with inset of gap spectrum with optimal parameters of
SPP coupling below it; (b) Frequency–angular map (g = 245 μm) with inset of angular spectrum with
optimal parameters of SPP coupling below it.
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Although for many applications it is preferable to have a highly confined field, it
requires more sophisticated experimental solutions in controlling the gap distance. In our
setup, this complex task is not fully solved, which leads to the gap dispersion and zero gap
error. Because of tilts, the gap distance varies for different points of the grating surface.
This effect can be called gap dispersion. As a result, the SSPPs interact non-uniformly
with the evanescent wave and are excited with different efficiencies. Another challenge is
the difficulty of experimental determination of the zero position of the gap because of the
mechanical adjustment prior to the experiment. The inaccuracy of the zero setting could be
about 0–40 μm, while the tilt of the prism base could be ~0.2–0.3◦, which leads to a gap
dispersion of ~25–40 μm (see Figure 5a). All these effects can be eliminated by increasing
the optimal gap distances in the experimental measurements and choosing the excitation
points on the dispersion curves closer to the light line.

In the experiment, in addition to the gap dispersion, we have the spectral width
of the laser. The NovoFEL radiation usually has a spectral width of ~1% of the central
frequency [46]. For instance, if we have an excitation frequency of 2 THz, then the spectral
width will be 0.02 THz. In addition, the beam incident on the prism has diffraction
divergence. This means that the light will fall onto the prism at different angles, which
leads to different efficiencies of excitations of SSPPs related to different points on the
dispersion curves. This effect can be reflected with the frequency–angular map shown in
Figure 5b.

To estimate the contribution of these effects, we will consider excitation of a spoof
plasmon on the gold grating at 2 THz (150 μm). At this frequency, we have an optimal
gap and an optimal angle, equal to 245 μm and 42.27◦, respectively. The spectral width of
the incident beam affects the optimal-coupling incident-angle broadening. Since we have
a diaphragm diameter of 7 mm in the experiment, the diffraction angular spread will be
∼λ
d = ±1.2◦. However, due to the relatively narrow spectral width of the beam, only angles

lying in the range of ±0.11◦ from the optimal one will contribute to the excitation process,
as shown in Figure 5b. The angular components that do not interact with the grating
will reduce the energy transferred into the spoof plasmons in the experiment. The gap
dispersion enables more efficient coupling of different angular and frequency components
of the beam, resulting in an almost twofold expansion of the angular spectrum width from
0.13◦ to 0.22◦. The gap spectrum remains virtually unchanged due to its large width.

6.3. Field Confinement and Optimal Gap

The confinement of the electromagnetic field above the grooves is dependent on the
position of the excited mode on the dispersion curve. According to Equation (4), the
closer the wavenumber of the spoof plasmon to the Brillouin zone boundary, the better
its confinement. We estimated the penetration depth of the spoof surface plasmon using
Equation (4) and the numerical dispersion curve, as shown in Figure 6a. The value of lsspp

decreases relatively fast from 780 μm (≈3 λ) in the vicinity of the light line to 20 μm (≈0.2 λ)
at the Brillouin zone boundary. Excitation of SSPPs occurs when the wave vector matching
condition is met (see Equation (3)), which looks like the intersection of lp (see Equation (5))
with lsspp.

However, the optimal gap is not equal to the SSPP penetration depth and cannot be
fully described as an overlap of two evanescent waves when lp = lsspp. It is associated
with the appearance of additional reflection and interference effects, which result in a
complicated interaction of the SSPP waves and the evanescent wave of the prism in the
gap between the prism and the subwavelength grating. We conducted several simulations
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to find the optimal gaps at various wavelengths. The obtained dependence of the optimal
gap on the wavelength is plotted in Figure 6b. To approximate it, we used the equation

g = g0 +
Δg
Δλ (λ − λ0), (9)

where g0 is the minimum gap corresponding to the cutoff wavelength, λ0 is the cutoff
wavelength, and Δg

Δλ is the rate of gap variation with change in the wavelength. This
approximation is valid up to the proximity to the light line, where transition effects occur
and enable quick determination of the optimal coupling gap distance.

(a) (b)

Figure 6. (a) Penetration depth of electric field above grating and (b) optimal coupling gap. Values in
coloured circles correspond to those in circles of similar colours in Figure 4.

6.4. Losses and Optimal Gap

As mentioned in the theoretical section, the gap distance between the prism and
the grating is influenced by losses in the system. To demonstrate this, we can consider
two ways to increase internal losses: either by increasing the metal losses (Im{εm}) or by
increasing the losses in surrounding media (Im{nd}). We chose the former approach and
increased the imaginary part of the metal permittivity by scaling ωτ by a factor of X. As
can be seen from Equation (7), this parameter has only a minor effect on the real part of the
metal permittivity at high values of ωτ , while significantly increasing the imaginary part.
Radiative losses have a much more complex and diverse nature, which does not allow us to
estimate them for our task. Since the resonance parameters depend on the sum of internal
and radiative losses, and we cannot separate them from each other in the experiment, then
here and further we will be able to increase the total losses of the SSPPs only by increasing
the internal losses by the way mentioned above.

This approach allows us to qualitatively assess the influence of internal losses on the
resonance behaviour. Figure 7a,b show the dependence of internal losses on optimal gaps
at a wavelength of 198 μm. As the losses increase, the optimal gap decreases, while the
FWHM of the gap resonance remains nearly constant at approximately 242 μm. In contrast,
the angular spectrum exhibits the opposite trend (see Figure 7c). The optimal angle of
the resonance continues to satisfy the phase matching condition, although the angular
resonance becomes significantly broader.
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(a) (b) 

(c) 

Figure 7. (a) Dependence of the optimal coupling gap on factor X at λ = 198 μm; (b) Gap reflectance
spectra as a function of factor X at λ = 198 μm; (c) Angular reflectance spectra as a function of factor X
at at λ = 198 μm.

7. Experimental Results

7.1. Measurement Procedure

To find the optimal conditions of SSPP excitation in the experiment, we set up the
beam incidence angle according to the simulation results, and then we varied the gap
distance. However, the experimental optimal angle usually differs from the simulation one;
therefore, we slightly varied it in the vicinity of the first predicted angle and repeated the
procedure with the gap until we were able to determine the absolute minimum dip in the
reflection spectra.

In the experiments, we recorded the 2D distribution of the beam reflected from the
prism base in the ATR regime (see Section 5). This method of beam recording can be applied
in the future to the analysis of the local characteristics of the analyte at each point of the
grating in the same manner as in our previous article on the excitation of surface plasmons
on InSb [47]. In this article, we processed the recorded data in the following way:

1. The beam signal normalised to the reference one was averaged over the detector
matrix to yield the integral response of the grating.

2. The obtained angular spectra at various spectral frequencies were then normalised
to the attenuated total reflection angular spectrum without the grating in the vicinity
of the prism to account for the interaction of the incident beam with the prism under
different conditions.
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3. To obtain the reflectance, we divided the entire angular and gap spectrum by its maxi-
mum value reached at large air gaps and angles far from the resonance, correspondingly.

4. The measured intensity errors were about ±5%, which corresponded to the NovoFEL
average power instability.

Figure 8 shows an example of reflected beam images obtained at the resonant angle and
wavelength for different gaps. It is evident that at g = 150 μm, the greatest attenuation of
the beam is observed, which corresponds to the surface plasmon resonance. The distortions
observed in the beam profile in the resonance region indicate re-radiation of the SSPPs
generated on the grating and their interference with the reflected beam. At large gaps
(g ≈ 300 μm), in the absence of bulk wave transformation into SSPPs, it is possible to
observe the reflected beam profile under conditions of total internal reflection, which
corresponds to the profile of the beam incident on the air–prism boundary. The white
dotted line highlights the region over which the signal was averaged for all frames in
this series.

Figure 8. Reflected beam images for subwavelength grating with different gaps between prism and
grating. Radiation wavelength λ = 130 μm (2.3 THz); internal angle of incidence θint = 43.7 degrees.
White dotted line: region of averaging of reflected beam signal.

7.2. Angular and Gap Spectra

The angular spectra are shown in Figure 9a. It is immediately clear that the experi-
mental dip width was significantly larger than the simulated one, while the dip depth in
the experiments was smaller than that in the simulation. For example, (see Section 6.2), the
angular width is estimated at about 0.22◦ at 150 μm, while the experiment gives 1.2◦ at
150 μm, which is 5.5 times larger.

This shows that the spectral and angular widths of the incident beam have less impact
on the experimental results than the broadening caused by absorption and diffraction due
to the grating surface roughness, dispersion of the grating parameters, and the finite size of
the grating. The assumption about the significant effect of the sources of the experimental
angular broadening is confirmed by the increase in the depth and the decrease in the width
of the dip with the growth of the radiation wavelength (see Figure 9a,b).

In addition to this, it can be noted that the experimental dip, corresponded to 198 μm
(black line) slightly outside of the ATR regime. This is due to the higher losses in ex-
periments and the relatively close proximity of the resonance to the critical angle. A
similar effect is observed in the simulation results when the metal losses are increased (see
Figure 7c).

The gap spectra are demonstrated in Figure 9b. The depth values in these spectra are
almost similar to those we obtained in the angular spectra at the corresponding wavelengths
(see δRθ and δRg in Figure 9c). The non-zero depth of the experimental resonance is
attributed to the angular width of the beam and indicates that only a portion of the beam

192



Photonics 2025, 12, 651

transforms into the SSPPs (see Section 6.2). The angular components of the beam that
are not involved in the excitation process cannot be excluded from consideration, as the
reflected beam is normalised with respect to the entire incident beam. The resonance depth
can be increased, for example, by reducing the angular width of the incident beam. The dip
width suffers less from the broadening effects than the angular spectra do, and their values
are closer to the simulation results.

 
(a) (b) 

 
(c) 

Figure 9. Experimental results: (a) angular spectrum; (b) gap spectrum; (c) observation errors.

7.3. Optimal Incident Angle and Gap Distance

The optimal excitation angle and gap obtained experimentally and numerically are
summarised in Table 1. In most cases, the experimental angles and gaps are close to the
simulation ones. The observation error in the determination of the angular position of the
resonance δθint does not exceed 1%, while the experimental gap position δg coincides with
the simulation one with an accuracy of less than 17.4% (see Figure 9c).

As discussed earlier, the optimal angle is primarily determined by the phase matching
conditions and its position can be affected by variation in structural parameters and the
system misalignment. This explains the relatively low angular error observed in the
experiment. In contrast, the optimal gap distance is governed by a combination of internal
and radiation losses, which depend on various interrelated factors such as roughness of
the surface, plasmon localisation, metal absorption, boundary effects due to the finite size
of the grating, and even zero gap position errors. As a result, a relatively large deviation in
the gap is acceptable. In absolute values, the gap error is less than 21 μm.

193



Photonics 2025, 12, 651

Table 1. Optimal SSPP excitation incident angles (θint) and gap distances (gopt).

Simulation Experiment

Wavelength,
μm

Frequency, THz
Gap,
μm

Angle,
deg

Gap,
μm

Angle,
deg

198 ± 0.51 1.51 ± 0.008 444 ± 0.5 41.42 ± 0.005 245.8 ± 5 41.2 ± 0.1
150 ± 0.85 2 ± 0.01 245 ± 0.5 42.27 ± 0.005 249 ± 5 42.13 ± 0.1
130 ± 0.67 2.306 ± 0.012 167 ± 0.5 43.37 ± 0.005 149 ± 5 43.73 ± 0.1
118 ± 0.34 2.535 ± 0.013 121 ± 0.5 44.99 ± 0.005 100 ± 5 44.98 ± 0.1

There exists only one large shift from the value predicted by the simulation, observed
in several experimental series at a wavelength of 198 μm. In this case, the measured gap
distance was nearly half that predicted by the simulation. This shift is related to the fact
that, at this frequency, the resonance lies close to the light line, indicating strong coupling
between the SSPP and the incident wave. Due to weak localisation, the scattering of THz
SSPPs on the roughness occurs more intensely [48], which leads to the interference of waves
in the gap with diffracted ones, resulting in the non-uniformity of the FEL beam intensity
profile at the surface plasmon resonance (see Figure 8). As a result, the optimal coupling
gap distance shifted to the lower values in the experiment. This effect can be replicated
in the simulation by introducing additional losses into the system. For example, a similar
critical coupling condition is observed in the simulation when X=85, as shown in Figure 7a.

Despite the fact that we used only a discrete number of frequencies in the experiment,
the results indicate that we can continuously switch the resonant frequency in at least the
1-THz range from 1.51 to 2.54 THz and theoretically can increase the value up to 1.67 THz
using a single grating. The obtained frequency tuning is significant compared to the other
strategy of resonance switching. For instance, the active tunable metamaterials allow only
achieving about 3–5% of frequency tuning from the initial position of resonance, which is
typically less than 0.3 THz [49,50]. Table 2 summarises the typical spectral tunable ranges
observed experimentally for both active and angle-dependent terahertz metamaterials.

Table 2. Typical tunable range of terahertz metamaterials.

Approach Spectral Tuning Range, THz Tunable Range, GHz Reference

Angle-dependent metasurface 0.139–0.1498 10.8 [51]
Angle-dependent metagrating 0.5–0.55 50 [52]

MEMS, thermal tuning 0.32–0. 43 110 [53]
MEMS, mechanical tuning 2.12–2.28 160 [54]

Liquid crystal, electrical tuning 0.75–1 250 [55]
Metal grating with angular

dispersion 1.51–2.54 1030 This work

7.4. Quality Factor

The Q factor for the gap and angular resonances can be defined as Qg =
gopt
Δg and

Qθ =
θopt
Δθ , correspondingly, where gopt and θopt are the optimal gap and angular resonance

positions, and Δg and Δθ are the full widths at half maximum of the resonances. Due to the
broadening and position errors described in the previous sections, Qg in the experiments
turned out to be of the same order as in the simulation, while the experimental Qθ was
one order of magnitude smaller than the simulation one, as shown in Figure 10. The Q
factor of the resonances in the angular spectra was within the range of 19.4–37.6, while the
resonances of the gap spectra had the Q factor lying within the 1.17–2.03 range. Both the
gap and angular quality factors grew with an increase in the resonance wavelength and
achieved their maximum values at a wavelength of 198 μm. As mentioned in the previous
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section, this wavelength dependency is clear because of the growing effects of the gap
dispersion, absorption, and diffraction on the propagation of the spoof surface plasmon
waves along the grating at smaller wavelengths. The maximum angular quality factor
Qθ = 37.6 ± 6.7 at 1.51 THz(198 μm) is comparable to a value of 43.3 at 0.738 THz, which
was obtained with frequency spectrum and phase measurements by Huang [24], but is
lower than a Q factor of 170 at 1.71 THz, obtained by the similar phase method by Binghao
Ng [14].

Figure 10. Q factors obtained experimentally and numerically.

8. Discussion

The experimental excitation of spoof surface plasmons on a 1D subwavelength grating
in the attenuated total reflection scheme is a new topic. The first experimental demonstra-
tion was carried out in 2013 by Binghao Ng [14], repeated in 2019–2020 by Huang [23,24].
Moreover, they showed the sensor capabilities of this type of metamaterial using various
liquids. The authors were not limited to that and demonstrated the possibility of improv-
ing the quality of resonances through phase measurements and coupling gap variation.
Although all these measurements were conducted using a time domain spectrometer, and
the grating responses were recorded over a wide frequency range, the work was per-
formed in one frequency resonance regime. The authors did not study, for example, the
analyte–grating interaction at various frequencies and were not able to unleash the full
potential of the TDS and this metamaterial.

Compared to the above works, we operated in the frequency domain and realised the
attenuated total reflection technique with angular interrogation to collect data at various
frequencies and angles. This allowed us to change the resonance of the subwavelength
grating in the dispersion curve through variation of the incidence angle and variation and
implement passive tuning of the resonance. We were not able to collect phase information,
which would significantly improve the resonance quality and enable work with highly
absorbent substances. However, as shown in our article, the angular spectra with a tunable
quasi-monochromatic source of radiation might be a good alternative, without the necessity
of using a complicated TDS technique, which has various experimental limitations and
uncertainties. It is especially promising in connection with the development of compact
frequency-tunable THz radiation sources, such as quantum cascade lasers and frequency
multipliers based on avalanche diodes [56].
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Moreover, like other authors, we presented gap variation to enable modulation of
the coupling efficiency. It is highly important for the adjustment of the field enhancement
when the refractive index of the surrounding medium changes or during layer scanning,
for instance. Another difference is that we recorded our data with a matrix detector. This
new feature of our setup opens up new ways to analyse local interactions of SSPPs with
the surrounding media.

Although our experimental results are in good agreement with the theory, the capabil-
ity of our setup is still limited. (1) We still cannot provide precise control of the zero gap
distance. (2) The limited prism size and the large beam diameter do not allow us to tune the
full available frequency region across the entire dispersion curve and reduce the diffracted
components of the incident beam that do not contribute to the formation of the spoof
plasmon resonance. (3) The system of phase measurements has not been implemented
yet. We will continue developing the setup to improve the quality of the resonances and
expand its potential applications.

The attenuated total reflection scheme in the Otto configuration combined with the
subwavelength grating can become a platform for the terahertz real-time enhanced spec-
troscopy and imaging since it provides full control over spoof plasmon resonances. How-
ever, the interaction of spoof plasmon resonances with liquid analytes is unclear, and the
problem of calibration of resonances over a wide frequency range to extract parameters of
the analyte has not been solved. In addition, excitation and analysis of higher SSPP modes
have not been realised experimentally yet. All of these might be topics for further research.

9. Conclusions

We demonstrated excitation of the fundamental spoof surface plasmon mode on a
1D subwavelength rectangular profile grating in the terahertz frequency range. Using
the attenuated total internal reflection technique with angular interrogation in the Otto
configuration in the frequency domain, we successfully carried out experiments and
measured spectra at different frequencies by tuning the resonance from 1.51 to 2.54 THz,
which corresponds to 1-THz tunability, which cannot be achieved with active tunable
metamaterials. The obtained Q factors of the angular resonances lie within the range of
19.4–37.6, reaching the maximum at a wavelength of 198 μm. These values are comparable
to those other authors obtained earlier using similar structures. By changing the gap, we
were able to control the efficiency of coupling of the prism evanescent wave and the spoof
surface plasmon wave, which leads to modulation of the absorption characteristics. In
addition, a new recording system realised in our in-house setup makes it possible to monitor
the local response of the grating, which will enable real-time tracking of changes in the
surrounding medium. An experimental realisation of all capabilities of this metamaterial
at once was shown for the first time. All of this is highly important for enhanced terahertz
real-time absorption spectroscopy and imaging, and the presented results bring us closer
to the implementation of these techniques.
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The following abbreviations are used in this manuscript:

SSPP spoof surface plasmon polariton
SPP surface plasmon polaritons
THz terahertz
ATR attenuated total reflection
NovoFEL Novosibirsk free electron laser
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Abstract: The applicability ranges of macroscopic and microscopic electromagnetism are
contrasting. While microscopic electromagnetism deals with point sources, singular fields,
and discrete atomistic materials, macroscopic electromagnetism concerns smooth average
distributions of sources, fields, and homogenized effective metamaterials. Green’s function
method (GFM) involves finding fields of point sources and applying the superposition
principle to find fields of distributed sources. When utilized to solve microscopic problems,
GFM is well within the applicability range. Extension of GFM to simple macroscopic
problems is convenient, but not fully logically sound, since point sources and singular
fields are technically not a subject of macroscopic electromagnetism. This explains the
difficulty of both finding the Green’s functions and applying the superposition principle in
complex isotropy-broken media, which are very different from microscopic environments.
In this manuscript, we lay out a path to the solution of macroscopic Maxwell’s equations
for distributed sources, bypassing GFM by introducing an inverse approach and a method
based on “Om” -potential, which we describe here. To the researchers of electromag-
netism, this provides access to powerful analytical tools and a broad new space of solutions
for Maxwell’s equations.

Keywords: electromagnetism; photonics; metamaterials; optics; Green’s function

1. Introduction

The main problem of electromagnetism is predicting the interaction between arbitrary
charge distributions placed in arbitrary environments [1]. The path to solving this problem
is most typically understood as finding fields of point sources. The fields of complex
sources can then be obtained via the superposition principle. This approach, known as
the Green’s function method, is not only mathematically natural for singular microscopic
fields but is grounded in the physics of elementary particles, which do not have dimensions
according to relativistic considerations [2]. The ubiquitous position of Green’s functions
in microscopic electromagnetism is best expressed in the essay by Julian Schwinger ti-
tled “The Greening of Quantum Field Theory: George and I” [3]. The “Greening” of
macroscopic electromagnetism is less obvious since photonics researchers do not deal with
elementary particles or singular microscopic fields and do not claim the applicability of
macroscopic photonics to elementary particles. Not unexpectedly, the extension of the
microscopic Green’s function approach to macroscopic electromagnetism faces difficulties
due to fundamental differences between the corresponding sets of Maxwell’s equations.

A lot of effort is invested in extending Green’s function method to various macroscopic
electromagnetic media; this cannot be considered very successful, however, at the rugged

Photonics 2025, 12, 660 https://doi.org/10.3390/photonics12070660
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frontier of isotropy-broken media, due to the complexity and inherent non-locality of these
media [4]. Although an integral representation of Green’s function can be obtained for the
most general case of isotropy-broken media [5], closed-form expressions of dyadic Green’s
functions are only available for a limited set of relatively simple isotropy-broken media [6,7].
Another complication arises from utilizing the superposition principle in the Green’s func-
tion method, as finding fields created by non-point sources involves untenable integration,
even in the depolarization dyadics approximation [7]. Finding fields of non-point sources
in isotropic media, in many cases, relies on symmetries of those sources [1]. This can be
extended to isotropy-broken media by means of spectral eigenfunction representations;
however, this results in infinite series, requiring truncation [7,8].

In this manuscript, we introduce two approaches to directly obtain fields created
by a very broad class of sources immersed in generic isotropy-broken media. First, we
apply the inverse approach to the inhomogeneous Helmholtz equation for the vector
potential to obtain sources that create desired vector potentials. In the second approach,
we draw inspiration from the teachings of Hindu philosophy about the primordial fore-
sound of the universe encompassing all creation. We introduce the “Om” -potential
that underlies both sources and fields and provides for the direct method of evaluation of
the solutions of macroscopic Maxwell’s equations in isotropy-broken media. Please note
that the introduction of auxiliary vector fields to aid the solution or analysis of Maxwell
equations is not unprecedented in the history of science, as exemplified by the scalar
potential, vector potential, Hertz potential [9], and Beltrami fields [10]. The power of our
methods is demonstrated by the mappings we uncover between different sources that
create identical potential across all materials and between field-source pairs that come from
the same “Om” in materials as they transition between symmetries, topology classes,
and so on.

It is important to clarify that the Inverse Helmholtz and Om-potential methods pro-
posed here are fully analytical in nature. Their primary purpose is to reveal structural
and symmetry-based relationships between macroscopic sources and fields, not to replace
numerical solvers such as FEM or FDTD or fast methods for band field calculations [11,12].
Accordingly, no computational speed or convergence comparisons are made or implied in
this work.

2. Helmholtz Equation and Green’s Functions in Isotropy-Broken
Media

Macroscopic fields satisfy Maxwell’s equations

∇× H − 1
c

∂D
∂t

=
4π

c
j,∇× E +

1
c

∂B
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= 0 (1)

The constitutive relations are generally expressed as
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Under the Weyl gauge, the relationship between fields and the vector potential reduces
to B = ∇× A and E = − 1

c
∂A
∂t . Combining Maxwell’s equations and constitutive relations,

we obtain the wave equation for the vector potential in isotropy-broken media
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ĈHE ĈHB
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∇× Î + Ŷ
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Transforming into the Fourier domain as L̂
(
∇, 1

c
∂
∂t

)
→ L̂(ik,−ik0) results in the

Helmholtz operator for isotropy-broken media
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ĈHE ĈHB
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The vector potential can be now expressed as A(k, k0) = − 4π
c

adj L̂
|L̂| j(k, k0) and

A(r, k0) = −4π
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is the determinant of the operator Equation (4),

with αijlm being the Tamm–Rubilar tensor [13,14], and the corresponding adjoint operator is

adjL̂ = 1
k4
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[
β̂ijlmki

xkj
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, where β̂ijlm are 3 × 3 matrices.

The usual approach is to use the superposition principle to express Equation (5) in terms
of dyadic Green’s function Ĝ

(
r, r’)

A(r) = −4π

c

∫
dr’ Ĝ
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j
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(8)

Correspondingly, from Equations (7) and (8), the dyadic Green’s function can be
expressed as [5,7]

Ĝ
(

r, r’
)
=
∫ d3k

(2π)3
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ik
(

r − r’
))

, (9)

The problem of finding fields created by arbitrary sources is thus reduced to finding
the Green’s function, which is a response to a delta-functional point source and always has a
singular part [7].

L̂(∇,−ik0) Ĝ
(

r, r’
)
= Î δ

(
r − r’

)
(10)

As described in the introduction, in general, both finding the Green’s function from
Equations (9) and (10) and utilizing the superposition principle, Equation (8), are challenges
in macroscopic electromagnetism and are unnatural due to the limited validity of point
sources and singular fields in macroscopic environments.

3. The “Om” − Potential

To bypass the complications related to GFM we introduce differential operators based
on Fourier space operators
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Note that differential operators D and Û have constant coefficients in homogeneous
media and, therefore, commute. We recast Equation (7) as

D
(
∂x, ∂y, ∂z

)
A(r) = −4π

c
Û
(
∂x, ∂y, ∂z

)
j(r) (13)

Instead of representing the source j(r) as a superposition of point charges, as is
done in the Green’s function method, we express the source via the underlying “Om”

− potential vector field
j(r) = D

(
∂x, ∂y, ∂z

)
(r) , (14)

From Equation (13) an expression for the vector potential corresponding to source
current Equation (14) can be obtained as

A(r) = −4π

c
Û
(
∂x, ∂y, ∂z

)
(r) (15)

where the Devanagari script “Om” (r) is a vector field, which underlies both the source
j in Equation (14) and the vector potential A in Equation (15) in a unified paradigm of
Equations (13)–(15).

The Om-potential we introduce in this work can be interpreted as a vector field that
underlies both the sources and the fields [see Equations (14)–(15)], which are observables
in macroscopic electromagnetism. This distantly mirrors the role of the wavefunction in
quantum mechanics, which generates all observables via operator action, or the role of
partition functionals in statistical mechanics and quantum field theory, from which correlation
functions are derived. Like the Hertz vector potential, the Om-potential is not directly
observable but simplifies the analytical framework and reveals invariant structures that may
otherwise remain hidden. The Om-potential formalism, therefore, acts as a unifying substrate
across varying isotropy-broken electromagnetic media, organizing both the geometric and
material complexity of Maxwell’s theory into a single functional framework.

Note that for an arbitrary source, the underlying “Om” vector field (r) can be found as
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∫
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j
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,

where the scalar “Om” Green’s function is g
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It is important to clarify that using g
(
r, r’) is challenging for complex media, as

described in the introduction, and we do not use it in any of the methods we propose here.
The summary of relationships between the “Om” -potential, vector potential A,

and sources j is shown in Figure 1.
To improve readability, we list major quantities discussed in this paper into Table 1.
In vacuum, the operator L̂ has the following properties:
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This means that for a vacuum, Equation (13) can be rewritten as

(
∇2 + k2

0

)2
A(r) =

4π

c

(
∇2 + k2

0

)(
Î − 1

k2
0
∇∇

)
j(r)

Dvac
(
∂x, ∂y, ∂z

)
= k2

0

(
∇2 + k2

0

)2
, Ûvac

(
∂x, ∂y, ∂z

)
=
(
∇2 + k2

0

)(
k2

0 Î −∇∇
)

For a point source at r0 polarized in direction ê in vacuum j = êδ(r − r0), the “Om”
vector field (r) is a spherical wave propagating from the source location

vac−point(r) =
(
∇2 + k2

0

)−1
ê

eik0|r−r0|

4π|r − r0| = ê eik0|r−r0|

Figure 1. The schematic of the relations between the sources j(r), vector potentials A(r), and the

“Om” -potential introduced in this manuscript.

Table 1. Symbols and notation used in the manuscript.

Symbol Description

A(r) Vector potential

j(r) Source current density

(r) Om-potential (underlying vector field generating both A(r)and j(r))

L̂ Helmholtz operator for isotropy − broken media : L̂A = − 4π
c j

D Differential operator used to generate j(r)from (r); its Fourier transform is detL̂

Û Differential operator used to generate A(r)from (r); its Fourier transform is adjL̂

4. Inverse Helmholtz Equation Method

The first method to find solutions of Equation (8) relies on inverse approach to the
Helmholtz equation

j(r) = L̂(∇,−ik0) A(r), (17)

where instead of looking for vector potential A(r) for a given source j(r), we set the vector
potential A(r) and obtain sources j(r), which create the desired vector potential.

To proceed, we utilize the Hermite functions φnxnynz(r) = ψnx (x)ψny(y)ψnz(z), which are

eigenfunctions of the quantum harmonic oscillator ψnx (x) =
(
2nx nx!

√
πwx

)− 1
2 e

− x2

2w2
x Hn(x/wx).
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The del operator applied to Hermite functions is

∇ψnxnynz(r) =
1√
2

{(
âx − â+x

)
/wx,

(
ây − â+y

)
/wy,

(
âz − â+z

)
/wz

}
ψnxnynz(r)

where the ladder operators âxψn =
√

n + 1ψn+1, â+x ψn =
√

nψn−1.
For a vector potential in vacuum polarized in direction x̂ and given by A(r) = x̂ψ000(r),

the source can be found as

j(r) = L̂(∇,−ik0)A(r) =
{(

k2
0 +∇2) Î −∇∇}A(r)

= 1√
2

1
w2

{√
2
(
k2

0w2 − 1
)
ψ000 + ψ020 + ψ002,−ψ110,−ψ101

} (18)

If the vector potential A(r) is fixed, the only material-dependent factor in the RHS
of Equation (17) is the operator L̂(∇,−ik0). This allows us to create a cross-material
mapping between sources j(r), which create the same vector potential in different media.
To demonstrate this, we consider a material with M̂κ = (1 − κ)1̂ + κM̂1, where

M̂1 =

⎛
⎜⎜⎜⎜⎜⎜⎜⎜⎝

0.63 0.11 0.59 0.82 −0.8 −0.56
0.11 −0.078 −0.37 0.81 −0.65 0.87
0.59 −0.37 −0.021 0.79 0.49 0.68

−0.82 −0.81 −0.79 0.27 0.046 −0.98
0.8 0.65 −0.49 0.046 0.22 −0.73

0.56 −0.87 −0.68 −0.98 −0.73 −0.58

⎞
⎟⎟⎟⎟⎟⎟⎟⎟⎠

.

Note that the matrix M̂1 is also color-coded in Figure 2e. As κ changes from 0 to 1, the
material undergoes several topological transitions (see Ref. [15]) from non-hyperbolic to
mono-hyperbolic [Figure 2a], to bi-hyperbolic [Figure 2b], to tri-hyperbolic [Figure 2c], to
tetra-hyperbolic [Figure 2d].

Figure 2. (a–d) Topological transitions of material M̂κ = (1 − κ)1̂ + κM̂ for different κ as indicated in
the panels. (e) Color-coded visualization for matrix M̂1.

In Figure 3, we show how the source j(r) required to create the vector potential
A(r) = x̂ψ000(r) changes as κ changes. The leftmost panels of Figure 3 correspond to
vacuum κ = 0 and follow Equation (18). One can see that the source distribution is
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deformed and rotated as the materials pass through the topological transitions shown
in Figure 2.

Figure 3. The x–y plane cross-section of the sources j(r) needed to create potential A(r) = x̂ψ000(r) in
different materials M̂κ . Panel (a) shows the x-component jx; (b) jy; (c) jz. Blue (red) corresponds to
negative (positive) values, with maximum magnitude indicated on the panels.

5. The “Om” − Potential Method

The second method to find solutions to Equation (8) is to use Equations (14) and (15).
We select the “Om” (r)-potential and find the corresponding source j(r) and vector
potential A(r). If the “Om” (r)-potential is fixed, the only material-dependent factors
in the RHS of Equations (14) and (15) are operators D

(
∂x, ∂y, ∂z

)
and Û

(
∂x, ∂y, ∂z

)
. This

creates cross-material mapping between the source–vector potential pairs j(r) and A(r),
which corresponds to the same “Om” (r)-potential as the material is modified.

In Figure 4, we show the x-y cross-sectional distributions of the sources j(r) and vector
potentials A(r) corresponding to (r) = x̂ψ000(r) for different materials M̂κ . We see
drastic modifications of both j(r) and A(r), which undergo both deformation and rotation.
Interestingly, the rate of change in x-y cross-sections of j(r) and A(r) is not the same as κ is
changed. For κ = 0.63 − 0.69, when the material is in the topological transition into the
bi-hyperbolic phase, the source j(r) is strongly modified, as can be seen from the leftmost
panels in Figure 4b–d. At the same time, the vector potential A(r) has minimal changes in
the same range of κ.
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Figure 4. The x-y plane cross-sections of the x-component of the sources jx (leftmost panels) and
the components of the vector potential A(r) (three rightmost panels) for the “Om”-potential given

by (r) = x̂ψ000(r) for different materials M̂κ . In panel (a) κ = 0.01; (b) κ = 0.63; (c) κ = 0.67;
(d) κ = 0.69; (e) κ = 1. Blue (red) corresponds to negative (positive) values, with maximum magni-
tude indicated on the panels.
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6. Discussion

We would like to summarize the three methods discussed in this manuscript using
Table 2 below.

Table 2. The three approaches to solving macroscopic Maxwell’s equations.

Method Uses Point Sources
Suitable for

Isotropy-Broken Media
Structure Notes

Green’s Function
Method (GFM) Yes Limited

Obtain fields from sources via
an integral with

singularities/No closed form

Natural in microscopic EM;
struggles in complex
macroscopic media

Inverse Helmholtz
Method No Yes

Obtain sources from fields via
analytical

differentiation/Closed form

Solves for the source from the
desired vector potential.
Applicable to complex

macroscopic media

Om-Potential Method No Yes
Obtain source-field pairs from

Om-potential via analytical
differentiation/Closed form

Introduces unified
Om-potential for source and

potential. Applicable to
complex macroscopic media

While the operators D and Û introduced in this paper contain high-order derivatives,
no numerical discretization is performed in this work. If implemented numerically in
future studies, we note that staggered-grid finite-difference schemes and spectral methods
have been used successfully for similar operators, with proper stability constraints [16,17].

In conclusion, the Green’s function method with point sources and singular fields is
inherent to microscopic electromagnetism and fundamentally stems from the properties of
dimensionless elementary particles. Extension of GFM to macroscopic electromagnetism
faces obvious and fundamental challenges. In this manuscript, we demonstrate that solu-
tions to problems of macroscopic electromagnetism can be found without the use of Green’s
functions by introducing two new approaches: the Inverse Helmholtz equation method
and the “Om” -potential method. Although this work is restricted to the frequency
domain, the analytical methods may be extended to time-dependent and dispersive media
(see [18] as an example). These extensions are left for future investigation.
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Abstract: We propose a simulation-based design for a flexible color filter (FCF) using a
lithium niobate metamaterial (LNM) to investigate its color filtering potential. The FCF is
composed of three periodically arranged half-ellipse LN arrays on a polydimethylsiloxane
(PDMS) substrate, denoted as LNM-1, LNM-2, and LNM-3. The electromagnetic responses
of the FCF can be controlled by adjusting the periods of the LNMs. Our simulations predict
high-quality (Q) factors in transmission spectra, ranging from 100 to 200 for LNM-1, 290 to
360 for LNM-2, and 140 to 300 for LNM-3. When the FCF is exposed to the surrounding
environments with different refractive indexes, it exhibits a theoretical figure of merit
(FOM) up to 900 RIU−1 and a sensitivity reaching 130 nm/RIU. The electromagnetic field
distributions reveal strong confinement within the LNM nanostructures, confirming an
efficient light–matter interaction. These results indicate that the proposed LNM-based
FCF presents a promising design concept for high-performance color sensing and filtering
applications.

Keywords: metamaterial; metasurface; color filter; color sensor; refractive index sensor

1. Introduction

Color filtering technologies have been fundamental to modern optical systems, from
consumer electronics displays to advanced sensing applications [1]. The conventional
filters leverage the selective absorption properties of organic molecules to achieve color
separation, making them particularly attractive for mass production [2–10]. However,
despite their commercial success, these traditional filters face several significant limitations
that increasingly constrain their applications in emerging technologies [11]. Additionally,
these conventional filters may not be tunable and require more arrays to realize all-optical
realization. [12]. The integration capabilities also present substantial challenges in modern
miniaturized devices, where their relatively thick functional layers often impose constraints
on device miniaturization [13–15].

Currently, metamaterial-based color filtering technologies have been proposed as a
promising alternative to address these fundamental limitations. These artificially engi-
neered structures, typically consisting of subwavelength periodic arrays, offer control over
light–matter interactions through careful geometric design rather than material properties
alone [16–22]. Metamaterial color filters have demonstrated remarkable optical characteris-
tics, including extraordinarily narrow spectral bandwidths, high transmission efficiency,
and precise wavelength selectivity [23,24]. The ability to precisely control the optical re-
sponse through nanoscale geometric parameters also offers unprecedented flexibility in
design optimization [25].

Photonics 2025, 12, 768 https://doi.org/10.3390/photonics12080768
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In metallic metamaterials, surface plasmon polaritons originate from collective oscil-
lation of free electrons driven by external optical fields. The optical field can be strongly
confined to the metal–dielectric interface, generating specific reflection and transmission
properties. However, metallic structures suffer from intrinsic ohmic losses that limit their Q-
factors and efficiency [26]. All-dielectric metamaterials based on Mie scattering theory have
been proposed to address these limitations [27]. The interaction between electromagnetic
waves and displacement currents can stimulate both electric (E) and magnetic (H) dipole
resonances. According to physical mechanisms such as surface plasmon and Mie scattering
theories, metamaterials can control the frequency, amplitude, phase, and polarization from
microwave to visible light through geometric designs [28–30]. By optimizing the geometric
parameters of metamaterials, narrow-band color filtering with high transmission efficiency
can be achieved [31].

Among various dielectric materials, we selected lithium niobate (LN) for this study
due to a combination of favorable properties. While materials like silicon (Si) and tita-
nium dioxide (TiO2) offer higher refractive indices, LN possesses excellent transparency
with negligible material absorption across the entire visible spectrum, which is critical
for achieving high-Q resonances in a transmissive or reflective color filter. Furthermore,
LN is chemically stable and benefits from mature, well-established fabrication techniques
that allow us to produce high-quality, single-crystal thin films with low defect densities.
Although this work does not explicitly utilize LN’s strong electro-optic or nonlinear coeffi-
cients, its selection provides a clear and promising pathway for future work on actively
tunable devices, positioning this passive filter design as a foundational platform for more
advanced functionalities.

In this study, we present a flexible color filter (FCF) based on a lithium niobate
metamaterial (LNM). An FCF is composed of three periodically half-ellipse LN arrays on a
polydimethylsiloxane (PDMS) substrate. They are denoted as LNM-1, LNM-2, and LNM-3,
respectively. The optical properties of the FCF can be precisely controlled by adjusting the
periods of three LNMs along the y-axis direction. Three LNMs show the blue (B), green
(G), and red (R) colors for LNM-1, LNM-2, and LNM-3, respectively. Such LNM-based
FCFs reveal high quality (Q) factors, ultrahigh purity, and brightness characteristics. When
an LNM-based FCF is exposed to different ambient environments, it exhibits ultrahigh
and stable sensitivity in the background with the refractive index range from 1.0 to 1.4 [32–
36]. This refractive index range is strategically chosen for its direct relevance to diverse
real-world conditions anticipated for the FCF’s key applications. Specifically, values from
1.0 (approximating air or vacuum, a common reference for sensing in gaseous media) up to
1.4 cover a broad spectrum of environments. This includes crucial aqueous media, where
water has a refractive index of approximately 1.33, which are fundamental to biomedical
sensing of biological samples and environmental monitoring of substances in liquids.
Investigating the device’s performance across this 1.0 to 1.4 span is therefore critical for
validating its capability to function effectively and reliably in practical applications [37–
40]. This design not only demonstrates excellent optical performance but also offers a
straightforward tuning mechanism to adjust the RGB colors. These outstanding optical
characteristics make the proposed LNM-based FCF particularly promising for various
practical applications. In biomedical sensing, the high Q-factor and sensitivity enable real-
time monitoring of subtle changes in biological samples, potentially revolutionizing disease
diagnosis and drug development processes. The capability to operate across the entire
visible spectrum makes it ideal for advanced spectroscopy applications, where precise
wavelength selectivity is crucial for chemical and molecular analyses. In environmental
monitoring, the device with a high figure of merit (FOM) allows for accurate detection of
pollutants and contaminants in both aqueous and gaseous media. The narrow bandwidth
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of the spectrum and the tunable mechanism also make it suitable for display technologies,
offering improved color purity and contrast ratio compared to conventional filtering
methods.

2. Design and Method

The proposed LNM-based FCF is on a PDMS substrate, where the electromagnetic
properties can be controlled through an electromechanical mechanism to perform opti-
mization by stretching the PDMS substrate. The fundamental principle underlying the
anticipated structural resilience lies in the strategic material distribution and geometric
configuration of the composite system. During mechanical stretching operations, it is hy-
pothesized that mechanical deformations would be primarily accommodated by the highly
flexible PDMS material in the regions between the stiffer LN nanostructures. This selective
deformation mechanism would create a protective environment where the high-modulus
LN nanostructures remain largely undisturbed while the surrounding elastomeric matrix
absorbs and distributes the applied mechanical stress [19].

The half-ellipse geometry of the LN nanostructures is expected to play a crucial role in
this stress distribution paradigm. Unlike continuous thin films that would experience uni-
form strain distribution, the discrete nature of these nanostructures would create localized
stress concentration points that are effectively isolated from one another by the intervening
PDMS regions [41–44]. This segmentation could prevent the propagation of mechanical
failures across the entire LN array, thereby enhancing the system’s overall reliability [31].
While a detailed mechanical simulation of the stress–strain behavior is a subject for future
investigation, this qualitative analysis suggests that the design is well-suited for mechanical
flexibility, which is essential for maintaining consistent optical performance.

The periodically half-ellipse LN arrays are strategically designed to enhance light–
matter interactions and modify the local electromagnetic field distributions within the
LNM nanostructures. The optical properties of the LNM-based FCF are simulated using
the Ansys Lumerical simulation software (2020 R2, for x64 disk), a commercial-grade
finite-different time-domain (FDTD) solver. The simulation environment is configured
with a three-dimensional computational domain, where periodic boundary conditions
are implemented along the x- and y-axis directions, while perfectly matched layer (PML)
boundary conditions are applied in the z-axis direction to eliminate unwanted reflections.
The mesh resolution is optimized through convergence testing, with a minimum mesh size
of λ/20 in all directions to ensure computational accuracy. A frequency-domain resolution
of 0.1 nm is set to accurately resolve transmission and reflection spectra.

It is important to acknowledge that these simulations assume perfect, idealized ge-
ometries and materials. In a practical fabrication scenario, deviations from the designed
parameters are inevitable. For instance, variations of ±5–10 nm in the nanostructure
dimensions, roughness at the edges of the slots, or non-uniformity in the PDMS sub-
strate thickness could influence the device’s performance. Given the high-Q nature of the
supported resonances, such imperfections would likely lead to resonance broadening (a
decrease in the Q-factor) and a potential reduction in peak efficiency. A comprehensive
tolerance analysis would be required in the experimental phase to quantify these effects, but
the robustness of the underlying Mie and bound states in the continuum (BIC) resonances
suggests that the fundamental filtering characteristics would be preserved.

Figure 1a shows the proposed LNM-based FCF composed of three periodically half-
ellipse LN arrays on a PDMS substrate. The periods of LNMs are w1, w2, and w3 for
LNM-1, LNM-2, and LNM-3, respectively. The incident wave is a transverse magnetic (TM)
polarization state. Figure 1b–d are the detailed geometric parameters of the three LNMs,
and each is responsible for one primary color. The horizontal period along the x-direction
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between LNM units is 80 nm for both LNM-1 and LNM-2 and 100 nm for LNM-3, and
the thickness for all three LNMs is 200 nm. The short axis of the three LNMs is 60 nm for
LNM-1 and LNM-2 and 80 nm for LNM-3. The long axis of the three LNMs is 240 nm for
LNM-1, 300 nm for LNM-2, and 360 nm for LNM-3. Each LNM unit is composed of two
half-ellipse LN nanostructures with a slot, whose width is 5 nm for LNM-1 and LNM-3 and
15 nm for LNM-2. By manipulating the w1, w2, and w3 values, the vertical period along the
y-axis direction of LNMs, the resonant wavelength generated by plasmonic resonance can
cover all the visible light spectra for both transmission and reflection with relatively small
full width at half maximum (FWHM) and a high Q-factor.

Figure 1. Schematic drawings of (a) the proposed LNM-based FCF. Geometric parameters of (b) LNM-
1, (c) LNM-2, and (d) LNM-3, respectively. The horizontal period along the x-direction between LNM
units is 80 nm for both LNM-1 and LNM-2 and 100 nm for LNM-3, and the thickness of the LNM
layers is 200 nm.

The optical responses of the proposed LNM-based FCF can be characterized by its
transmission coefficient (T) and reflection coefficient (R), which are expressed by

T(ω) = |t(ω)|2 =

∣∣∣∣Et(ω)

Ei(ω)

∣∣∣∣
2

(1)

Rω = rω2R(ω) = |r(ω)|2 =

∣∣∣∣Er(ω)

Ei(ω)

∣∣∣∣
2

(2)

where Et, Er, and Ei represent the transmitted, reflected, and incident E-fields, respec-
tively [36].

3. Results and Discussions

Figure 2a exhibits the reflection spectra of the LNM-based FCF, demonstrating their
ability to cover the entire visible spectrum with high efficiency. LNM-1, LNM-2, and LNM-3
are designed for blue, green, red color filtering characteristics. By changing the vertical
period along the y-axis direction of LNMs, i.e., w1 for LNM-1, w2 for LNM-2, and w3 for
LNM-3, LNMs show strong reflection peaks from the wavelengths of 440 nm to 540 nm
for LNM-1, 550 nm to 590 nm for LNM-2, and 620 nm to 740 nm for LNM-3. These optical
characteristics prove the capability of the LNMs to selectively filter specific colors with
high precision. The progressive redshift in resonance wavelengths from LNM-1 to LNM-3
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is a direct result of the geometric tuning enabled by adjusting the vertical period along the
y-axis direction of LNMs, which modifies the Mie scattering resonances and the associated
electromagnetic field distributions. This geometric tunability is a key advantage of the
LNM-based FCF design, as it allows for precise control over the optical response across the
visible spectrum, making it highly adaptable for various applications in color filtering and
sensing fields.

Figure 2. (a) Reflection and (b) transmission spectra of LNM-1, LNM-2, and LNM-3 to exhibit the
corresponding blue (B), green (G), and red (R) colors. For both (a,b), the w1 of LNM-1 is changed
from 260 nm to 360 nm, the w2 of LNM-2 is changed from 360 nm to 400 nm, and the w3 of LNM-3 is
changed from 400 nm to 500 nm.

Figure 2b shows the transmission spectra of the LNM-based FCF, enabling high-
contrast color filtering with ultrahigh purity and brightness characteristics. The ability to
span the entire visible spectrum in both reflection and transmission spectra highlights the
robustness of these LNM-based FCFs. The redshift in resonant wavelengths is governed by
the interaction between incident light and the periodic LNM nanostructures. In such all-
dielectric systems, this interaction is fundamentally rooted in Mie scattering, where incident
light excites a series of multipolar resonant modes within the individual nanostructures.

Our design elevates this fundamental interaction by engineering these modes to
operate in the regime of quasi-BIC, which is the key to achieving the observed exceptionally
sharp spectral features. A true BIC is a theoretical “dark” mode with an infinite quality
(Q) factor, as it is perfectly confined and unable to couple with external radiation due to
fundamental symmetry incompatibilities with the continuum of free-space modes. To
make such a mode accessible, we introduce a controlled perturbation. In our design, the
asymmetric slot within each half-ellipse nanostructure serves this purpose explicitly. This
geometric asymmetry intentionally breaks the requisite symmetry that protects the BIC,
creating a controlled leakage channel. This transformation from a perfect BIC into a quasi-
BIC allows the previously confined mode to couple with incident light, manifesting as a
high-Q resonance in the optical spectra. The degree of this asymmetry directly dictates
the coupling strength and, consequently, the Q-factor of the resonance. The ability to
precisely control the resonant wavelength and its Q-factor through geometric tuning is
a significant advantage of this FCF design, enabling its application in advanced tunable
optoelectronic devices.

Within the LNM nanostructure array, the interactions of Rayleigh–Wood Anomaly
(RWA) modes have been observed to produce specific relationships between primary
resonances and secondary RWA resonances throughout the visible spectrum. Through
the coupling mechanism analysis, the coupling strength of RWAs has been determined to
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be dependent on the vertical period along the y-axis direction of LNMs between adjacent
units, whereby both resonance positions and relative intensities are affected.

The operational parameters of the LNM-1, LNM-2, and LNM-3 designs are system-
atically optimized through simulations to leverage symmetry-protected BICs, with each
configuration precisely targeting distinct spectral regimes. For LNM-1, a geometric scaling
parameter w1 is calibrated to facilitate the evolution from fundamental Mie resonances
to high-Q nonlocal BIC hybrid modes in the wavelength range of 400–500 nm. This
enhancement is achieved by engineering destructive interference between competing ra-
diative channels. Specifically, the structural asymmetry opens pathways for energy to
radiate away from the resonator. By carefully tailoring the geometry, these pathways are
forced to interfere destructively in the far-field region, effectively canceling radiation loss
and trapping energy within the nanostructure. This process is equivalent to establishing
near-orthogonality between the resonant mode and the continuum of free-space radiation
channels, which is the mechanism that suppresses radiative losses and enables ultrahigh
Q-factors.

For LNM-2 and LNM-3, analogous activation mechanisms are implemented by fine-
tuning w2 and w3, respectively, where hybrid coupling between symmetry-protected BICs
and propagating resonances produces spectrally separated responses in the green (520–
580 nm) and red (620–750 nm) regions. The BIC-dominated regime emerges optimally
when the ratio of the lattice period to the operational wavelength approaches 0.7–0.9.
This parametric framework demonstrates the universal scalability of BIC physics across
the visible spectrum, providing a robust platform for tailoring the optical response of
all-dielectric metamaterials through geometric optimization.

The slot of the half-ellipse LN nanostructure plays a pivotal role in activating BICs.
The slot creates a momentum mismatch that traps light as non-radiative BIC mode. This
design suppresses energy leakage, achieving ultrahigh quality factors through destructive
interference of radiative channels, enabling wavelength-specific light confinement without
relying on BIC coupling. Such symmetry-engineered BICs provide a low-loss platform for
nonlinear optics and sensing [40]. Second, by creating specific boundaries within the struc-
ture, the slot of the half-ellipse LN nanostructure confines the BIC mode to a designated
region. This spatial confinement significantly enhances light–matter interaction strength,
improving the optical response efficiency of the proposed device [41]. Third, precise control
of the geometric dimensions of the half-ellipse LN nanostructure enables tailored momen-
tum mismatch between the symmetry-protected BIC mode and the radiative channel. The
radiative losses are suppressed through destructive interference, while non-radiative BIC
confinement enhances near-field intensity and Q-factors exceeding 103. This geometric
tuning bypasses RWA coupling limitations, achieving intrinsic Q-factor optimization via
the BIC-dominated hybrid mode, as validated by pump–probe spectroscopy in recent
low-loss metasurface studies [42].

The relationships between the Q-factor, FWHM, and the vertical period along the y-axis
direction of LNMs are systematically analyzed in Figure 3. For reflection spectra (Figure 3a–c),
LNM-1 (blue) exhibits a gradual decrease in the Q-factor from 155 to 90 as w1 varies from
260 nm to 360 nm, accompanied by an increase in FWHM from 2.6 to 5.5 nm (Figure 3a).
Similarly, LNM-2 (green) demonstrates the Q-factor ranging from 260 nm to 330 nm as w2

varies from 360 nm to 420 nm with FWHM spanning from 1.65 to 2.22 nm, reflecting the
superior performance in the green spectrum (Figure 3b). LNM-3 (red) shows a moderate
Q-factor range from 100 to 200 as w3 increases from 400 nm to 500 nm, while FWHM shows its
rise to 7 nm first, followed by its fall to 3.5 nm (Figure 3c). The above-mentioned characteristics
highlight the tunability of the proposed LNM-based FCF for RGB-spectrum applications.
These trends confirm that increasing w strengthens the coupling between adjacent resonant
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units and can cause redshifting. The inverse proportionality between the Q-factor and FWHM
across all designs underscores the geometric tunability of LNM-based FCFs, enabling tailored
performance for specific spectral bands.
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Figure 3. Relationships of Q-factors and FWHM values of (a,d) LNM-1, (b,e) LNM-2, and (c,f) LNM-3
changing w1 from 260 nm to 360 nm for LNM-1, w2 from 360 nm to 400 nm for LNM-2, w3 from 400 nm
to 500 nm for LNM-3, summarized by (a–c) reflection and (d–f) transmission spectra, respectively.

For transmission spectra (Figure 3d–f), the Q-factor and FWHM exhibit similar inverse
relationships to those observed in the reflection spectra (Figure 3a–c), but with distinct
numerical ranges that demonstrate enhanced performance in transmission spectra. For
LNM-1, the Q-factor rises from 100 to 200 as w1 increases from 260 nm to 360 nm, with
FWHM decreasing from 5.1 nm to 2.5 nm (Figure 3d), while LNM-2 achieves exceptional
Q-factors from 290 to 360 (FWHM is between 1.95 nm to 1.55 nm) as w2 varies from
360 nm to 400 nm (Figure 3e). LNM-3 exhibits a broader tunability range, with Q-factors
spanning from 140 to 300 and FWHM narrowing from 4.7 nm to 2.5 nm as w3 varies
from 400 nm to 500 nm (Figure 3f). The enhanced Q-factors of these LNM-based FCFs in
transmission spectra compared to reflection spectra suggest stronger light confinement
within the nanostructures, driven by optimized w-dependent near-field interactions. The
consistent variation in FWHM with increasing w across all designs further validates the
role of geometric tuning in achieving high-purity spectral filtering characteristics.

The distinct trends in the Q-factor and FWHM for each LNM design, as shown in
Figure 3, are a direct consequence of the tunable coupling between the intrinsic quasi-BIC
resonance of the half-ellipse nanostructures and the collective lattice resonances, specifically
the Rayleigh-Wood Anomaly (RWA). The vertical period (w) directly controls the spectral
position of the RWA, which can introduce a significant radiative loss channel. The Q-factor
of the device is critically dependent on the interference between the quasi-BIC mode and
this RWA.

For LNM-1 and LNM-3, the Q-factors exhibit a distinct non-monotonic trend, decreas-
ing to a minimum before rising again, while the FWHM shows the inverse behavior. This
profile is a classic signature of a strong Fano-type interference. As the period (w1 or w3)
is tuned, the RWA is swept across the spectral position of the main quasi-BIC resonance.
The Q-factor is at its minimum (and FWHM is at its maximum) at the point of spectral
degeneracy, where the coupling between the two modes is strongest, maximizing the
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radiative losses. As the RWA moves away from the resonance on either side, the coupling
weakens, and the Q-factor recovers, returning to a state dominated by the intrinsic low-loss
nature of the quasi-BIC.

The behavior of LNM-2 is qualitatively different and highlights its specialized design
for superior performance. It does not exhibit the pronounced Q-factor dip seen in the other
two designs; instead, it maintains an exceptionally high and more stable Q-factor across its
entire tuning range. This unique stability is attributed to its distinct geometry, most notably
the significantly wider slot of 15 nm compared to the 5 nm slot in LNM-1 and LNM-3. In
the physics of BICs, the slot’s geometry directly defines the “asymmetry parameter” that
transforms a perfect, non-radiating BIC into a quasi-BIC with a finite Q-factor. The wider
slot in LNM-2 fundamentally alters this parameter, resulting in a much weaker coupling
coefficient between the quasi-BIC mode and the radiative RWA channel. Because of this
engineered weak coupling, the resonance of LNM-2 is less perturbed by the RWA, even as
it sweeps past. The system remains in a robust, high-Q state, explaining its “strange” yet
superior and more stable performance compared to LNM-1 and LNM-3.

To further contextualize the performance of our proposed LNM-FCF, a comparative
analysis against several published and relevant works is presented. The key performance
metrics, including the Q-factor, sensitivity, and the FOM, alongside other pertinent charac-
teristics such as material systems and device flexibility are summarized in Table 1. This
comparison aims to highlight the competitive advantages and unique contributions of
our LNM-FCF within the current landscape of advanced optical filters and sensors. The
LNM-FCF demonstrates a superior combination of a high experimental Q-factor (up to
~360), excellent sensitivity (130 nm/RIU), and an outstanding FOM (~900 RIU−1).

Table 1. Comparison of the proposed LNM-FCF with literature works. “N/A” indicates that the value
was not reported in the cited reference. An asterisk (*) denotes values obtained from simulations, and
all other values are experimentally measured.

Ref. Materials Max. Q-Factor
Max. S

(nm/RIU)
FWHM

(nm)
Max. FOM

(RIU−1)
Flexible

[1] Dielectric (SiN/Poly-Si)
Gratings/Glass ~27.5 N/A ~20 N/A No

[2] All-Dielectric (Si) pixel ~18 * N/A ~30.6 * N/A No

[6] Al/SiO2 ~35 * ~45* ~14.3 * 50 * No

[18] LN/PDMS ~160 ~65 ~3.1 ~130 Yes

[42] TiO2 MRWG/Glass 93 * N/A ~5.9 * N/A No

[43] Porous TiO2 films ~20 N/A ~25 N/A No

[44] Si metasurface/Al reflector ~80 * N/A ~6.9 * N/A No

[45] Al plasmonic pixels ~20 N/A ~25 N/A No

This work LN/PDMS ~360 * 130 * ~1.55 * ~900 * Yes

The transmission spectra of LNM-1, LNM-2, and LNM-3 exhibit significant wave-
length shifts in their resonance dips as the refractive index (n) of the surrounding medium
increases, as shown in Figure 4a. For LNM-1 (blue), the transmission spectra are shifted
from the wavelength of 430 nm at n = 1.0 to 482 nm at n = 1.4, corresponding to a redshift
of 52 nm. Similarly, LNM-2 (green) shows a resonant shift of 45 nm from the wavelength
of 530 nm (n = 1.0) to 575 nm (n = 1.4), while LNM-3 (red) demonstrates the largest shift
of 75 nm, moving from the wavelength of 620 nm to 695 nm. These redshifts arise from
the increased effective n value, which modifies the phase-matching conditions for resonant
modes. The intensity of each resonance remains stable while changing the n value, indi-
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cating robust light confinement despite environmental changes. The linear dependence
of the resonant wavelength on the n value highlights greater sensitivity due to stronger
field interactions and the tunability of these LNM-based FCFs for environmental sensing
applications. The sensitivity and FOM are defined as

S =
Δλ

Δn
(3)

FOM =
S

FWHM
(4)

where Δλ is the shift in resonant wavelength, Δn is the change in the refractive index of the
surrounding medium, and FWHM is the full width at half maximum of the resonance dip.
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Figure 4. (a) Transmission spectra of LNM-1, LNM-2, and LNM-3 exposed to the surrounding
environment with different refractive indexes (n). (b) Relationships of sensitivities and FOM values
of (a).

In Figure 4b, the trends of sensitivities show quite distinct and linear characteristics.
LNM-2 achieves the highest sensitivity of 130 nm/RIU. In contrast, LNM-1 and LNM-3
exhibit sensitivities of 75 nm/RIU and 115 nm/RIU, respectively. The FOM can quantify
the trade-off between sensitivity and resonance linewidth. The FOM peak is 900 RIU−1

for LNM-2 at n = 1.35, owing to its narrow FWHM of 3 nm and moderate sensitivity. The
trend of the FOM for LNM-2, which peaks and then declines, is noteworthy. This behavior
arises because, for refractive indices greater than 1.35, the resonance linewidth (FWHM)
begins to broaden more rapidly than the linear increase in wavelength sensitivity (S). Such
FWHM broadening at higher ambient refractive indices is a known phenomenon in high-Q
resonant systems, where the delicate destructive interference sustaining the quasi-BIC
mode becomes perturbed by the changing dielectric environment, leading to increased
radiative losses [43].

The observed peak in the FOM for LNM-2 is directly linked to the physics of the
quasi-BIC resonance upon which this design is based on. A quasi-BIC achieves its character-
istically high Q-factor through the near-perfect destructive interference between different
radiation pathways, a condition established by the specific geometry of the nanostructure,
such as the half-ellipse slot. For LNM-2, the system is tuned so effectively that this interfer-
ence condition appears to be maximally fulfilled not in air (n = 1.0) but in a background
medium of n ≈ 1.35. At this optimal point, the peak FOM of 900 RIU−1 and a sensitiv-
ity of 130 nm/RIU imply an exceptionally narrow FWHM of approximately 0.144 nm
(S/FOM). LNM-1 and LNM-3 show FOM values between 50–590 RIU−1 and 10–370 RIU−1,
respectively. These results show the role of geometric design in balancing sensitivity and
spectral resolution. The enhanced performance of LNM-2 in the green spectrum aligns
with optimized BIC coupling efficiency at intermediate wavelengths.
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The E- and H-field distributions of the LNM-based FCF at resonances in TM mode are
shown in Figure 5. Figure 5a–c depict the E-field distributions of LNM-1, LNM-2, and LNM-
3, where E-field energies concentrate predominantly on the upper and lower nanostructures
of LNMs. The first and second rows of this figure represents the field distributions of
LNMs in the lower- and upper-bound geometric parameter conditions (w), respectively.
The difference in field distribution in the same LNM structure with different w values
demonstrates the tunability of the proposed LNM-based FCFs. A progressive enhancement
in field confinement is observed from LNM-1 to LNM-3, with the energy density becoming
more localized at the edges of the nanostructures. This increasing confinement corresponds
to the higher Q-factors observed in the spectral analysis. Figure 5d–f illustrate the H-field
distributions of LNM-1, LNM-2, and LNM-3, demonstrating that H-field energies are
concentrated in the slots and become more condensed in the middle slot of LNMs from
LNM-1 to LNM-3. This complementary distribution of the E- and H-fields provides direct
evidence of the BIC hybridization mechanism proposed earlier, where the slot acts as a
coupling channel between propagating waves and bound states. The observed asymmetric
field distribution pattern, with E-field density stronger than H-field density, confirms the
formation of standing waves within the LNM nanostructure, a characteristic signature of
the BIC resonator phenomenon that enables high spectral purity.

Figure 5. (a–c) E-field and (d–f) H-field distributions of LNM-1, LNM-2, and LNM-3, respectively.
The first and the second rows of this figure represents the field distributions of LNMs in the lower-
and upper-bound geometric parameter conditions (w), respectively.

4. Conclusions

In conclusion, we propose an FCF composed of three LNMs to create RGB colors
spanning the visible spectrum from 380 nm to 780 nm with ultrahigh purity and brightness
characteristics. Through the manipulation of the FCF along the y-axis direction, LNMs
show high Q-factors from 90 to 360. The electromagnetic field distributions reveal strong
field confinement within the LNMs. When the LNM-based FCF is exposed to different
backgrounds with n values from 1.0 to 1.4, it shows high sensitivity up to 130 nm/RIU and
the FOM reaching 900 RIU−1. It indicates that the proposed LNM-based FCF possesses
the potential for precise control in color sensing applications. The LNM-based FCF design
shows significant promise for applications in color filters, particularly in scenarios requiring
precise wavelength selectivity. Its conceptual combination of simplicity and high simulated
performance makes it a promising candidate for further investigation of the next-generation
optical devices.
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Abstract: Although epsilon-near-zero (ENZ) media have emerged as a promising platform
for power dividers, the majority of existing designs are confined to fixed power splitting.
In this work, two dynamically tunable power dividers using waveguide ENZ media are
proposed by precisely modulating the internal magnetic field and the widths of the output
waveguides. The first approach features a mechanically reconfigurable ring-shaped ENZ
waveguide. By continuously re-distributing the magnetic field within the ENZ tunneling
channels utilizing rotatable copper plates, arbitrary power division among multiple output
ports is constructed. The second design integrates a rectangular-loop ENZ cavity into a
substrate-integrated waveguide, with four positive–intrinsic–negative diodes embedded to
dynamically activate specific output ports. This configuration steers electromagnetic energy
toward output ports with varying cross-sectional areas, enabling on-demand control over
both the power division and the number of output ports. Both analytical and full-wave
simulation results confirm dynamic power division, with transmission efficiencies exceed-
ing 93%. Despite differences in structure and actuation mechanisms, both designs exhibit
flexible field control, high reconfigurability, and excellent transmission performance, high-
lighting their potential in advanced applications such as real-time wireless communications,
multi-input–multi-output systems, and reconfigurable antennas.

Keywords: epsilon-near-zero (ENZ) media; reconfigurable power divider (RPD);
waveguide; electromagnetic (EM) field control

1. Introduction

Owing to their ability to divide a single input signal into multiple output signals
with a balanced or imbalanced power ratio, power dividers have been widely explored in
radio-frequency (RF), microwave, and optical circuits [1–3]. For example, in reflectarrays
and transmitarrays, power dividers are essential parts of the feeding network and excite
every element [4]. Conventional microwave power dividers, typically implemented using
microstrip technology such as the Wilkinson type [5], provide equal power division and port
isolation through quarter-wavelength transmission lines and matching resistors. Despite
their widespread use, high energy loss and structural constraints may limit their further
applications in high-quality electromagnetic (EM) wave manipulation and compact system
integration [6]. In contrast, metamaterial-based power dividers exploit engineered EM
responses to achieve functionalities beyond those of conventional designs. For instance,
a 1:4 series power divider based on zero-degree metamaterial structures delivers equal
power to all four output ports over a broad frequency range [7]. Furthermore, PT-symmetric
non-Hermitian photonic systems enable control of the near-field routing of hyperbolic
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polaritons, breaking intrinsic symmetry constraints and allowing subwavelength-scale
energy guidance [8].

Epsilon-near-zero (ENZ) media [9–13] are elaborately engineered materials with a
near-zero dielectric constant and wavenumber, resulting in an extremely small optical
index and a nearly uniform phase distribution. Due to their natural temporal and spatial
decoupling properties [14–19], ENZ media have emerged as promising platforms for high-
efficiency signal transmission [20–25], division [26], and combination [27], exhibiting great
potential in massive multi-input–multi-output (MIMO) systems, the Internet of Things
(IoT), etc. As one of the most effective construction strategies, waveguides operating at
the cut-off frequency can be equivalently considered ENZ media [28–32]. It has been
experimentally demonstrated in waveguides that their equivalent dielectric constant near
the cut-off frequency can be considered near zero, resulting in a near-infinity wavelength
and longitudinal propagation constant. Therefore, featuring merits of low loss and geom-
etry insensitivity, many recent efforts have been devoted to ENZ-based power dividers.
For example, an arbitrarily shaped multi-port power divider is proposed by connecting
multiple waveguides through an ENZ host medium, which is embedded with a dielec-
tric impurity to facilitate impedance matching [33]. Arbitrary power allocation could be
realized with pre-designed output waveguide widths. Additionally, an acoustic power
divider and multiplexer have been developed utilizing an index-near-zero medium [34],
capable of tunneling sound to an arbitrary number of output ports with phase shifts of
0° or 180°. Precise power and phase control are implemented by adjusting each output
channel’s cross-sectional area and arranging the output port positions. Despite significant
advancements, the above approaches are restricted to fixed power division after fabrication,
which may constrain their possibilities in dynamic application scenarios, for example,
real-time wireless communications.

Here, we generalize the concept of dynamic high-efficiency on-demand power divi-
sion with arbitrarily shaped waveguide ENZ media by proposing two distinct types of
reconfigurable ENZ waveguide-based power dividers. With the inherent magnetic field
homogeneity, tunable power division ratios can be achieved by adjusting the internal
magnetic field and/or the widths of the output waveguides. A mechanically reconfigurable
power divider is presented by coupling rectangular waveguides via a ring-shaped air-filled
narrow ENZ tunnel. Rotating the embedded copper plates continuously tunes the mag-
netic field in the sub-channels, directly controlling the power delivered to the two output
waveguides and enabling arbitrary split ratios. The transmission efficiency remains above
93% across all power divisions. As another approach, an electrically reconfigurable power
divider is proposed with output waveguides of different cross-sectional areas. It consists
of a substrate-integrated waveguide (SIW) and a rectangular-loop air-filled ENZ cavity
with four embedded positive–intrinsic–negative (PIN) diodes. Selective switching of these
diodes dynamically reconfigures both the number and cross-sectional areas of the output
SIWs, enabling flexible output port selection and on-demand power division. Regardless
of the output power split ratios, the transmission efficiencies remain above 93%. Analytical
and numerical models are conducted to characterize the EM performances of the proposed
reconfigurable ENZ-based power dividers, validating their desired EM regulation with
high transmission efficiency, real-time tunability, on-demand power allocation, and flexible
geometry parameters. The presented methods may provide new strategies for advanced
reconfigurable power dividers (RPDs).

2. Concept and Theoretical Analysis

As conceptually illustrated in Figure 1, we first consider a two-dimensional (2-D) RPD
comprising a narrow ENZ channel with an arbitrary geometry, which further interconnects
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three identical standard waveguides. The waveguides are terminated by ports labeled 1 to
3, with Port 1 designated as the input and Ports 2–3 serving as the output. The external
boundaries of the structure, except for at the waveguide ports, are enclosed by a perfect
electric conductor (PEC). The incident wave is polarized with the magnetic field along the
out-of-plane axis.

Figure 1. Schematic illustration of the proposed 2-D ENZ-based RPD. (a) Magnetic field-based
tunability with equal output waveguide widths. (b) Geometry-based tunability with a uniform
magnetic field.

Transmission efficiency is an essential index of power dividers, which is quantified as
η = |S21|2 + |S31|2 = 1 − |S11|2 − αloss [35], where αloss denotes the material loss factor. To
maximize signal transmission efficiency, reflected waves and energy loss should be suppressed
as low as possible. Due to the low-loss characteristic of the ENZ waveguide media, αloss

approaches zero. The reflection coefficient R at Port 1 can be expressed as [36–38]

R =
(a1 − a2 − . . . − an) + ik0μr,p Ap

(a1 + a2 + . . . + an)− ik0μr,p Ap
, (1)

which can be further written as

R =
1 + ik0μr,pAp/a1 − ∑N

n=2 an/a1

1 − ik0μr,pAp/a1 + ∑N
n=2 an/a1

, (2)

where k0 is the free-space wavenumber, μr,p denotes the relative permeability of the medium
inside the ENZ channel, Ap is the cross-sectional area of the channel, a1 is the width of the
input waveguide, and the widths of the output waveguides are a2, a3, . . . an (with n = 3 in
the conceptual illustration). When the output waveguide widths satisfy ∑N

n=2 an = a1 and
the ENZ channel area approaches zero (k0μr,pAp → 0), the reflection coefficient R tends
toward zero, allowing EM waves to be efficiently squeezed and transmitted through a
narrow, arbitrarily shaped ENZ channel.

Because the magnetic fields are equal at the interfaces between the ENZ region and
the input/output waveguides, the power flow densities are also identical at both interfaces
under the perfect tunneling condition. Thus, the time-averaged input power can be
calculated as [37,38]

Pin = η0|Hc|2(1 − |R|2)a1. (3)

Accordingly, the output power of each port can be written as

Pn = η0|Hc(1 + R)|2an, (4)

where η0 is the free-space impedance, and Hc denotes the magnetic field inside the ENZ
region. By reducing R to near zero, the output power can be simplified as

Pn = η0|Hc|2an. (5)
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This relation indicates that the output power can be modulated by tuning the magnetic
field (Hc) within the sub-channels and/or the widths (an) of the output waveguides.

Figure 1a illustrates the method of achieving arbitrary power division by only tuning
the internal magnetic field (Hc). To minimize reflection, the input waveguide width a1 is
set equal to the sum of the output widths, i.e., a1 = a2 + a3. Equal output widths (a2 = a3)
are chosen to ensure identical output cross-sectional areas. To modulate the magnetic field,
two copper plates are inserted into the ENZ channel. Copper plate 1 is located between the
output waveguides and acts as an EM barrier to suppress inter-port crosstalk. Copper plate
2 is positioned near the entrance of each sub-channel, where it alters the effective entrance
width (b1 or b2) and introduces localized field perturbations. Due to the quasi-static field
distribution and the high sensitivity of the ENZ region to local changes, such perturbations
can significantly redistribute the internal magnetic field, thereby enabling tunable power Pn

delivery to each output port. Therefore, the output power ratio between Port 2 and Port 3
can be estimated from the width ratio of b1/b2. In this manner, precise and reconfigurable
power division can be achieved by tuning the internal magnetic field.

As conceptually sketched in Figure 1b, dynamic power division can also be achieved
by tuning the output waveguide widths (an). Similarly, to suppress reflected waves, these
widths are set to satisfy the relation a1 = a

′
2 + a

′
3. Given the spatially uniform magnetic

field profile inside the ENZ channel, the power distribution among the output ports is
determined solely by their cross-sectional areas. Accordingly, arbitrary power splitting
ratios between Port 2 and Port 3 are attainable with the required output waveguide width
ratio of a

′
2/a

′
3.

Guided by the theoretical analysis, two types of highly efficient ENZ-based power
dividers were developed with dynamic and on-demand power division by tuning the
internal magnetic field (Hc) and the widths of the output waveguides (an), respectively.

3. Practical Designs of Reconfigurable ENZ-Based Waveguide
Power Dividers

3.1. Mechanically Reconfigurable ENZ-Based Power Divider Based on Magnetic Field
Redistribution

A mechanically reconfigurable ENZ-based power divider is proposed to enable contin-
uous and arbitrary tuning of power division ratios via adjustment of the internal magnetic
field (Hc). As displayed in Figure 2a,b, the entire structure is enclosed by metallic walls
with copper, except for at the interfaces of three rectangular waveguide ports. An air-filled
cylindrical waveguide with a height of h = 50 mm and a radius of r1 = 20 mm is integrated
with a copper post (radius of r2 = 18 mm and conductivity of σ = 5.998 × 107 S/m) to
form a 2 mm wide narrow annular channel. Operating near the TE10 cut-off frequency (i.e.,
fc = 0.5c/h = 3 GHz), the channel exhibits equivalent ENZ behavior, enabling efficient
wave tunneling across geometric discontinuities. The ENZ channel is coupled to three
rectangular waveguide ports, namely, one input port (Port 1) and two output ports (Ports
2 and 3). As indicated in the previous theoretical analysis, to minimize the reflection
coefficient according to Equation (2), the input port width is set to 20 mm, while the output
ports are designed with equal widths of 10 mm each. All waveguides are filled with
polytetrafluoroethylene (PTFE, ε = 2.1, and tanδ = 0.0004) and are symmetrically arranged
at 120° intervals.

Two 1 mm thick copper plates are symmetrically installed within the ENZ channel and
electrically connected to the surrounding metallic enclosure. Copper plate 1 is introduced
to suppress coupling between the output ports, and copper plate 2 divides the annular ENZ
channel into two sub-channels. By rotating copper plate 2, the magnetic field is redistributed
between the two sub-channels, enabling direct modulation of the output power delivered to
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each output waveguide (as indicated by the dashed arrows). Accordingly, the power ratio
between Port 2 and Port 3 is governed by the ratio of their effective input widths (b1/b2).
Notably, both plates are synchronously rotated via a central copper post for practical
feasibility, and the position of copper plate 1 has little influence on the EM performance. To
enable manually tunable control, the central copper post is mechanically connected to a
disk and base via a rotatable supporting shaft so that disk rotation simultaneously drives
both the post and copper plates, allowing precise and repeatable adjustment of the plate
rotation angles in real time. Overall, despite minor angular deviations and a tiny shift of
the central post during rotation, the ENZ channel maintains highly efficient tunneling with
negligible impact on the overall transmission.

Full-wave simulations were performed using the commercial software COMSOL
(Version 6.1) to evaluate the performance of the RPD at an operating frequency of 3 GHz.
As shown in Figure 2c, the output power varies continuously with the rotation angle θ

ranging from −29° to 29°. When Port 1 is excited with a total power of 1 W, the output
power at Port 2 increases from 0 to 0.93 W, while that at Port 3 simultaneously decreases
from 0.93 to 0 W. This indicates a continuous and controllable redistribution of EM
power between the two output ports, with the reflected power at Port 1 remaining below
approximately 0.07 W. Owing to the matched input and output waveguide widths, the
channel supports efficient tunneling of EM waves through the low-loss ENZ waveguide.
While the finite channel width leads to a slight increase in the reflection coefficient R, the
transmission efficiency consistently exceeds 93% across the entire tuning range.

Figure 2. Mechanically reconfigurable ENZ-based power divider for arbitrary power division
via magnetic field modulation. (a) Top view and (b) perspective view (with part of it removed to
illustrate its inside) of the proposed power divider. (c) Simulated power distribution and transmission
efficiency with different copper plate rotation angles (θ). Mechanical rotation is achieved via a copper
rotating disk, a shaft, and a fixed base, providing rigid and stable support without affecting the
EM performance.

To characterize the frequency-dependent performance, the simulated results of the
proposed power divider with exemplary power ratios of 1:1, 1:2, and 0:1 between Ports
2 and 3 are presented in Figure 3a–c, respectively. As the first example of equal power
splitting, copper plate 2 is aligned with the input waveguide axis with θ = 0° and b1 = b2.
As shown in Figure 3a, simulated S21 and S31 are identical to −3.07 dB at the ENZ frequency,
which conforms to the design target and leads to a transmission efficiency of 98%. However,
the reflection introduced by copper plate 2 slightly shifts the optimal operating frequency.
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Additionally, a balanced power flow density between the two sub-channels is observed
in Figure 3d, and the elevated power flow density within the ENZ channel is mainly due
to its reduced cross-sectional area. The power split ratio of 1:2 between Port 2 and Port
3 is investigated as the second example of imbalanced power division. By setting the
rotation angle θ to −23.5°, simulated S21 = −4.86 dB and S31 = −1.78 dB are obtained at
3 GHz, as plotted in Figure 3b, and the simulated power flow densities within the sub-
channels are approximately 0.65 × 104 W/m2 at Port 2 and 1.3 × 104 W/m2 at Port 3, as
exhibited in Figure 3e, respectively. The desired power splitting is implemented with a
high transmission efficiency of 99%.

A single output port configuration is explored as the third example, in which copper
plate 2 is rotated to −29°. This further rotation places the plate near the input waveguide
edge, effectively suppressing the EM propagation toward Port 2. It is seen in Figure 3c that
the simulated S21 drops below −170 dB, and Port 3 retains near-unity transmission with
S31 = −0.32 dB. As shown in Figure 3f, the power flow within the sub-channels diminishes
at Port 2, and nearly all the transmitted energy is effectively directed to Port 3. The
transmission efficiency is calculated as 93% and is slightly lower than that in previous cases.
According to Equation (2), the reduced transmission efficiency is primarily attributed to
increased reflections, which is caused by a reduced number of output ports and mismatches
in waveguide widths. It is noted that positive rotation angles invert the magnetic field
within the sub-channels, yielding a power splitting pattern exactly opposite to that with
negative rotation angles.

Figure 3. Simulated S-parameters, transmission efficiency, and power flow distributions at the ENZ
frequency. S-parameters and transmission efficiency with (a) θ = 0°, (b) θ = −23.5°, and (c) θ = −29°.
Power flow distributions with (d) θ = 0° (e) θ = −23.5°, and (f) θ = −29°.

In this design, efficient arbitrary power division is achieved by redistributing the
magnetic field within the ENZ channel in a mechanically reconfigurable manner. All recon-
figuration modes exhibit a reasonable bandwidth around the ENZ frequency, achieving
transmission efficiencies above 93%, even when considering conductor loss, dielectric loss,
and dimensional tolerances.

3.2. Electrically Reconfigurable ENZ-Based Power Divider Based on Cross-Sectional
Area Modulation

An electrically reconfigurable ENZ-based power divider is further proposed to facili-
tate on-demand control over both power division modes and the number of output ports
by dynamically tuning the cross-sectional areas of the output waveguides.
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To increase the number of output ports, we propose a double-layer SIW power divider.
The equivalent width a

′
of the SIW is calculated from the width a of the conventional

rectangular waveguide as [39]

a
′
=

2a
π

arcctg(
πW
4a

ln
W
4R

), (6)

where R denotes the radius of the metallic vias, and W is the center-to-center spacing
between adjacent vias. The formulation is valid under the constraint W � 1/20λg, where
λg represents the guided wavelength. When satisfying R = W/4, the effective SIW width
a
′

equals a, ensuring propagation characteristics equivalent to a conventional rectangular
waveguide. Accordingly, the design adopts R = 1.25 mm, W = 5 mm, and a

′
= 50 mm,

which correspond to a standard rectangular waveguide with a width of 50 mm. Owing
to the magnetic field homogeneity at the cut-off frequency, the power delivered to each
output port is primarily determined by the cross-sectional areas of the output waveguides.
By precisely tailoring these dimensions, various power division ratios can be effectively
realized, including both equal and unequal splitting among the output ports.

As illustrated in Figure 4, the proposed electrically reconfigurable SIW power divider
is fully enclosed by metallic walls with a height of h = 6 mm, except for at the SIW interfaces.
A rectangular copper block embedded in the center of an air-filled waveguide forms a
rectangular-loop-shaped transmission channel with a width of w1 = 0.2 mm and a length of
l = 50 mm. This configuration yields a cut-off frequency of 3 GHz and facilitates equivalent
ENZ tunneling behavior. The central ENZ channel interconnects four SIWs filled with F4B
(ε = 2.2 and tanδ = 0.001), with Port 1 designated as the input and Ports 2 to 4 designated
as the outputs. To suppress inter-channel coupling and ensure EM compatibility, metallic
isolation layers with heights of h5 = 2 mm and h6 = 3 mm are incorporated between adjacent
SIWs. The cross-sectional areas of the output waveguides are precisely engineered with
h1 = 3 mm, h2 = h3 = 1 mm, and h4 = 2 mm.

Figure 4. Schematic diagram of the electrically reconfigurable power divider with on-demand power
division via tunable output waveguide cross-sectional areas. The enlarged inset highlights the
rectangular-loop channel, with four PIN diodes (D1–D4) embedded on its four faces. The dashed
arrows depict the propagation direction of EM waves within the rectangular-loop channel under the
condition that D1 and D2 are OFF while D3 and D4 are ON.

To enable effective dynamic modulation of the EM responses, four PIN diodes (D1–D4)
are strategically positioned near the region with a concentrated electric field intensity.
Specifically, D2 and D4 are mounted at the midpoints of the upper and lower channel
walls, whereas D1 and D3 are mounted at the midpoints between the central isolating layer
and the rectangular copper block. Each diode (SMP 1320-079LF, Skyworks) is modeled
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as a series resistor–inductor–capacitor (RLC) circuit, with parameters Rd = 0.5 Ω and
L = 0.7 nH in the ON state and L = 0.5 nH and C = 0.24 pF in the OFF state. The cathodes
of these diodes are connected to the inner rectangular copper block, while the anodes
are individually connected to the four outer walls of the ENZ channel. When the PIN
diodes are switched on, they effectively behave as conductive “copper plates”, blocking
or redirecting EM wave propagation within the rectangular-loop channel. Conversely,
when the diodes are switched off, nearly unobstructed wave transmission through the
rectangular-loop ENZ channel is enabled. By appropriately switching the diodes, both the
output ports and internal EM field distributions can be dynamically reconfigured, enacting
on-demand power division with varying cross-sectional areas.

As an example of equal power splitting between two output ports, State 1 is realized
by switching on D3 and D4 while turning off D1 and D2. In this configuration, Port
4 is effectively isolated and results in a two-port output of Ports 2 and 3. The power
ratio between them is determined by their corresponding cross-sectional areas, which are
designed to be equal and confirmed by the simulation results shown in Figure 5a. In this
state, the transmission efficiency reaches 93%. In contrast, State 2 is configured by turning
on D1 and D2 while switching off D3 and D4, thereby blocking Port 2 and redirecting the
energy to Ports 3 and 4. The area ratio between Ports 4 and 3 is approximately 2:1, leading
to an unequal power split of 2:1, as illustrated in Figure 5b. Notably, the total output width
in this case exactly matches that of the input, minimizing the reflection coefficient and
achieving a high transmission efficiency of 97%. When all diodes are turned off (State 3),
Ports 2, 3, and 4 all serve as output ports, resulting in a three-port power distribution. The
simulated results exhibit an asymmetric power ratio close to 1:1:2, as shown in Figure 5c.
This state approximately satisfies the ideal matching condition, resulting in a slightly
lower transmission efficiency of 95%. Due to the ENZ tunneling effect, energy can freely
propagate to the activated ports, leading to unavoidable inter-port coupling and reduced
isolation. Despite the differences in output port numbers and power splitting ratios, it is
observed in Figure 5d–f that the simulated magnetic fields in the output waveguides are in
phase and of equal amplitude.

Figure 5. Simulated S-parameters, transmission efficiency, and magnetic field distributions of the
SIW-based RPD. S-parameters and transmission efficiency of the power divider with (a) D3 and D4

turned on, (b) D1 and D2 turned on, and (c) all diodes turned off. Magnetic field distributions with
(d) D3 and D4 turned on, (e) D1 and D2 turned on, and (f) all diodes turned off. Arrows positioned at
the input and output ports represent the direction of power flow.

These simulated results collectively confirm that the proposed ENZ-based RPD ex-
hibits stable and efficient transmission performance in multiple operation modes. Notably,
delicate variation in the cross-sectional areas of the output SIWs allows for controllable and
on-demand power division among the output ports. Furthermore, the number of output
ports can be dynamically reconfigured, allowing flexible transitions between two-port and
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three-port power division configurations. The achievable power split ratios are not limited
to those analyzed herein, and, in general, more possibilities could be realized by varying the
polarity configurations of the PIN diodes. In addition to high reconfigurability and mode
selectivity, the proposed power divider features a simple structure and practical feasibility.

4. Conclusions

In summary, this work presents versatile, high-efficiency, reconfigurable power divi-
sion based on the tunneling characteristics of waveguide ENZ media. Two reconfigurable
control mechanisms are introduced, supporting a flexible power distribution by tuning the
magnetic field within the ENZ channel or adjusting the widths of the output waveguides.
To validate these theoretical concepts, two distinct experimentally feasible implementations
are presented. Compared with previous works reporting insertion losses of 0.88 dB [7] and
0.60 dB [33], the proposed design achieves a transmission efficiency of 93%, corresponding
to an insertion loss of approximately 0.31 dB. It also enables dynamic tunability of power
division ratios and flexible reconfigurability of output ports while maintaining a reason-
able bandwidth around the ENZ frequency and a simple profile. These results confirm
the feasibility of efficient ENZ-based RPDs, which may pave the way for RF front ends,
real-time wireless communications, and integrated ENZ-based microwave systems.
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Abbreviations

The following abbreviations are used in this manuscript:

ENZ epsilon-near-zero
RPD reconfigurable power divider
SIW substrate-integrated waveguide
PIN positive–intrinsic–negative
EM electromagnetic
RF radio-frequency
MIMO multi-input–multi-output

IoT Internet of Things
PTFE polytetrafluoroethylene
PEC perfect electric conductor
2-D two-dimensional
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Abstract: In this study, a dynamically tunable terahertz device based on a VO2–graphene
hybrid metasurface is proposed, which realizes the dual functions of ultra-wideband ab-
sorption and efficient transmission through VO2 phase transformation. At 345 K (metallic
state), the device attains an absorption efficiency exceeding 90% (average 97.06%) in the
range of 2.25–6.07 THz (bandwidth 3.82 THz), showing excellent absorption performance.
At 318 K (insulated state), the device achieves 67.66–69.51% transmittance in the 0.1–2.14
THz and 7.51–10 THz bands while maintaining a broadband absorption of 3.6–5.08 THz
(an average of 81.99%). Compared with traditional devices, the design breaks through the
performance limitations by integrating phase change material control with 2D materials.
The patterned graphene design simplifies the fabrication process. System analysis reveals
that the device is polarization-insensitive and tunable via graphene Fermi energy and relax-
ation time. The device’s excellent temperature response and wide angular stability provide
a novel solution for terahertz switching, stealth technology, and sensing applications.

Keywords: phase change materials VO2; graphene; terahertz absorber; tunable broadband

1. Introduction

In recent years, electromagnetic wave absorption technology has emerged as a cutting-
edge research focus, demonstrating significant potential for applications in diverse domains,
including energy conversion, environmental monitoring, and so on [1–3]. Among them,
devices with broadband electromagnetic wave absorption characteristics are widely used
in communications, military, medical diagnostics, and imaging fields [4–6]. In view of the
depth of basic research and the potential for industrialization of this technology, the global
scientific research team is continuously improving its performance indicators through
various strategies, such as structural design innovation and material system optimization.
At present, related research has given rise to a variety of new types of devices. According
to bandwidth, these can be divided into wide/narrowband absorbers [7–9]. According to
the response frequency band, they can be divided into single-frequency/multi-frequency
absorbers [10,11]. According to configuration differences, metasurface absorbers and
dynamically tunable absorbers are covered, and these breakthroughs have provided a solid
basis for the advancement of electromagnetic wave absorption technology [12,13].
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Among many functional materials, vanadium dioxide (VO2), a phase change material,
offers a novel approach to designing broadband absorbers due to its unique dynamic
control characteristics [14,15]. As a typical strongly correlated phase change material, VO2

has garnered significant interest in smart materials owing to its unique metal–insulator
transition (MIT) characteristics [16,17]. When the temperature reaches a critical point (about
68 ◦C), VO2 undergoes a reversible structural transition from monoclinic to tetragonal,
accompanied by a sudden change in conductivity of up to five orders of magnitude
(from 102 S/m to 105 S/m). This phase change process has significant thermal hysteresis
properties—the transition starts at 340 K when heated and 334 K when cooled, with a
temperature difference window of 6 K, ensuring stable material properties [18]. Even more
strikingly, this phase transition can be completed in picoseconds, making it an ideal material
for the development of highly sensitive terahertz devices [19,20]. Through multi-physics
manipulation of optical, electrical, and thermal fields, VO2 can achieve precise switching
between the metallic state and the insulating state, and this dynamic tunability provides a
novel approach to designing new intelligent devices, such as reconfigurable metamaterials
and adaptive thermal control coatings [21,22].

Moreover, graphene materials also play a significant role in electromagnetic absorp-
tion. As a special form of carbon, graphene is unique in materials research with its unique
single-atomic-layer two-dimensional structure [23–25]. This sp2-bonded 2D material with
a hexagonal honeycomb structure typically has a sheet size between 10 and 100 nanome-
ters, and this microstructure characteristic allows it to exhibit excellent electromagnetic
wave absorption characteristics in the mid-infrared to terahertz frequency band [26,27].
Compared with conventional functional materials, the material not only has excellent
environmental stability and carrier migration characteristics but also exhibits excellent
mechanical strength and electrical and thermal conductivity. It is particularly noteworthy
that the unique properties of the Fermi level are controlled by external bias voltage, so
electromagnetic wave absorption modulation devices based on this material can achieve
dynamically adjustable absorption characteristics [28,29]. Notably, the combination of
graphene and phase change VO2 represents a relatively novel design paradigm in current
terahertz absorber research. For instance, Shen et al. proposed a VO2–graphene hybrid
metamaterial absorber with excellent overall absorption performance, yet its seven-layered
structure leads to high fabrication complexity, leaving room for structural optimization [30].
Complementing the phase transition control of VO2, graphene provides another option for
absorber design. Although there are still technical bottlenecks in the large-scale preparation
and cost control of graphene, with the continuous optimization of the preparation process,
this revolutionary material is moving from the laboratory to industrial application [31,32].

In this study, we combine graphene with the phase change material VO2 to develop
a new type of ultra-wideband response phase change device. The device consists of a
classic three-layer thin film structure, with specially patterned graphene on the top, which
is composed of several simple rectangular shapes. SiO2 is employed as the dielectric layer
and VO2 as the substrate of the device. At the relatively high temperature of T = 345 K,
VO2 displays a metallic state, and this device shows perfect ultra-wideband absorption of
terahertz bands, with an absorption efficiency of more than 90% in the frequency range of
2.25 THz–6.07 THz and a total of 3.82 THz, demonstrating an averaged absorption of 97.06%.
At the relatively low temperature of T = 318 K, VO2 exhibits a dielectric state, and this
device demonstrates broadband absorption across the frequency band of 3.6 THz–5.08 THz,
with an average absorption rate of 81.99%. At the same time, the device also exhibits good
transmission ability at relatively low temperatures, exhibiting a mean transmittance of
67.66% and 69.51% across the frequency bands of 0.1–2.14 THz and 7.5–10 THz, respectively.
First, we describe the fabrication process of the device, which is made easier to fabricate

234



Photonics 2025, 12, 987

by using simple patterned graphene. Second, the phase transition mechanism of VO2

is explained in detail, and the performance transition caused by this change is explored.
Subsequently, we investigate the relative impedance matching and the interfacial E-field
in the device at relatively high temperatures, analyze the absorption mechanism, and
confirm the polarization-independent behavior of the device. On this basis, the effects
of the chemical parameters of graphene, such as the Fermi energy level, relaxation time,
and important physical parameters of the device’s impact on absorption performance, are
analyzed. At the end of the article, we analyze the effects of different polarizations and
angles of incidence on the absorption performance of the device. Compared with previous
articles, this study demonstrates that the device has excellent characteristics, such as high
absorption and transmission efficiency, bias manufacturing, and phase change control, and
it is believed that the device can shine in the fields of terahertz communication, terahertz
switching, terahertz stealth, and medical detection.

2. Numerical Model and Structural Design

The proposed ultra-wideband phase change device is presented in Figure 1. Figure 1a
shows a cell-level layout diagram of the ultra-wideband phase change device, which
consists of a fundamental three-component thin film structure. As shown in Figure 1b, the
topmost layer is a patterned 1 nm graphene layer composed of three simple rectangular
graphene layers. The middle dielectric layer of the device is SiO2, and the relevant dielectric
parameter data comes from Kitamura [33]. The substrate layer of the device is VO2,
and the relevant dielectric constant is from reference [14]. The device exhibits excellent
absorption and transmission characteristics at 0.1–10 THz. See Table 1 for the specific
device parameters.

Figure 1. (a) A cell-level layout diagram of the ultra-wideband phase change device. (b) XY plane
top view of the device.

Table 1. Parameters of an ultra-wideband phase change device.

Parameter L1 L2 L3 L4 P H1 H2

Value (μm) 5 8.5 2.5 9.6 21 5 12

As shown in Figure 2, we demonstrate a simple and feasible process for fabricating
this ultra-wideband phase change device. Firstly, the VOX film was deposited on the
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substrate by magnetron sputtering, and the VO2 layer was formed by annealing in an O2

atmosphere. A 12-micron-thick SiO2 dielectric layer was then deposited by magnetron
sputtering. Graphene sheets were prepared independently using CVD technology, the
desired pattern was formed by electron beam lithography, and finally, the patterned
graphene was transferred to the SiO2 surface to complete the device fabrication [34,35].

Figure 2. Simple layout representation of the fabrication process of the ultra-wideband phase
change device.

After constructing the basic model structure diagram, we used CST simulation soft-
ware to simulate the electromagnetic behavior of the model and used the FDID algorithm
to simulate the model [36,37]. First, periodic boundary conditions were applied along the X
and Y axes, while the Z-axis remained open, along which the electromagnetic wave travels
in the negative Z-axis direction [38]. Based on this design, we were able to simulate and
calculate the entire periodic array using only a single device unit, as shown in Figure 1a,
which greatly reduces the time required for calculation and speeds up the research while
maintaining the computational precision. In addition, we used the S-parameter inversion
method to represent the reflectance (R) and transmittance (T) of the device, respectively;
thus, the absorption rate (A) can be easily obtained, demonstrating the device’s capability,
and the specific formula is as follows [39,40]:

A(ω) = 1 − R(ω)− T(ω) = 1 − |S11|2 − |S21|2 (1)

In the above formula, T(ω) and R(ω) are the transmittance and reflectivity of the
impinging optical wave when irradiating the structure of the absorbing unit, respectively,
ω is the angular frequency, and |S11|2 and |S21|2 indicate the reflection and transmission
coefficients, respectively.

In addition, we used the Drude model to represent the surface conductivity of the
graphene layer used in the ultra-wideband phase change device during the simulation, as
follows [14,41]:

σ(ω) =
e2EF

πh2
i

ω + iτ−1 (2)

In Equation (2), where ω and h denote the incident wave frequency and reduced
Planck constant, respectively, defining EF as the Fermi level and τ the relaxation time in
graphene, these two parameters are as follows [42]:

EF = VF

√
πε0εγV0

e0ns
(3)
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τ =
μEF

e0V2
i

(4)

In Equation (3), V0 represents the magnitude of the external voltage, e0 refers to the
number of electron charges, VF represents the Fermi velocity, and ns is used to represent the
number of layers of SiO2 in the structure. In Equation (4), μ = 104 cm2/(V.S) represents
the carrier mobility, Vi = 106 m/s is the aforementioned Fermi velocity, and EF is the
Fermi level in Equation (3). Based on this, we can easily come up with the corresponding
dielectric constant formula [43]:

ε = 1 +
iσ(ω)

ε0tω
(5)

In Equation (5), ε0 represents the conductivity in a vacuum environment and t denotes
the graphene layer’s thickness. The graphene used in this paper has a thickness of 1 nm, a
relaxation time of 0.1 ps, and a Fermi level of 1.0 ev.

After the construction of graphene materials was completed, we also employed the
Drude model to establish VO2 materials in the terahertz band, and the relevant formulas
are as follows [14,44]:

ε(ω)VO2
= ε∞ − ω2

p

ω(ω + iγ)
= ε∞ − σω2

p0

σ0ω(ω + iγ)
(6)

where ε∞ is used to express the dielectric constant at high frequencies with a value of 12. γ

is the collision frequency; the value is 5.75 × 1013 rad/s. ωp is the plasma frequency, ω2
p0

is
1.4 × 1015 rad/s, and the σ0 value is 3 × 105 s/m. Based on the above data, we obtained the
relationship between the conductivity of VO2 and the permittivity using Equation (6) above.
In the simulation software, we can represent VO2 at different temperatures by changing
the conductivity of VO2, and the related temperature and state relationship is shown in
Figure 3. As the temperature increases from 318 K to 345 K, the dielectric-to-metal transition
occurs in VO2 due to its phase transformation properties, with the corresponding thermal
and dielectric property curves during heating/cooling shown in Figure 3a.

Figure 3. Vanadium dioxide undergoes phase transformation during a temperature change from
318 K to 345 K. (a) The conductivity variations with temperature are plotted as curves for VO2 film
under heating and cooling. (b) Variation of the absorption spectrum (unitless) of the ultra-wideband
phase change device at different temperatures under heating and cooling.

237



Photonics 2025, 12, 987

3. Parameter Calculation and Result Analysis

After the above analysis and simulation process was completed, we calculated the
absorption efficiency of the ultra-wideband phase change device in the cooling (317–339 K)
and heating (318–345 K) states, respectively, and plotted the absorption spectrum of the
device under the corresponding conditions, as illustrated in Figure 3b. The data in the
figure illustrates that when heated to 342–345 K, VO2 transitions to the metallic phase,
and the device exhibits ultra-wideband perfect absorption in the terahertz band, with
absorption efficiency exceeding 99% at a specific frequency point. In the relatively low
temperature range of T = 318–333 K, VO2 shows an insulating phase, and the device still
maintains excellent broadband absorption, exhibiting an average absorption rate of 81.99%.
It is worth noting that the cooling and heating processes exhibit a thermal hysteresis effect
of 6 K, but the overall variation law is basically the same. These results fully show that
the device has temperature control characteristics, and the absorption of the device in
the terahertz band exhibits temperature-dependent characteristics, and the absorption
efficiency can be changed from 0 to 99% over a wide range.

The thermal modulation of absorption was quantified through temperature-dependent
spectra at 345 K (Figure 4a), highlighting the device’s optothermal response. At 345 K, the
device produces an ultra-wideband absorption of more than 90% spanning 2.25–6.07 THz
and a total of 3.82 THz, averaging 97.06% absorption in this band. The absorption spectrum
fluctuates three times in this range, and the device exhibits perfect absorption of 99.93% at
P1 = 2.62 THz, 96.88% at P2 = 3.49 THz, and 99.85% at P3 = 5.24 THz. In addition, we used
TE and TM waves to act on the device, respectively, and the absorption efficiency curve re-
mained almost unchanged, which shows the polarization insensitivity of the device [45,46].

Figure 4. (a) TE/TM-polarized light absorption (unitless) in an ultra-wideband phase change device
across 0.1–10 THz and 345 K. (b) Relative impedance diagram of the device in the same case.

To investigate the absorption mechanism in depth and validate the reliability of our
computational findings, we introduce the effective impedance matching theory to invert
the obtained absorption data, and the relevant formulas of the impedance matching theory
are as follows [47,48]:

Z = ±
√√√√ (1 + S11)

2 − S2
21

(1 − S11)
2 − S2

21

(7)

In Equation (7), S11 and S21 indicate the reflection and transmission coefficients, respec-
tively. For the impedance matching analysis, when the imaginary part of the impedance
Imag (z) is close to 0 and the real part of the impedance Real (z) is close to 1, it is consid-
ered that the impedance of the ultra-wideband phase change device is perfectly matched
with the spatial impedance, which also corresponds to the generation of perfect absorp-
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tion [49,50]. In Figure 4b, we have plotted the relative impedance of the device, and it is
obvious that the impedance matching plot in the band of 2.25–6.07 THz is the same as the
theoretical effect, which not only explains why the device can produce an excellent effect,
demonstrating >97% average absorption in this frequency band, but also verifies that our
calculation results accurately match the relative impedance matching theory.

Subsequently, we numerically simulated and visualized the device’s surface E-field
distribution, as illustrated in Figure 5. First, we regionally number the top-layer graphene
of the ultra-wideband phase change device, which provides a clear reference framework
for the subsequent analysis of the E-field distribution characteristics of the surface, as
illustrated in Figure 5a. The constructive superposition mechanism of different resonant
modes originates from the spatial distribution decoupling and frequency-domain response
complementarity. In the low-frequency band of P1 = 2.62 THz, a symmetric dipole reso-
nance is formed at the edge of graphene (such as the periphery of block 3), with the electric
field showing a symmetric distribution. In the middle-frequency band of P2 = 3.49 THz,
the nanogap between block 1 and block 3 excites localized surface plasmon resonance
(LSPR), capturing electromagnetic energy at the subwavelength scale through near-field
coupling [51,52]. In the high-frequency band of P3 = 5.24 THz, it is characterized by cross-
unit multipolar resonance coupling, with reverse electric field oscillations formed at the
center of block 2 and the edges of block 1/3. As the frequency increases from P1 to P3,
the electric field distribution gradually shifts from the single-block edge to the double-
block gap and cross-unit region, avoiding phase cancellation caused by spatial overlap.
In terms of the frequency domain, the half-widths of the three are 1.2 THz, 1.5 THz, and
1.1 THz, respectively, the frequency band overlap rate exceeds 60%, the real part of the
impedance in each frequency band is close to 1, and the imaginary part is approximately 0
(as shown in Figure 4b), meeting the wide-frequency impedance matching condition and
finally achieving continuous and efficient absorption at 3.82 THz. The E-field distributions
corresponding to the three characteristic absorption peaks P1 = 2.62 THz, P2 = 3.49 THz,
and P3 = 5.24 THz are shown in Figure 5b–d, respectively. At the low-frequency absorption
peak P1 = 2.62 THz (Figure 5b), the E-field is mainly localized at the peripheral edge of
block 3 (the maximum field strength is about 4 × 106 V/m), showing a symmetrically
distributed dipole resonance pattern. When the frequency is increased to P2 = 3.49 THz
(Figure 5c), the concentrated region of the E-field shifts to the nanogap between blocks 1
and 3, and the field strength is significantly enhanced to 5 × 106 V/m, which is due to the
local surface plasmon resonance (LSPR) excited at the gap, and the electromagnetic energy
is efficiently captured at the subwavelength scale through near-field coupling [53,54]. When
the frequency is further increased to P3 = 5.24 THz (Figure 5d), the E-field distribution
shows the characteristics of multi-region synergistic resonance. The longitudinal edge of
the central region of block 2 has a strong field area, and the edges of block 1 and block 3
form an inverted oscillation, which is also concentrated in the longitudinal gap between
block 1 and block 3 and maintains the maximum field strength. This multipole resonance
coupling across cells effectively extends the absorption bandwidth of the device [55]. It
is worth noting that the geometric arrangement of blocks 1 and 3 in the graphene layer
and the central region 2 forms a cascading resonance structure. As the incident wave
frequency shifts from P1 to P3, the local position of the E-field changes from single block
edge (P1) to double block gap (P2) and cross-cell multi-region (P3), and this controlled
tuning of the spatial distribution enables the device to achieve ultra-wideband absorption
spanning 2.25–6.07 THz. The gradient of E-field intensity (0–5 × 106 V/m) shown in the
chroma bar on the right further confirms the local enhancement effect of nanostructures on
electromagnetic fields.
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Figure 5. (a) Convenient numbering of graphene in the top layer of an ultra-wideband phase
change device. (b–d) XY surface E-field distribution of the three absorption peaks at P1 = 2.62 THz,
P2 = 3.49 THz, and P3 = 5.24 THz at T = 345 K.

As shown in Figure 6, to investigate the influence of the top-layer graphene struc-
ture on the terahertz band absorption efficiency of the device, we designed comparative
experiments with different structures and tested their absorption performance. The red
curve in the figure corresponds to the absorption characteristics of the “three-rectangle
patterned graphene” structure proposed in this paper (Figure 1b). The absorption mecha-
nism and performance advantages of this structure have been detailed in the above text
(e.g., Section 3, “Parameter Calculation and Result Analysis”, and the E-field distribution
analysis in Figure 5) and will not be repeated here. It can be seen from the curve that the
absorption effect of this structure in the target frequency band is significantly better than
that of other comparative structures. Regarding the other three comparative curves, the
blue curve corresponds to the structure with “the central block 2 of the top-layer graphene
removed”. In the 2.25–6.07 THz band, its average absorption rate is 88.91%. Although it
maintains good absorption performance, it is 8.15 percentage points lower than that of the
red curve. The green curve corresponds to the structure with “the surrounding block 3s of
the top-layer graphene removed”. In the 2.25–6.07 THz band, its average absorption rate is
85.57%, and the absorption rate in the 2.91–5.18 THz band can exceed 90%, still exhibiting
a certain broadband absorption capability. However, its overall absorption efficiency is
11.49 percentage points lower than that of the red curve. The black curve corresponds to
the device with “the top-layer graphene replaced by a full-coverage unpatterned structure”.
For this structure, the absorption efficiency decreases significantly in the 2.25–6.07 THz
band, with an average absorption rate of less than 80% and no obvious high-absorption
frequency band. Its overall performance is poor and has no discussion value. In conclusion,
by comparing the absorption performance of different top-layer graphene structures, it
can be concluded that the “three-rectangle patterned graphene” structure proposed in this
paper achieves the optimal absorption effect in the terahertz band. The resonant modes
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(edge dipole resonance, gap LSPR, and cross-unit multipolar resonance) synergistically
excited by its multi-rectangle units are key to realizing ultra-wideband and high-efficiency
absorption, which further verifies the rationality and necessity of this structural design.

Figure 6. Comparison of absorption spectra of different graphene structures (T = 345 K).

After the study of the device at a relatively high temperature, the absorption spectra of
the device at a relatively low temperature of T = 318 K were plotted and analyzed separately,
as shown in Figure 7. Figure 7a also shows the absorption spectrum of the device in the
frequency band of 0.1–10 THz under this temperature state, and the experimental data indi-
cate that the device still maintains the broadband absorption characteristics after changing
the temperature, and the absorption efficiency exceeds 80% over 1.48 THz between 3.60
and 5.08 THz, and the average absorption rate in this range is 81.99%. TE waves and TM
waves were also used to act on the device, and nearly consistent absorption spectra were
obtained, which once again proves that the polarization insensitivity of the device is differ-
entiated [56]. Combined with Equation (7) above, we analyzed the impedance matching of
the device at 318 K, as illustrated in Figure 7b. Obviously, the device still conforms to the
relative impedance matching theory at this time, which proves that our device is consistent
with classical physics theories regardless of whether it is in a high or low temperature
state, and it also shows that the results of our simulation are accurate [57]. In addition,
we calculated and plotted the transmission spectrum of the device at low temperatures,
as shown in Figure 7c. It can be seen from the figure that the device has dual-frequency
transmission performance at low temperatures, with an average transmittance of 67.66%
at 0.1–2.14 THz and 69.51% at 7.51–10 THz. In summary, the device still conforms to the
impedance matching theory at low temperatures, is not polarization sensitive, and has
good broadband absorption and ultra-wideband transmission characteristics, which further
proves that the device can be controlled by temperature, indicating the advantages.

Based on the above research, we investigated the impact of fundamental device param-
eters on overall absorption performance to explore control methods beyond temperature
tuning. As shown in Figure 8, we first analyzed the effect of graphene’s top-layer Fermi
level on absorption at 345 K. Notably, we can modulate the Fermi level of graphene by ap-
plying an external bias voltage, as described in Equation (3). Figure 8 presents a parametric
sweep clearly reflecting absorption efficiency changes with EF. At T = 345 K (Figure 8a),
increasing the Fermi level from 0.6 eV to 1.0 eV progressively enhances absorption. In the
2.25–6.07 THz band, the average absorption rises from 85.10% (0.6 eV) to 97.06% (1.0 eV),
stabilizing at ~97% for higher EF. This trend aligns with the linear dispersion relation
in graphene’s electronic band structure, where a higher EF increases conduction electron
density near the Dirac point, strengthening Drude-like free-carrier absorption of terahertz
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waves [58–60]. Additionally, elevated electron density modifies the graphene metasur-
face’s plasmonic resonance, optimizing impedance matching with VO2 and extending the
absorption bandwidth.

Figure 7. (a) TE and TM absorption spectra (unitless) of an ultra-wideband phase change device at
0.1–10 THz and T = 318 K. (b) Relative impedance diagram of the device in the same case. (c) TE/TM
transmission spectra of ultra-wideband phase change devices.

After exploring the graphene Fermi level, we immediately began to explore the time of
relaxation for graphene. As shown in Figure 8b, we plotted the spectrum of the absorption
efficiency of a device with an increase in the time of relaxation for graphene from 0.1 ps to
0.9 ps, and the related formula for the relaxation time of graphene is shown in Equation (4)
above. It is evident from Figure 8b that when the time of relaxation for graphene is 0.1 ps,
the overall broadband absorption effect is the best. As the relaxation time increases, the
broadband absorption effect gradually deteriorates, and the overall narrowband absorption
trend is presented. This could be attributed to the extension of the relaxation time, which
speeds up the energy dissipation rate within the material, resulting in the deterioration of
the broadband absorption effect, which results in a narrow-band absorption peak with good
absorption [61]. The alteration of relaxation time has a tendency to narrow the absorption
bandwidth, which may provide some inspiration and reference for future research and will
not be further studied in this paper. It has basically the same effect at low temperatures
and will not be explored here.
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Figure 8. (a) Effect of different graphene Fermi levels on top of the ultra-wideband phase change
device at T = 345 K. (b) Effect of different relaxation times of graphene on the absorption efficiency
(unitless) of the device at a temperature of 345 K.

Continuing to investigate the effects of changes in the physical parameters of the
device, as shown in Figures 9 and 10, we explored the influence of changes in the physical
parameters of the device on the absorption efficiency, as presented in Table 1 above. Figure 9
plots the spectral curves corresponding to the parameter changes of the four graphene
sheets L1–L4. As illustrated in Figure 9a, we change the L1 parameter from 4.6 to 5.4 μm,
and the absorption of the device shows a certain degree of redshift. In the same way, the
average absorption rates of the device in the 2.25–6.07 THz band proposed above for L1 of
4.6, 4.8, 5.0, 5.2, and 5.4 μm were 96.21%, 96.94%, 97.06%, 96.68%, and 94.98%, respectively,
and the average absorption rate reached the maximum value at L1 = 5.0 μm. At the same
time, the change of L1 mainly affected the absorption effect of the characteristic absorption
peak P1, and there was little change between P2 and P3. Figure 9b shows the change in
absorption efficiency of L2 from 7.5 μm to 9.5 μm. Since the change in L2 has a slight
influence on the change in the overall absorption efficiency of the piece, we drew the
contour plot after the scanning parameters to demonstrate the consistency of the absorption
rate more intuitively. We selected a median of 8.5 μm as the specific parameter of L2, and
the effect of L2 on the absorption efficiency demonstrates that the device can tolerate a
certain manufacturing error on the L2 parameter in the manufacturing process, and an
error in the range of 2 μm will not have much impact on the overall absorption effect of the
device [62]. The L3 parameters are shown in Figure 9c. For the same frequency band, when
L3 is 1.5 μm, 2.0 μm, 2.5 μm, 3.0 μm, and 3.5 μm, the corresponding average absorption
rates are 92.52%, 95.50%, 97.06%, 95.84%, and 92.56%, respectively. The average absorption
first rises and then decreases, and when the L3 value is 2.5 μm, the average absorption
effect is the best, and the absorption influence of the characteristic absorption peaks P2
and P3 is also the best. Figure 9d shows the change in parameter L4, which is similar to
that of (b). Changing this parameter within this range has little effect on the absorption
efficiency of the device, and it is believed that similar conclusions can be drawn. When the
L4 parameters are 9.2, 9.4, 9.6, 9.8, and 10.0 μm, the absorption rates corresponding to P1 are
99.26%, 99.91%, 99.93%, 99.63%, and 97.87%, respectively, and the rate of absorption attains
the maximum value when the L4 parameter is 9.6 μm, so we believe that 9.6 μm should
be the optimal parameter for L4. Summarizing the analysis of the impact of alterations
in the four parameters of the graphene layers, we prove that the four graphene layer size
parameters given in Table 1 of this article are the optimal values after our calculation and
discussion, and changes in these four parameters within the range we discuss have no
great impact on the overall device of the device, which can basically maintain the mean
absorption rate of the device in the explored terahertz band above 95%, and it can also be

243



Photonics 2025, 12, 987

said that Figure 9 provides some references for the acceptable error range in the device
manufacturing process.

Figure 9. Influence of structural parameters of top-layer graphene on the absorption efficiency
(unitless) of ultra-wideband phase change devices at T = 345 K. Each subfigure shows the influence
of different parameter variations: (a) L1; (b) L2; (c) L3; (d) L4.

To further improve the device parameters, as shown in Figure 10, after exploring
L1–L4, we studied the effect of changing the H1, H2, and P parameters on the absorption
rate of the device. Figure 10a shows the corresponding results for the variation of H1.
It can be observed that the device’s absorption performance remains almost unchanged
with the variation of H1. This is primarily because when T = 345 K, VO2 is in the metallic
phase, serving as a metallic substrate for the device. The thickness of VO2 (H1 = 5 μm) is
significantly greater than the skin depth in this frequency band. Specifically, at 3 THz, the
skin depth of VO2 in the metallic phase is approximately 20 nm, while the thickness of H1
is 5 μm (5000 nm), which is 250 times larger than the skin depth. This allows VO2 to fully
reflect the incident terahertz waves, enabling the absorption layer to reabsorb the reflected
waves for perfect absorption, with VO2 itself having almost no impact on the absorption
performance. Figure 10b shows the correlation of changes in H2. As can be seen in the
figure, when the H2 layer gradually increases, the high-frequency part of the absorption
curve has a more obvious redshift, which may be due to the fact that the high-frequency
terahertz wave reflected back to the absorption layer by the substrate is partially consumed
in the dielectric layer when its thickness has increased, so the relative overall bandwidth
becomes smaller [63,64]. When H2 is 10, 11, 12, 13, and 14 μm, the average absorption
rates in the band range of 2.25–6.07 THz are 91.98%, 95.30%, 97.06%, 95.63%, and 91.53%,
respectively, and the mean absorption rate reaches a peak when the H2 value is 12 μm.
Finally, we explored the corresponding effect of the P size of the device cycle, as shown
in Figure 10c. When P is 21, 22, 23, 24, and 25 μm, the mean absorption efficiency of the
device in the discussed frequency band is 97.06%, 93.78%, 92.70%, 91.32%, and 88.86%,
respectively, showing a downward trend, and when P is 21 μm, that is, the size of the
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SiO2 dielectric layer and the VO2 substrate is just the size of the top layer of graphene, the
device’s absorption effectiveness is the best.

Figure 10. Influence of structural parameters of an ultra-wideband phase change device on absorption
efficiency (unitless) at a temperature of 345 K. (a) Parameter scan of the effect of H1 on the efficiency
of absorption. (b) Spectral pattern of the effect of H2 on absorption efficiency. (c) Spectral diagram of
the effect of P on the efficiency of absorption.

In addition to temperature and device parameters, changes in the polarization angle
and incidence angle of light are also important indicators for evaluating devices. In actual
applications, the incidence angle of electromagnetic waves may not be perpendicular to
the incidence angle of the device, and a device that can adapt to multiple incidence angles
is suitable for more application scenarios [65–67]. As shown in Figure 11, we plotted the
contour plot of the impact of angle of polarization and angle of incidence changes on the
absorption efficiency of the apparatus when the temperature is 345 K. Figure 11a shows the
spectrum of the absorption efficiency of the device for polarization angles of 0 degrees to
90 degrees, and it is clearly apparent that the absorption of the device is not influenced by
the polarization angle, because the device we designed is a center-symmetrical structure,
and the change of polarization angle will not change the plane wave received by the
absorbing layer, so the device is polarization insensitive [68–72]. Figure 11b is a scan of the
absorption spectrum of the device with a change of incidence angle of 0–80 degrees, and
it is obvious that when the incidence angle increases from 0 to 50 degrees, the absorption
remains basically unchanged, and the average absorption rate is maintained at 90% or
more. When the angle is greater than 50, more than 90% of the absorption frequency band
is split from about 4.5 THz, and the angle gradually increases from 50 degrees to 70 degrees,
and the low frequency band and high frequency band can still maintain a relatively good
absorption trend, but the absorption of the high frequency band continues to move to
the higher frequency band with the change of angle, and the high absorption bandwidth
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of the low frequency band gradually decreases. When the incidence angle increases to
80 degrees, the high absorption frequency band of the device is mainly displayed in the
high frequency band, and the overall absorption effect becomes worse, mainly because
the incidence angle is too large, so only a small part of the electromagnetic wave can
irradiate the surface of the device, and we believe that an incidence angle greater than or
equal to 80 degrees is too extreme to warrant continuing the discussion. In general, the
ultra-wideband phase change device is impervious to the alteration of the polarization
angle and can adapt to a wide range of changes in the incidence angle from 0 to 60 degrees
(the average absorption efficiency is maintained at 80% and above), which is suitable for a
variety of application scenarios [73–75].

Figure 11. (a) Scans of absorption efficiency (unitless) at different polarization angles at a temperature
of 345 K. (b) Scans of absorption at different angles of incidence at T = 345 K.

To conclude the article, we compare the performance of this ultra-wideband phase
change device with the other studies, as shown in Table 2 [30,76–79]. The combination
of phase change material VO2 and graphene enables the absorption device to have better
performance and more flexible control methods.

Table 2. Comparison of the performance of this ultra-wideband phase change device with
other devices.

Ref. Materials Used
Number of

Device Layers
Absorption Range

(>90%)
Bandwidth

(>90%)
Average

Absorption
Angle of
Incidence

[76] Graphene 5 0.82–1.87 THz 1.05 THz Over 90% 0–60◦
[77] Graphene 3 3.29–5.25 THz 1.96 THz Over 90% 0–60◦
[78] VO2 5 2.37–4.56 THz 2.19 THz Over 90% 0–55◦
[30] VO2–Graphene 7 2.42–4.83 THz 2.41 THz Over 90% 0–60◦

[79] VO2 3 3.09–4.61 THz and
5.36–5.79 THz 1.95 THz Over 90% 0–50◦

This work VO2–Graphene 3 2.25–6.07 THz 3.82 THz 97.06% 0–60◦

4. Conclusions

In this study, a dynamically tunable terahertz ultra-wideband phase change absorber
based on a VO2–graphene hybrid metasurface was successfully designed, and the dual
functions of ultra-wideband absorption and efficient transmission were realized through
VO2 phase change. At 345 K (metallic state), the device exhibits an average excellent
absorption performance of 97.06% in the range of 2.25–6.07 THz (bandwidth 3.82 THz). At
318 K (insulated state), it can not only maintain 3.6–5.08 THz broadband absorption, with
an average absorption rate of 81.99%, but also achieves high transmittance of 67.66–69.51%
in the 0.1–2.14 THz and 7.51–1 Hz frequency bands. Through the synergistic control of
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phase change materials and two-dimensional materials, the design uses patterned graphene
to simplify the preparation process, which has both polarization insensitivity and wide
incidence angle stability. The physical mechanism of ultra-wideband absorption is revealed
by impedance matching theory and surface E-field distribution analysis, and the tunability
of the device is verified by a systematic study of Fermi level, relaxation time, and structural
parameters. It is believed that this research will lay a foundation for the optimal design of
related devices in the future and will provide new technical ideas for the development of
terahertz switching, stealth technology, and sensing applications.
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Abstract: We present the design of an optically transparent, flexible, and tunable microwave
absorber covering the X and Ku frequency bands. The absorber is based on a metasurface
composed of a periodic array of graphene spiral resonators (GSRs) attached to an ultrathin
PET film placed over an ITO-backed dielectric spacer. An equivalent circuit model (ECM),
described by closed-form equations, is proposed to optimize the structure for maximum
absorption within the target frequency range. The optimized absorber achieves a peak
absorbance of 99.7% for normally incident waves while maintaining over 90% absorption
at various incident angles in the frequency range from 8.5 GHz to 17.4 GHz. In addition,
a double-layer graphene spiral resonator (DGSR) metasurface is proposed to extend the
absorber’s operational bandwidth, demonstrating a bandwidth enhancement of approxi-
mately 3 GHz and a relative bandwidth of 90% without compromising miniaturization or
incident angle stability. Given their remarkable attributes, both GSR and DGSR configu-
rations show great potential for applications in radar stealth technology and transparent
electromagnetic compatibility.

Keywords: microwave absorber; graphene; spiral resonator; metasurface; wideband;
transparent absorber; tunable absorber; equivalent circuit model

1. Introduction

Metamaterial absorbers (MAs) have attracted significant attention in recent years due
to their promising applications in stealth technology, sensing, and multispectral thermal
detection [1,2]. Microwave absorbers with wideband tunable absorption are of great impor-
tance for a wide range of practical applications in both military and daily life. For instance,
MAs can be used to reduce radar cross-section (RCS) and electromagnetic interference
(EMI) [3–6]. Nowadays, several absorbers in the microwave and optical regimes have been
developed utilizing the special characteristics of metamaterials [7,8]. In certain applications,
such as aircraft cockpit windows, optical detectors, and aerospace equipment, an optically
transparent and flexible absorber is highly desirable.

Metasurfaces [9], regarded as the two-dimensional equivalents of metamaterials,
are composed of multiple subwavelength components periodically placed on a planar
surface. In comparison to three-dimensional metamaterials, metasurfaces are ultrathin and
lightweight and have a relatively simple structure. They have been extensively used in
various electromagnetic (EM) applications such as polarization conversion, wideband EM
wave absorption, and RCS reduction [10–12].
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Graphene, a one-atom-thick sheet of carbon atoms arranged in a honeycomb lat-
tice, has unique properties. It offers exceptional mechanical strength, robust thermal
stability, and excellent electrical conductivity. Due to the low density of states near the
Dirac point, its Fermi level can be tuned with a bias voltage, allowing control of electro-
magnetic waves across a broad spectral range. These distinctive features, along with its
adjustable electromagnetic response, have made graphene a strong candidate for tunable
absorbers with high optical transparency [13]. Graphene’s tunable conductivity enables
dynamic control of the absorption bands, while metallic and dielectric metamaterials can
achieve only non-dynamic control of their absorption bands through fine-tuning their
geometrical parameters. Moreover, multi-band perfect absorption can be achieved by
using single-layer graphene gratings due to the excitation of standing-wave graphene
surface plasmon polaritons [14,15].

Graphene-based metasurfaces are being suggested for designing microwave absorbers
with tunable absorption and RCS reduction, while also allowing for transparency and
flexibility [16,17]. For example, integrating a graphene sandwich structure can facilitate
adaptive microwave absorption through electrostatic doping of conductivity; Balci [18]
proposed a reconfigurable graphene-based absorber with this approach. In [19], a trans-
parent tunable absorber is created by patterning graphene into discrete patches, using
two techniques: the ‘surface resistance approach’ and the ‘stacking graphene metasurface’
approach. Lu et al. [20] combined a graphene metasurface with an oxide–metal-oxide
ground plane to produce a wideband microwave absorber with high transparency and
sufficient flexibility. In [21], a transparent, tunable microwave absorber was created using a
combination of patterned graphene and indium tin oxide (ITO). Wang et al. [22] developed
a dual-tunable microwave absorber using a graphene metasurface, in which applying
separate bias voltages to either continuous or patterned graphene enables independent
control of the absorption frequency and amplitude. Geng et al. [23] created an effective
microwave absorber based on graphene that can change its center frequency within the Ku
band. However, this design is not optically transparent because the patterned graphene is
directly deposited onto a layer of periodic metal patches.

In this work, we present the design of an optically transparent and flexible microwave
tunable absorber, covering both the X and Ku frequency bands. The absorber is based on a
metasurface composed of a periodic array of graphene spiral resonators (GSRs) attached to
an ultrathin polyethylene terephthalate (PET) film, which is placed over an ITO-backed
dielectric spacer. An equivalent circuit model (ECM) described by closed-form equations
is proposed to help optimize the structure to achieve maximum absorption within the
targeted frequency range. The incident angle insensitivity of the absorber for both TE
and TM wave polarizations is also investigated. In addition, to broaden the absorber’s
bandwidth, a double-layer graphene spiral resonator (DGSR) metasurface is designed, and
its absorption performance is evaluated.

2. Absorber Design and Equivalent Circuit Model

A perspective view of the proposed MA’s schematic is illustrated in Figure 1, while
its unit cell, which consists of three stacking functional layers, is depicted in Figure 2. The
upper layer consists of a square graphene spiral resonator (GSR) attached to a 0.125 mm
thick PET film. Square spiral resonators have been extensively used as metamaterial unit
cells to offer a high level of miniaturization [24,25]. PET was chosen because of its optical
transparency and mechanical flexibility. Moreover, monolayer graphene attached to PET
film is nowadays commercially available [26]. The middle layer (spacer) is a transparent,
flexible dielectric layer (PVC) with a thickness equal to one-quarter wavelength in the
medium. The bottom surface of the dielectric spacer is backed by an indium tin oxide (ITO)
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ultrathin layer, which has a low sheet resistance (~6 Ω/sq) and acts as a reflective ground
plane (PEC), providing zero transmission. The use of a low-sheet-resistance ITO layer
instead of a metal plane has the advantages of high optical transparency and flexibility. The
relative dielectric constants of PET and PVC are taken to be εr = 2.8 and εrs = 3.2, respec-
tively. In the microwave regime, the loss tangents of PET and PVC films are tanδpet = 0.02
and tanδPVC = 0.00033, respectively [27]. The geometric parameters of the square GSR are
as follows: the number of turns N of the spiral, the side length of the external turn l, the
width of the strips w, and the separation between two adjacent turns s. The unit cell size of
the MA and the PVC-substrate thickness are denoted by a = l + 2 s and h1, respectively. It
should be noticed that the maximum number of spiral turns should satisfy the structure’s
filling factor restriction: Nmax = IntegerPart{[l − (w + s)]/2(w + s)}.

Figure 1. Perspective view of the proposed absorber (periodic layout).

(a) (b) 

Figure 2. (a) Perspective view of the unit cell of the proposed absorber; (b) vertical view of the unit
cell structure specifying its geometric parameters. The geometrical dimensions of the absorber are as
follows: l = 2.573 mm, s = 76.6 μm, w = 0.438 mm, t = 0.35 nm, h1 = 3.2 mm, hpet = 0.125 mm
a = l + 2s = 2.726 mm, N = 2.

It is well known that the dimensions of the structural components of the unit cell
significantly affect the maximum absorption and the corresponding operating frequency
range. To optimize the structure for maximum absorption across a broad frequency range,
we developed an ECM using analytical expressions for resistive, capacitive, and inductive
elements. Equivalent circuit models have been successfully utilized to design MAs [28,29].
They are useful tools that provide accurate results and yield valuable physical insights into
the absorption characteristics of the structure and the impact that different parameters have.
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In our ECM, the GSR is represented by the series combination of a resistor Rg, an
inductor Lg, and a capacitor Cg with a shunt resistance Rd that takes into account the
dissipation in the lossy PET thin substrate. Following Ref. [30], the equivalent impedance
of the GSR is given by

Zg,eq = Rg +
Rd

1 +
(
ωCgRd

)2 + jω

[
Lg − Rd

2Cg

1 +
(
ωCgRd

)2

]
(1)

where

Cg =
l

4(w + s)
N2

N2 + 1

[
l(N − 1)− N2 − 1

2
(w + s)

]
C0 (2)

with

C0 = ε0

{
1 +

2
π

arctg
[

hpet

2π(w + s)

]
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}K
(√

1 − k2
)
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where K(k ) is the complete elliptic integral of the first kind and k = s/(s + 2w).
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2π
lavg

[
1
2
+ ln

(
lavg

2w

)]
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N
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s
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4l
, σd = 2π f ε0εrtanδpet (5)
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1
2
+ ln

(
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2w

)]
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The above closed-form equations have been validated in previous studies of metallic
metamaterials based on the spiral geometry [25,31].

Based on Kubo’s formula [32], there are two primary factors contributing to the surface
conductivity of graphene: intraband and interband electronic transitions. In the microwave
regime, interband transitions are extremely weak. In contrast, the contribution due to
intraband transitions is the dominant one. Thus, considering exp(jωt) as the time harmonic
dependency, the surface conductivity of the monolayer graphene can be expressed as [32]

σg(ω, EF, Γ, T) =
−je2kBT

π�2(ω − j2Γ)

[
EF

kBT
+ 2ln

(
e−

EF
kBT + 1

)]
(7)

where ω is the angular frequency; EF is the Fermi energy; Γ is the electron scattering
rate that is assumed to be energy independent; T is the temperature; e is the electron
charge; � = h/(2π) is the reduced Planck constant; and kB is the Boltzmann constant.
Γ = 1/(2τ), where τ is the electron–phonon relaxation time. In this work, τ = 0.2 ps
is used, which is consistent with measurements for monolayer graphene produced by
chemical vapor deposition (CVD) [19], and the ambient temperature (T = 300 K) is assumed.
Although the relaxation time depends on both the Fermi energy and the frequency [33],
such dependencies are typically weak; thus, we do not expect them to influence our
main conclusions.

In the ECM, the PVC grounded substrate (spacer) can be modeled as a short-circuited
transmission line because the ITO ground plane acts as a PEC. The impedance of the PVC
spacer is given by

ZPVC = jZTE,TM tan(βh1) (8)

where ZTE,TM is the characteristic impedance of the PVC spacer for transverse elec-
tric (TE) or transverse magnetic (TM) polarized waves; β is the propagation constant,

β =
√

k2
s − k2

0sin2 θi with ks = ω
√

μ0μrsε0εrs ≈ k0
√

εrs; h1 is the thickness of the PVC
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spacer; and θi denotes the incidence angle of the obliquely incoming waves into the struc-
ture. Moreover, the following equations give the characteristic impedances for TM- and
TE-polarized waves:

ZTE =
ωμ0μrs

β
ZTM =

β

ωε0εrs
(9)

It is obvious from Equations (8) and (9) that the characteristic impedance of the PVC
spacer is a function of the incident angle for both polarizations. It should be noticed that the
equivalent capacitance of the GSR metasurface should be modified for the case of oblique
incidence as follows [34,35]:

CTE
g (θi) = Cg

(
1 − 1

εr + 1
sin2θi

)
, CTM

g (θi) = Cg (10)

Furthermore, the sheet impedance of graphene remains almost constant with the
incident angle and polarization state due to the negligible spatial dispersion of graphene.

We utilize the ECM depicted in Figure 3 to optimize the proposed absorber for high
absorption across a broad frequency range, covering both X and Ku bands. The absorbance
of an MA can be expressed in terms of S-scattering parameters as

A( f ) = 1 − |S11( f )|2 − |S21( f )|2 (11)

Figure 3. Equivalent circuit model (ECM) representation of the proposed GSR absorber.

Since the ITO ground plane results in almost vanishing transmission |S21( f )|2 = 0,
Equation (11) for normal incidence can be written as

A( f ) = 1 − |S11( f )|2 = 1 −
∣∣∣∣Zin ( f )− Z0

Zin ( f ) + Z0

∣∣∣∣
2

(12)

The input impedance of the absorber Zin ( f ) can be calculated by

Zin( f ) = Zg,eq ‖ ZPVC =
Zg,eq ( f )ZPVC( f )

Zg,eq ( f ) + ZPVC( f )
(13)
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where ZPVC( f ) is given by Equation (8), and Z0 =
√

μ0/ε0 = 377 Ω is the free space wave
impedance. In the case of oblique incidence, the wave impedances in free space should be
modified for both TE and TM wave polarizations as follows [34,35]:

ZTE
0 (θi) =

Z0

cos θi
, ZTM

0 (θi) = Z0cos θi (14)

and the scattering parameter S11( f ) in Equation (12) should be replaced by

STE
11 (θi) =

ZTE
in (θi)− Z0

cos θi

ZTE
in (θi) +

Z0
cos θi

, STM
11 (θi) =

ZTM
in (θi)− Z0cos θi

ZTM
in (θi) + Z0cos θi

(15)

for TE and TM wave polarizations, respectively.
In the following, using the analytical expressions of our ECM, we can identify opti-

mized geometrical and electrical parameters of the structure for achieving wideband high
absorption (>90%) covering both the X (8–12 GHz) and Ku (12–18 GHz) bands. At first, the
thickness of the PVC dielectric spacer is selected to be equal to one-quarter wavelength
according to interference cancellation theory [36]:

h1 =
c

4 fc
√

εrs
(16)

where fc = 13 GHz is taken to be the central frequency of the desired operating fre-
quency band. Hence, from Equation (16), we obtain h1 = 3.2 mm. After investigating
the dependence of the resonant frequency fr = 1/

(
2π
√

Lg Cg
)

on the GSR’s number
of turns N and its geometric parameters, a set of initial parameters can be selected:
N = 2, l = 2.6 mm, s = 35 μm, and w = 0.25 mm. The thickness of the graphene
spirals is taken to be t = 0.35 nm. According to Equation (12), perfect absorption could be
achieved when the impedance matching condition Zin ( f ) = Z0 is satisfied; i.e., the real
and imaginary parts of the input impedance should be Re{Zin ( f )} = Z0 = 377 Ω and
Im{Z in ( f )} = 0, respectively, for a wideband frequency range. The optimized values
of the geometric parameters can be easily found with the aid of a simple optimization
algorithm with the cost function defined by the above impedance matching condition.
Finally, the optimum values of the structural parameters of the proposed absorber are
found to be N = 2, l = 2.573 mm, s = 76.6 μm, w = 0.438 mm, t = 0.35 nm, h1 = 3.2 mm,
hpet = 0.125 mm.

3. Absorber Performance and Parameter Retrieval Method

In this section, we demonstrate the performance of the designed MA by considering
a plane EM wave in the microwave regime impinging on the GSR metasurface. Initially,
we assume normal incidence of an EM wave with transverse electric (TE) or transverse
magnetic (TM) polarization. Figure 4a depicts the tunability of the absorption spectra
by adjusting the Fermi energy of graphene from 0.4 eV to 1.2 eV. Note that, based on
experimental evidence, the Fermi energy of graphene can be effectively modulated from
0.4 to 1.2 eV by adjusting a DC voltage [37]. The DC bias voltage can be applied directly
between the patterned graphene metasurface and the ITO ground plane. However, a
more efficient application scheme of the DC bias voltage is the utilization of an ionic
liquid electrolyte (or gel). In this scheme, an ultrathin layer of ionic gel can be coated
on the graphene as a high-capacitance spacer layer between a top metal electrode and
the patterned graphene, as described in Refs. [19,21]. The ionic gel generates high carrier
densities in graphene, causing an increase in the Fermi energy. It is worth noting that, with
the aid of ionic liquids, a significant range of Fermi energies can be obtained by applying a
moderate DC voltage [18].
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As shown in Figure 4a, both the maximum absorbance and the bandwidth increase as
the Fermi energy EF is increased, and for EF = 1.2 eV, the MA demonstrates more than 90%
absorbance with a bandwidth of 8.9 GHz, covering both the X and Ku bands. To characterize
the absorption performance for the MA, we can calculate the relative absorption bandwidth
(RBW) defined as RBW = 2( f U − fL)/( f U + fL), where fU and fL are the upper and
lower frequencies corresponding to the absorption frequency range with absorbance more
than 90%. The proposed MA achieves an RBW of 68%, and thus, ultrawideband is achieved,
which is a demanding feature for modern microwave applications. Moreover, the MA
shows a peak absorbance of 99.7% at EF = 1.2 eV.

 
(a) (b) 

Figure 4. (a) Absorbance spectrum at normal incidence at different Fermi energies; (b) contour plot
of absorbance spectrum as a function of PVC spacer thickness.

The thickness of the PVC spacer is a crucial geometrical parameter determining the
absorption spectrum due to impedance mismatch. In our design, the thickness is chosen
to be one-quarter wavelength in the medium, i.e., h1 = 3.2 mm. By varying the thickness
h1, while keeping other parameters unchanged, the absorption spectrum is significantly
affected, as shown in Figure 4b. When the PVC thickness is h1 = 3.2 mm, the absorber
performs effectively in the frequency band between 8.5 GHz and 17.35 GHz. If the PVC
thickness is smaller than 3.2 mm, the absorption band is shifted to a higher frequency range,
whereas if the PVC thickness is larger than 3.2 mm, the absorption band is shifted to a
lower frequency range.

To gain a deeper insight into the tuning mechanism of absorbance amplitude, the real
and imaginary parts of the normalized input impedance, Zin ( f )/Z0 , at different Fermi
energies, are illustrated in Figure 5a,b, respectively. It can be seen that, as the graphene
Fermi energy increases, the real part of impedance fluctuates around 1 while the imaginary
part fluctuates around 0 across the desired frequency range. This suppresses the reflection
of the incident waves by the absorber, resulting in enhanced absorption. Thus, by changing
the graphene conductivity σg , the absorption amplitude can be tuned in accordance with
the input impedance matching, enabling efficient wideband absorption.

It is well known that the response of EM metamaterials can be characterized us-
ing equivalent EM parameters, such as effective permittivity εe f f and effective perme-
ability μe f f . These effective constitutive parameters can also serve as a significant tool
for validating the absorbing mechanism [38]. The Nicolson–Ross–Weir (NRW) retrieval
method [39,40] provides a feasible method for extracting these parameters. According to
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the NRW technique, the effective permittivity and effective permeability of the proposed
MA can be evaluated through the use of the S-parameters as follows [40]:

εr,e f f =
2

jk0d
·1 − S11 − S21

1 + S11 + S21
, μr,e f f =

2
jk0d

·1 − S21 + S11

1 + S21 − S11
(17)

where d is the thickness of the absorber, and k0 = ω/c0 denotes the propagation constant
in free space. Since S21 = 0 due to the ITO ground plane (PEC), Equation (17) can be
simplified as

εr,e f f =
2

jk0d
·1 − S11

1 + S11
, μr,e f f =

2
jk0d

·1 + S11

1 − S11
(18)

where S11 can be calculated analytically from the input impedance of the structure under
normal incidence.

 
(a) (b) 

Figure 5. Real part (a) and imaginary part (b) of the normalized input impedance Zin /Z0 as a
function of frequency at different Fermi energies.

Figure 6a,b show the effective permittivity εr,e f f ( f ) and the effective permeability
μr,e f f ( f ) of the proposed absorber as a function of frequency. It can be seen that, in the
frequency range of interest (X and Ku bands), the structure exhibits a single-negative (SNG)
metamaterial property characterized by a negative value of either the real permittivity
or the real permeability [41]. The imaginary parts of the permittivity and permeability
account for the losses and represent the material’s impact on absorbing the incident electro-
magnetic waves. Using the extracted electromagnetic parameters εr,e f f ( f ) and μr,e f f ( f ),
the normalized effective impedance as a function of frequency can be calculated as [39]

Ze f f ( f )
Z0

=

√
μr,e f f ( f )
εr,e f f ( f )

(19)

Figure 6c presents the frequency dependence of both the real and imaginary parts of
the normalized effective impedance Ze f f /Z0 , which is derived from the obtained effective
parameters. These curves coincide with the corresponding ones for the real and imaginary
parts of the input impedance of the absorber obtained by the ECM at the Fermi energy
EF = 1.2 eV. Consequently, the results of the effective parameter retrieval method support
the reliability of our ECM.

Next, the absorbance of the designed MA under oblique incidence is considered. To
investigate the angular stability of the absorber, the absorbance is calculated as a function of
frequency and incident angle for both TE and TM wave polarizations. Figure 7a illustrates
the absorption spectrum at different incident angles from 0◦ to 70◦ for an EM wave with
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TE polarization, while Figure 7b presents the contour map of the absorbance spectrum
as a function of the incident angle. The corresponding plots for an EM wave with TM
polarization are presented in Figure 8a,b, respectively.

 
(a) (b) 

 
(c) 

Figure 6. Retrieved electromagnetic parameters of the absorber. (a) Real and imaginary parts of
effective permittivity, (b) real and imaginary parts of effective permeability, and (c) normalized
effective impedance Ze f f /Z0 as functions of frequency. The Fermi energy is set to be EF = 1.2 eV.

 
(a) (b) 

Figure 7. (a) The absorption spectrum at different incident angles of the EM wave with TE polariza-
tion. (b) Contour map of the absorbance spectrum as a function of angle of incidence. The Fermi
energy is set to be EF = 1.2 eV.
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With the increase in the incident angle, the absorbance gradually decreases. This
reduction observed at greater incident angles is anticipated due to increased reflection
and less interaction between the incoming waves and the metasurface at steeper angles.
The absorption performance under TM incidence is inferior to that under TE incidence
for the same incident angle. Interestingly, in TE polarization, the absorption bandwidth is
increased, and the absorbance peak is blue-shifted as the incident angle increases. On the
contrary, the absorption bandwidth of TM polarization is slightly narrowed as the angle
of incidence increases. The proposed absorber maintains a high absorbance of above 90%
at an incident angle up to 50◦ for both TE and TM polarizations. Moreover, the structure
guarantees an absorbance of more than 80% for both TE and TM polarizations, when
the incident angle is increased to 60◦. Notably, this wide-angle stability covers the target
frequency bands (X-Ku) with an RBW of about 68% for TE waves and of about 60% for
TM waves.

  
(a) (b) 

Figure 8. (a) The absorption spectrum at different incident angles of the EM wave with TM polar-
ization. (b) Contour map of the absorbance spectrum as a function of angle of incidence. The Fermi
energy is set to be EF = 1.2 eV.

4. Design of a Double-Layer GSR Metasurface Absorber

In this section, the ‘stacking graphene metasurface approach’ [19] is used to broaden
the absorption bandwidth. Above the designed GSR metasurface absorber, we place
another similar GSR metasurface with a dielectric spacer (PVC) of thickness h2. The
configuration of this double-layer GSR metasurface absorber (DGSR) is illustrated in
Figure 9. Incorporating two layers of GSR, the controllability of the input impedance of the
structure can be enhanced by independently adjusting the Fermi energy of each graphene
layer.
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Figure 9. Perspective view of the unit cell of the double-layer GSR metasurface absorber (DGSR).

The ECM model depicted in Figure 10 can be used to optimize the DGSR absorber’s
performance. The absorbance A( f ) of the structure is given by Equation (12), where the
input impedance Zin ( f ) can be calculated as

Zin = Zgb ‖ Zb =
ZgbZb

Zgb + Zb
(20)

 

Figure 10. Equivalent circuit model of the double-layer GSR metasurface absorber (DGSR).

The impedance Zb can be expressed by the transmission line correlation formula as

Zb = ZTE,TM
Z1 + jZTE,TMtan(βh2)

ZTE,TM + jZ1tan(βh2)
(21)

where

Z1 = Zga ‖ Za =
ZgaZa

Zga + Za
, Za = jZTE,TMtan(βh1) (22)

and the impedances ZTE,TM are given by Equation (9). Moreover, to cover the oblique
incidence case, the modifications described by Equations (14) and (15) should be made.

The optimized parameters can be determined through an iterative optimization tech-
nique using our ECM. Keeping the thickness h1 equal to one-quarter wavelength in the
medium, the thickness h2 < h1 = 3.2 mm is swept for different pairs of Fermi energies
EFa, EFb in the range (0.2 eV–1.2 eV) to find the optimum values that achieve the maximum
absorption bandwidth with absorbance A ≥ 90%. It is found that, for EFa = EFb = 0.9 eV
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and h2 = 21.5μm, a maximum absorption bandwidth of 11.7 GHz is achieved, covering
the X and Ku bands. Figure 11a shows the absorbance spectrum of the DGSR absorber for
the case of normal incidence at different Fermi energies EFb with EFa = 0.9 eV. Figure 11b
provides a comparison between the absorbance spectra of the DGSR and the GSR absorbers.
As can be seen, taking an absorbance of 90% as a reference, a significant bandwidth en-
hancement of approximately 3 GHz is achieved. Moreover, the absorber possesses an RBW
of about 90%. However, it should be noted that the absorbance of the DGSR absorber is
slightly decreased compared with that of the GSR absorber.

The absorption spectra at different incident angles of the DGSR MA are plotted in Fig-
ure 12a,b for TE and TM incident EM waves, respectively. It is demonstrated that, in the case
of the TE wave, the average absorbance remains above 90% for incident angles less than 30◦.

The absorbance starts to decrease significantly as the incident angle is increased above
30◦ however, it remains higher than 80% for incident angles up to 50◦. On the other
hand, the absorber presents better angle stability for the case of the TM wave, since the
absorbance remains above 90% for incident angles up to 50◦ across the desired frequency
range. Overall, the DGSR MA is relatively stable under different incident angles.

  
(a) (b) 

Figure 11. (a) The absorption spectrum at different Fermi energies EFb. The Fermi energy of the first
GSR metasurface is set to be EFa = 0.9 eV. (b) Comparison of the absorbance spectra of the DGSR
and the GSR absorbers.

 
(a) (b) 

Figure 12. The absorption spectrum of the DGSR MA at different incident angles (a) for an EM wave
with TE polarization and (b) for an EM wave with TM polarization. The Fermi energies are set to be
EFa = EFb = 0.9 eV.
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5. Discussion and Conclusions

We have designed and analytically studied a tunable microwave MA based on a
metasurface made of graphene spiral resonators (GSRs). An ECM described by closed-
form equations has been utilized to optimize the structure and demonstrate its absorption
performance. The amplitude of the absorption spectra can be modified by applying a
bias voltage between the graphene metasurface and the grounded ITO plane, allowing
for control over the Fermi energy of the graphene. The whole structure possesses optical
transparency and mechanical flexibility, achieved by incorporating transparent and flexible
materials. In our design, the lossy GSR metasurface is responsible for the high absorption,
since most of the impinging EM energy is dissipated through the induced currents flowing
on the resistive graphene spiral resonators. In contrast, the PVC dielectric spacer exhibits
negligible consumption of EM waves. Additionally, to broaden the absorption bandwidth, a
double-layer GSR (DGSR) is designed using two similar GSR metasurfaces. The optimized
DGSR absorber achieves a bandwidth enhancement of roughly 3 GHz, resulting in an RBW
of about 90% while remaining ultrathin. Such a BW enhancement has been previously
achieved by utilizing thicker structures that share comparable fabrication complexity [42]. It
is worth noting that both absorber designs have a subwavelength thickness (approximately
one-tenth of a wavelength), which meets the Rozanov limit [43], and thus, the validity of
our ECM is guaranteed [44].

Concerning fabrication feasibility, the proposed absorber can be realized using well-
established techniques. The monolayer graphene can be grown on copper foil using the
conventional chemical vapor deposition (CVD) method. Afterward, the copper foil is etched
away. The graphene film is then transferred onto the PET film. However, graphene/PET
layers are now commercially available [26]. The infrared laser beam cutting method can
be used to pattern the graphene into a square spiral shape. Next, the patterned graphene
can be deposited on the top of the PVC dielectric spacer via a lamination process. Lastly,
an ITO film with low square resistance should be attached to the bottom of the structure
to act as a ground plane. Some deviations may be found between our simulated results
and the experimental ones. There could be discrepancies in the absorbance amplitude
and maximum absorbance frequencies. These may be caused by (a) inhomogeneity of the
patterned graphene/PET layer sample due to imperfect fabrication; (b) differences in the
dielectric constants of the materials from those used in our calculations; (c) the finite size
of the fabricated sample, resulting in edge diffraction; and (d) degradation of graphene’s
surface resistance due to the presence of impurities in air.

The performance of the proposed GSR and DGSR metasurface absorbers was com-
pared with those of some previously reported graphene-based microwave absorbers,
as shown in Table 1. Evaluated alongside other relevant research, the proposed GSR
absorber achieves ultrawideband absorption covering both the X and Ku bands with a
relative bandwidth of 68% and high absorbance up to 99.7% at the peaks. Moreover, the
designed GSR absorber is characterized by wide-angle stability, optical transparency,
mechanical flexibility, and low thickness of 0.09λ, where λ is the wavelength correspond-
ing to the lowest frequency of the absorption band. Furthermore, the designed DGSR
absorber has an enhanced absorption bandwidth with a relative bandwidth of 90%
and high absorbance up to 97.6% at the peaks. It also remains miniaturized, optically
transparent, and flexible. Both GSR and DGSR configurations, due to their attractive
features, may have prospects for applications in stealth technology and EM compatibility.
Additionally, due to their optical transparency and flexibility, they can contribute to
practical applications, including the cockpit windows of low-detectable aircraft and
aerospace devices.
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Table 1. Comparison of the proposed absorber with previously reported graphene-based metasurface
microwave absorbers.

Reference
Bandwidth

(GHz)(A ≥ 90%)

Central
Frequency

(GHz)

Angular
Stability

(θi)

Thickness
(mm)

Transparent Flexibility

[19] 3.0–13.0 8.0 - 3.4 Yes No

[20] 5.0–16.0 10.5 <45◦ 4.82 Yes Yes

[21] 10.9–13.1 12.0 <60◦ 2.76 No Yes

[22] 9.8–11.3 10.5 <60◦ 3.2 Yes Yes

[23] 13.9–16.9 15.4 - 1.2 No No

This work GSR 8.5–17.4 12.9 <60◦ 3.325 Yes Yes

This work
DGSR

7.2–19.0 13.1 <50◦ 3.45 Yes Yes
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Abbreviations

The following abbreviations are used in this manuscript:

MA Metamaterial Absorber
EM Electromagnetic
GSR Graphene Spiral Resonator
DGSR Double-layer Graphene Spiral Resonator
ECM Equivalent Circuit Model
PET Polyethylene Terephthalate
ITO Indium Tin Oxide
PEC Perfect Electric Conductor
RBW Relative Bandwidth
NRW Nicolson–Ross–Weir
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Abstract: The emergence of metalenses has opened new possibilities for miniaturizing
optical systems. However, the limited group delay provided by meta-atoms restricts their
aperture size under broadband operation. This challenge has stimulated the development
of hybrid refractive–metalens systems, which overcome the performance limitations of indi-
vidual metalenses while achieving a more compact form factor than conventional refractive
lens assemblies. Here, we propose a design methodology for hybrid lenses that combines
ray tracing with full-wave simulation. We analyze key aspects of the metalens within
the hybrid system for a wide wavelength band—specifically, dispersion and transmission
efficiency. Based on this approach, we designed a high-resolution hybrid lens operating
in the 435–656 nm visible band with a 35◦ field of view. The results demonstrate that the
proposed lens achieves imaging performance equivalent to that of conventional refractive
systems while reducing the total track length by 29%. This validates the effectiveness of our
design method, indicating its strong potential for application in compact and lightweight
optical systems.

Keywords: hybrid refractive–metalens; aberration-corrected; visible imaging

1. Introduction

The rapid advancement of imaging sensor technology has intensified the need for
optical systems that deliver exceptionally high resolution while conforming to stringent
size, weight, and power constraints, particularly in applications such as unmanned aerial
vehicles and next-generation consumer electronics. Conventional refractive lenses form
images by gradually bending light through curved surfaces, relying on cumulative phase
accumulation as waves propagate through media of different refractive indices. To correct
various optical aberrations, an intricate combination of multiple, precisely crafted lens
elements is required to precisely manipulate the optical path differences and phase accu-
mulation across both the aperture and the spectrum. This systematic correction, while
effective, fundamentally compromises the core goals of miniaturization and cost efficiency,
leading to increased volume, weight, and manufacturing complexity.

The emergence of metasurfaces, planar metamaterials engineered with subwavelength
nanostructures, has heralded a paradigm shift, promising unprecedented control over the
phase, amplitude, and polarization of light [1]. These ultra-thin platforms offer excep-
tional design freedom, enabling high-performance metalenses [2–4], polarization-selective
devices [5–8], and holography [9–11] within dramatically reduced form factors. Recent

Photonics 2025, 12, 1023 https://doi.org/10.3390/photonics12101023
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advancements, such as nonlocal metasurfaces utilizing multilayer coupling, further open
pathways toward ideal wavefront manipulation and system integration [12–14]. However,
the promise of metasurfaces is tempered by formidable challenges. The design and simula-
tion complexity escalate prohibitively for large-aperture metalenses. While dispersion can
be tailored using nanostructures with specific group delays, this approach imposes stringent
fabrication constraints, requiring extreme alignment precision and deeply subwavelength
features, often at the expense of efficiency and practical manufacturability [15–18].

In this landscape, a synergistic approach emerges: the hybrid refractive–metalens
system (HRMS). By marrying the robust light-bending capabilities of conventional refrac-
tive lenses with the nanoscale wavefront manipulation of metasurfaces, HRMS offers a
compelling path to compact, aberration-corrected optics [19]. This synergy reduces both
the number of refractive elements required and the fabrication complexity demanded of the
metasurface [20–22]. More recently, several innovative approaches to hybrid lens design
have been proposed. A metalens integrated onto substrates with variable height has been
designed to achieve broadband imaging capabilities in the near-infrared regime [23]. For
visible-light imaging, hybrid lenses incorporating nonlinear materials have demonstrated
the ability to convert near-infrared wavelengths into the visible range for detection and
imaging purposes [24]. Yet, current explorations of HRMSs remain limited, predominantly
focused on infrared wavelengths and on-axis performance at normal incidence, with wide-
field imaging scenarios and critical factors like metasurface-induced transmission loss
often overlooked.

Here, we present a comprehensive design methodology for a visible-spectrum HRMS
that addresses these critical gaps. Our work emphasizes the optimization of optical trans-
mission and the effective mitigation of chromatic aberration across the entire visible band.
We outline fundamental principles for intelligently distributing optical power between
refractive and metasurface components. This strategy not only simplifies the lens system,
minimizing the number of elements, particularly challenging aspheric lenses, but also
relaxes the fabrication tolerances for the metasurface without compromising its diffraction
efficiency. The metasurface is specifically engineered to provide chromatic compensation,
leveraging the complementary advantages of both technologies. To validate our framework,
we designed and tested an exemplary HRMS. The results demonstrate a significant reduc-
tion in the total track length (TTL) compared to conventional refractive designs, alongside
relaxed manufacturing requirements and a simplified metasurface architecture. This work
provides a practical and efficient strategy for realizing broadband, achromatic imaging in
next-generation compact optical systems, bridging the gap between high performance and
stringent size, weight, and power (SWaP) constraints.

2. Design Principles

The design of an HRMS leverages the exceptional phase manipulation freedom offered
by metasurfaces, which surpasses the limitations of conventional freeform optics in both
achievable phase profiles and practical manufacturability. On the one hand, for chromatic
aberration correction, the metalens and the refractive lens possess opposite dispersion char-
acteristics, which effectively counteracts the axial chromatic aberration introduced by the
refractive lens. On the other hand, to address off-axis aberrations (e.g., coma, astigmatism)
induced by wide-angle incidence, the metasurface offers unparalleled phase control free-
dom. Its phase profile can be precisely designed as a function of position, wavelength, and
angle of incidence, enabling the simultaneous synthesis of a phase front that compensates
for large-angle aberrations. This enhanced freedom is key to simultaneously reducing the
TTL and improving the modulation transfer function (MTF) across the field.
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The design workflow of the HRMS is illustrated in Figure 1. A key challenge in such
systems lies in bridging the macroscopic optical layout with the microscopic behavior
of meta-atoms. Macroscopic optical simulations typically rely on ray tracing, whereas
the response of individual meta-atoms requires full-wave vectorial simulation methods,
which are not directly applicable to large-scale systems. To address this multiscale problem,
we adopt a combined approach integrating ray tracing and full-wave electromagnetic
simulations. Although the light propagation through a metalens is governed by vectorial
Maxwell’s equations, the deflection of light at the metalens interface follows generalized
Snell’s law. This makes it feasible to derive the phase gradient point by point and recon-
struct a continuous phase profile. By treating the metalens as a phase surface in ray-tracing
software, it becomes possible to co-optimize the metalens with conventional refractive
elements, thereby bridging macro- and microscale optical design. Note, however, that this
phase-surface abstraction ignores effects such as diffraction efficiency and higher-order
diffraction. It is therefore essential that the actual phase response of the fabricated metalens
closely match the ideal phase profile.

 

Figure 1. Design flowchart of the HRMS.

The first step involves using ray-tracing software to optimize the entire optical system
by representing the metalens as a phase surface. Here, the commercial software ZEMAX
(Zemax OpticStudio 19.4) is used for optical design. The optimization procedure mirrors
that of conventional refractive lenses, involving the selection of appropriate variables and
operands to minimize aberrations. To achieve high imaging quality across a wide field
of view (FOV), different from the parabolic profile used in axial focusing, an even-order
polynomial phase profile is adopted in the design [25]. Consistent with the methodology
used in single-layer metalens designs for large FOV applications [26], this approach enables
effective aberration correction through the optimization of the even-order coefficients.
Special attention is also paid to the angles of incidence and dispersion at the phase surface
to ensure the manufacturability of the metalens.

In the second step, the metalens is designed at the meta-atom level. Full-wave simula-
tions are performed to characterize the optical response of individual meta-atoms; here,
the finite-difference time-domain method (FDTD) is used for simulating the optical perfor-
mance of the metalens. By scanning their geometric parameters, a phase and transmission
library is obtained. The target phase profile obtained from ray tracing is then used to opti-
mize the arrangement of meta-atoms across the surface, resulting in a physically realizable
metasurface layout.

The third step is the validation of the HRMS. The actual phase profile of the manufac-
tured metalens is either discretized into a grid phase matrix based on the local periodicity
approximation or fitted with a new set of polynomial coefficients. These representations
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are re-imported into the ray-tracing software for approximate simulation, enabling perfor-
mance verification before physical fabrication.

Throughout the optimization of the metalens, two key performance metrics are em-
phasized: focusing efficiency and polychromatic MTF across the entire FOV. High focusing
efficiency directly contributes to an improved signal-to-noise ratio in the captured images,
while the full-field MTF indicates the imaging resolution of the system under real-world
conditions. Many existing single-layer metasurface designs for achromatic operation
achieve color correction at the cost of reduced focusing efficiency and often only optimize
the MTF for on-axis incident light. As a result, although compact, such systems tend to
exhibit lower imaging signal-to-noise ratios and degraded off-axis performance. To over-
come these limitations and achieve higher overall image quality, our design simultaneously
prioritizes both focusing efficiency and full-field MTF, ensuring that the metalens performs
robustly with high resolution across varied practical imaging scenarios.

Building upon the design workflow and figure of merit outlined previously, we now
delve into the specific characteristics of the metalens. The operation of metasurfaces is
governed by diffraction; they exhibit dispersion behavior analogous to that of conventional
diffractive lenses. This similarity allows well-established design methodologies for diffrac-
tive optics to be informatively applied to metalenses. In the ray tracing design, a broadband
light source is employed, while the metalens is set in Zemax as a wavelength-independent
binary phase profile. This phase profile is defined by an even-order polynomial indepen-
dent of wavelength, which can be written as

ϕ(r) =
m

∑
n=1

an(
r

rnormal
)

2n
(1)

where an denotes phase coefficients of the even-order polynomial, r is the radial coordinate
of the metalens, and rnormal is the normalized radius, respectively. Note that the phase
profile here is wavelength-independent; when different incident wavelengths are taken
into account, the phase profile can be depicted as follows:

ϕ(r, λ) =
m

∑
n=1

2πbn

λ
(

r
rnormal

)
2n

(2)

In Equation (2), the phase coefficient an is transformed into a quantity that is related
to the wavelength. It can be observed that the phase profile exhibits a linear relationship
with the reciprocal of wavelength, which is consistent with the phase response of the
meta-atom across different wavelengths. Therefore, the meta-atom dimension at a given
position of the metalens can be determined by matching both the phase value at the
central wavelength and the group delay to the target phase profile. It is also essential to
maintain high transmission efficiency over the operating bandwidth to ensure the overall
performance of the metalens. A wavelength-dependent constant c(λ) can be into Equation
(2), and intelligent algorithms such as particle swarm optimization can be used to achieve
better matching between the meta-atom and the phase profile [27]. If the required group
delay is excessively large, a quasi-achromatic approach based on folding the group delay
in the time domain can be employed [28]. By folding the group delay with respect to the
frequency difference, the requirement on its range is relaxed, thereby enabling achromatic
performance across a broader bandwidth. On the other hand, based on Equation (2),
the metalens could maintain chromatic aberration in the HRMS. To better illustrate the
chromatic behavior, we consider a representative single-layer metalens designed at a central
wavelength of 550 nm to compare the focal length variation between FDTD simulation
and ZEMAX. Figure 2a illustrates the schematic of the meta-atoms composed of niobium
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oxide (Nb2O5) nanopillars with cylindrical, square, and hexagonal cross-sections on a
350 nm period silica substrate with a height of 700 nm. In order to ensure stable and
reproducible fabrication, the minimum lateral size of all three nanostructure geometries
was set to 100 nm, while the maximum lateral dimension was constrained to 250 nm. As
shown in Figure 2b, each geometry exhibits distinct transmittance and phase responses.
Achieving high overall transmission requires not only accurate phase modulation but also
high transmittance at the meta-atom level, necessitating a diverse set of structural options.
Figure 2c presents the focal length shift across wavelengths obtained through full-wave
simulation. The metalens, designed for 550 nm, exhibits progressively shorter focal lengths
as wavelength increases. Figure 2d compares full-wave simulation results with ZEMAX
simulations using a binary 2 surface, revealing a consistent trend. This agreement confirms
that the metalens preserves certain chromatic properties that can be utilized by sharing the
same phase profile across multiple wavelengths.

Figure 2. Verification of the chromatic aberration of the metalens. (a) Schematic diagram of the
meta-atom. (b) Transmittance, phase retardation, and group delay with meta-atoms of different
shapes and lateral sizes. (c) Intensity at axial plane at different wavelengths using the FDTD method.
(d) Focal length for FDTD simulation results with Zemax simulations.

Unlike single metalens imaging systems [29], the hybrid design allows the use of
a broadband source during ray-tracing optimization. The opposite signs of chromatic
aberration between refractive and meta-diffractive elements enable effective chromatic
compensation within the HRMS. Consequently, a satisfactory polychromatic MTF can be
achieved through co-optimization, demonstrating the potential of the HRMS in correcting
chromatic aberrations.

In addition to chromatic aberration, transmittance is another critical performance
metric for metasurfaces. High transmittance helps reduce stray light and ensures a high
signal-to-noise ratio in the resulting images. During the design process, the period of
the meta-atoms must be carefully chosen to satisfy the Nyquist sampling criterion under
oblique illumination in the whole wavelength range. As the angle of incidence increases,
the effective normal wavevector decreases; thus, the period should be small enough to
suppress higher-order diffraction and stray light under large angle incidence. As illustrated
in Figure 3a, which analyzes cylindrical meta-atoms at 550 nm under tilted incidence, a
notable decrease in transmittance is observed beyond 30◦ incidence [30]. Furthermore, the
optical power distribution of the metalens must be properly allocated. As the numerical
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aperture (NA) increases, the focusing efficiency tends to decrease [31], which means a
higher optical focal degree will reduce the diffraction efficiency of the metalens. Figure 3b
shows the focusing efficiency, defined as the ratio of energy within three times the full width
at half maximum (FWHM) to the total incident energy, for metalenses with a diameter of
50 μm at 550 nm. It is evident that the focusing efficiency declines with increasing NA.
Therefore, a balanced co-design of refractive and meta optics is essential to achieve both
high image quality and device miniaturization.

Figure 3. Incident angle analysis of the metalens. (a) Transmittance of the circular meta-atom with
different incident angles at a wavelength of 550 nm. (b) Focusing efficiency of the metalens with
different numerical apertures.

3. Specific Design, Fabrication, and Characterization

To validate the proposed design methodology, an HRMS operating across the visible
spectrum from 430 nm to 650 nm was designed for an 8-megapixel sensor. The specifications
are summarized in Table 1. The lens provides a 35◦ full FOV, a focal length of 15 mm, and
an F-number of 1.67. Key performance metrics include a polychromatic MTF exceeding
0.4 at 120 lp/mm over the entire field and distortion controlled below 5%. To realize a
compact system, the TTL was minimized and the number of elements reduced without
employing any aspheric surfaces.

Table 1. Specifications for the HRMS.

Specification Parameter HRMS

1. Spectral range (nm) 435–656

a. Design wavelength (nm) 435, 486, 546, 587, 656

b. Weighting 1:1:1:1:1

2. F-number 1.67 ± 0.1

3. Field of view (◦) ±17.5

4. EFL (mm) 15.0 ± 0.03

5. MTF 120 lp/mm

a. 0 Field ≥0.4

b. 0.7 Field ≥0.4

c. 1 Field ≥0.4

6. F-θ distortion, nominal maximum (%) <5%

As illustrated in Figure 4a, the system incorporates one metalens and five spherical
lenses, achieving a TTL of 22.4 mm. As shown in the layout diagram, light rays pass-
ing through the metalens do not exhibit pronounced bending, implying that the optical
power introduced by the metalens is relatively small, and its primary role lies in aberration
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correction. In comparison, a conventional refractive design with equivalent performance
requires four spherical and two aspherical glass lenses, resulting in a TTL of 31.5 mm, as
shown in Figure 4c. The reduction in the total track length (TTL) is primarily achieved
through the unique advantages of metalenses in off-axis aberration correction. In conven-
tional systems, correcting off-axis aberrations often requires multiple aspheric elements to
maintain manufacturability. Metalenses, however, overcome this limitation by enabling
arbitrary phase manipulation with subwavelength structures, thereby integrating the func-
tionality of multiple aspheric surfaces into a single flat optical element. Consequently,
the HRMS significantly shortens the TTL without compromising optical performance. It
should be noted that if all elements in a system already employ aspheric surfaces, the
potential for further TTL reduction using a metalens becomes more limited. Figure 4b
presents the MTF curves of the lens at 0◦, 12.25◦, and 17.5◦ field angles obtained through
ray-tracing simulation. The MTF values at 120 lp/mm for the three fields are 0.67, 0.52,
and 0.44, respectively, indicating sufficient image resolution across the FOV. It is worth
noting that the system operates effectively under broadband visible light (430–650 nm)
without significant degradation in imaging performance, demonstrating its robustness
over a wide spectral range. For comparison, the MTF of the refractive lens is presented in
Figure 4d, showing performance nearly identical to that of the HRMS lens. However, to
correct aberrations in the peripheral field of view, the refractive design requires a longer
optical path, resulting in a greater total lens length. Figure 4e illustrates the variation in
focal length with wavelength across the visible spectrum. The focal shift is less than 2 μm,
and the depth of focus for the central wavelength calculated based on the Rayleigh criterion
is 6 μm, which indicates the achromatic performance of the system. This effect stems from
the complementary chromatic aberration contributions between the refractive elements and
the metalens. Furthermore, the point spread function (PSF) and back focal distance under
on-axis illumination were simulated at different wavelengths, as summarized in Figure 4d.
It is noted that the RMS diameters of the PSF at five wavelengths are 2.71 μm, 2.43 μm,
2.74 μm, 2.68 μm and 2.46 μm, which remain small across all wavelengths, ensuring high
imaging resolution.

Subsequently, the designed HRMS was fabricated. Figure 5a shows the overall ap-
pearance of the metalens. The refractive lens part, consisting entirely of spherical surfaces,
was manufactured using conventional precision grinding and polishing techniques. The
metasurface was fabricated via electron-beam lithography (EBL). Specifically, a 700 nm
thick Nb2O5 layer was deposited on a glass substrate using plasma-enhanced chemical
vapor deposition (PECVD). The refractive index of the film, measured by spectroscopic
ellipsometry (HORIBA Scientific UVISEL, Paris, France), was 2.32 at the central wavelength
of 550 nm. The sample was spin-coated with ma-N2405 electron-beam resist (Micro Resist
Technology, Berlin, Germany). The metalens pattern was exposed using EBL (Raith Voy-
ager, Dortmund, Germany) and developed in ma-D525 (Micro Resist Technology, Berlin,
Germany). Inductively coupled plasma reactive ion etching (Samco RIE-230IP, Kyoto,
Japan) was employed to transfer the pattern into the niobium oxide layer. Finally, the
residual resist was removed via plasma etching. Figure 5b show the optical image of the
fabricated metalens whilescanning electron microscopy (SEM) images of the fabricated
metasurface are shown in Figure 5c. Owing to the reasonable distribution of optical power
in the design, the required group delay for chromatic compensation is relatively modest,
which allows most nanostructures to take the form of cylindrical pillars. For system assem-
bly, dedicated mechanical mounts are designed to secure each lens element, minimizing
misalignment-induced performance degradation. Since the metalens is fabricated on a
square substrate, it is integrated into the optical assembly using UV-curing adhesive. The
fabricated HRMS is experimentally characterized using the setup illustrated in Figure 5d.
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The FOV and MTF were evaluated by imaging a standard checkerboard target. As shown
in Figure 5e, the captured image exhibits clearly resolved grid lines across the entire field,
confirming a wide and effective FOV. Quantitative analysis of the image further indicates
a diagonal FOV exceeding 35◦. And it also can be seen from the picture that the distor-
tion of the HRMS is low. The MTF was measured using the slanted-edge method (SFR)
at three representative field positions: on-axis, 0.7 field, and full field. The results are
summarized in Figure 5f. At 120 lp/mm, the measured MTF values were 0.46, 0.41, and
0.40, respectively. Although these values are slightly lower than the design predictions,
they still meet the specified performance requirements. The minor degradation can be
attributed to fabrication imperfections in both the refractive lenses and the metalens, as well
as alignment tolerances during assembly. And the focusing efficiency of the HRMS was
also characterized by illuminating the system with collimated white light and measuring
the energy of the focused spot at the focal plane. The focusing efficiency was determined by
comparing this focused energy with the incident light intensity. Based on this method, the
fabricated HRMS was found to exhibit an efficiency of 82.3% across the visible spectrum.
This can be attributed to the well-designed configuration and high-precision fabrication
process employed in the device.

 
Figure 4. Design results of the HRMS. (a) Optical layout of the HRMS of the visible spectrum.
(b) Simulated MTF for both tangential and sagittal at 0 field, 0.7 field, and 1 field of the HRMS.
(c) Optical layout of the refractive lens. (d) Simulated MTF for tangential and sagittal at 0 field,
0.7 field, and 1 field of the refractive lens. (e) Effective focal length of the HRMS with different
wavelengths. (f) Simulated PSF at different wavelengths of the HRMS.
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Figure 5. Characterization and testing of the HRMS. (a) Schematic of a prototype HRMS. (b) Optical
microscope image and (c) scanning electron microscope image of the metalens in the designed HRMS.
(d) Experimental platform for resolution test characterization. (e) Image of a checkerboard captured
by the designed HRMS using halogen lamps for lighting. (f) Measured MTF curve at 0 field, 0.7 field,
and 1 field.

To evaluate the imaging performance of the fabricated HRMS for color applications,
we captured images of pictures projected on a screen, as shown in Figure 6a–d. Compared
to a monolayer achromatic metalens design, the HRMS demonstrates higher resolution
and reduced chromatic aberration. However, a slight color shift is observed in the captured
images, which mainly stems from the wavelength-dependent transmission efficiency of
the metalens. This issue can be effectively addressed through neural network-based image
enhancement algorithms. The integration of computational optics presents a significant
opportunity for performance enhancement. For instance, the PSF of the HRMS can be
characterized across the field of view. A neural network can then be employed to perform
spatially variant deconvolution, leveraging the estimated PSF to restore image clarity and
compensate for residual aberrations across the entire image, even without a co-designed
optical encoder. For instance, generative adversarial networks can be employed to further
reduce chromatic aberrations and improve image sharpness. Notably, AI-based image
processing offers a promising solution to compensate for such optical imperfections and
enhance overall image quality [32]. Alternatively, in projection systems, a neural network
can be used to pre-correct the input image, thereby compensating for optical imperfections
and achieving superior imaging quality [33]. Such a combination of meta-optical design
and computational imaging offers a powerful pathway toward high-fidelity, compact
imaging systems, making the HRMS particularly promising for applications in wearable
devices and other portable technologies.

 

Figure 6. (a–d) Color images displayed on a screen captured by the HRMS.
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4. Conclusions

In summary, we developed a versatile design methodology for broadband, high-
resolution hybrid optical systems with wide field-of-view capabilities. As shown in Table 2,
the HRMS designed in this work features a large aperture while maintaining high resolution
and efficiency across the visible spectrum. The effectiveness of this approach is validated
through the design and characterization of a high-resolution HRMS operating in the visible
spectrum. Within a design framework combining ray-tracing and full-wave simulation, we
analyzed both macroscopic requirements and microscopic characteristics of the metalens.
It is shown that the metalens should assume low optical power and operate under small
angles of incidence within the HRMS, while its chromatic behavior can be treated similarly
to that of diffractive optical elements. Based on this theoretical foundation, we designed
and fabricated a hybrid refractive–metasurface lens working in the visible band, which
achieves a full-field MTF above 0.4 at 120 lp/mm. Compared to conventional refractive
lenses, the proposed system significantly simplifies the architecture and reduces the TTL.
The presented theory and design framework are expected to accelerate the adoption of
HRMSs in practical applications. We envision that such systems may progressively replace
traditional multi-element refractive lenses, thereby advancing the development of compact
and lightweight optical systems.

Table 2. Performance of this work compared with other HRMSs.

Refs. Wavelength F/# or NA FOV MTF Efficiency

[19] 460–700 nm NA = 0.075 / / Peak: 35.0%
[20] 8–12 μm F/# = 1.5 20◦ ≥0.2@20 lp/mm Peak: 58.6%
[21] 8–12 μm F/# = 1.2 24◦ ≥0.2@20 lp/mm 48.7%
[22] 8–12 μm F/# = 1.8 0◦ ≥0.4@22 lp/mm 85%
[23] 1000–1800 nm NA = 0.22 / / peak: 83%
[25]
This work 435–656 nm F/# = 1.65 35◦ ≥0.4@120 lp/mm 82.3%
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Abbreviations

The following abbreviations are used in this manuscript:

HRMS Hybrid refractive–metalens system
SWaP Size, weight, and power
MTF Modulation transfer function
FOV Field of view
NA Numerical aperture
PSF Point spread function
EBL Electron-beam lithography
PECVD Plasma-enhanced chemical vapor deposition
SEM Scanning electron microscopy
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Abstract

Thin-film lithium niobate (TFLN) electro-optic modulators (EOMs) offer distinct advan-
tages, including high speed, broad bandwidth, and low power consumption. However,
their large size hinders the density of integration, which trades off with the half-wave
voltage. Photonic crystal (PC) structures can effectively reduce the device footprint via the
slow-light effect; however, they experience significant losses due to fabrication defects and
sharp corners. Here, we theoretically demonstrate an ultracompact Mach–Zehnder interfer-
ometer (MZI) EOM based on a TFLN valley photonic crystal (VPC) structure. The design
can achieve a high forward transmittance (>0.8) due to defect-immune unidirectional prop-
agation in the VPC, enabled by the unique spin-valley locking effect. The EOM, with a
small footprint of 21 μm × 17 μm, achieves an extinction ratio of 16.13 dB and a modulation
depth of 80%. The design can be experimentally fabricated using current nanofabrication
techniques, making it suitable for broad applications in optical communications.

Keywords: thin-film lithium niobate; topological photonic crystal; valley photonic crystal;
Mach–Zehnder interferometer; electro-optic modulators

1. Introduction

Electro-optic modulators (EOMs) are crucial devices in optical communication [1–4]
and quantum computing systems [5–7], which utilize electrical signals to modulate light,
serving as an interface between electronics and photonics. Due to its strong electro-optic
effect, lithium niobate (LN) is considered the most promising material for EOM applications,
offering a broad operating wavelength range and a large working bandwidth [8]. The
electro-optical coefficient of LN is much higher than that of other semiconductor materials,
such as silicon [9–11], silicon nitride [12,13], and indium phosphide [14], enabling the
design of high-performance, highly efficient EOMs that meet the needs of high-speed
optical communication systems.

Photonics 2026, 13, 33 https://doi.org/10.3390/photonics13010033
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Currently, significant progress has been made in modulator technology, and the recent
development of thin-film lithium niobate (TFLN) enables a higher refractive-index contrast,
achieving low-loss rigid waveguides and a lower half-wave voltage (HWV, the voltage
required to achieve a π phase shift) [15–17]. Various TFLN EOMs based on different device
architectures have been demonstrated, including the Michelson interferometer (MI) [18,19],
ring resonators [20], and the Mach–Zehnder interferometer (MZI) [15]. The basic principle
of the MI modulator is to divide the incident light into two coherent beams via amplitude-
splitting interference, so that at least one of the beams traverses the modulation path
twice, thereby doubling the optical path difference, and finally achieving light intensity
modulation through interference. Its advantage is that ‘double-pass modulation’ can
halve the device length, thereby improving modulation efficiency [21]. However, this
approach suffers from high intrinsic loss due to superimposed waveguide propagation loss,
interface reflection loss, and other factors, resulting in low output optical power. TFLN ring
resonator modulators apply an electric field to the ring resonator, which alters the refractive
index, changing the phase of light [22], which can achieve a high modulation efficiency
and low power consumption. More importantly, it is necessary to use a low Q-factor to
improve bandwidth, but at the expense of modulation efficiency, thus failing to meet the
requirements of high bandwidth and high efficiency simultaneously.

In comparison, the MZI EOMs exhibit substantial advantages in optical communica-
tions, distinguished by their high-speed modulation capability, enabling the transmission
of signals with bandwidths ranging from tens to hundreds of GHz and ensuring stable,
high-rate transmission. However, conventional MZI EOMs are based on the normal disper-
sion of the waveguide modes, because of which the required HWV is inversely proportional
to the length of the waveguide. As a result, it generally requires a large size to achieve a
low HWV [17,23,24]. Consequently, efforts have been made to develop novel structures,
such as photonic crystals (PCs) [25–27], metasurfaces [28], and plasmonic devices [29]. The
slow-light effect in PC structures can significantly increase the effective refractive index
of PC waveguides, thereby reducing the required length to achieve miniaturized designs.
However, the transmittance of PC waveguides is highly sensitive to fabrication-related
structural defects, compromising their performance [30–33].

Recent developments in topological photonic crystals (TPCs) enable the achievement
of defect-immune unidirectional transmission. Among different types of TPC structures,
valley photonic crystals (VPCs) offer a simple design process and a large working band-
width [34,35]. More importantly, VPCs can use dielectric materials without requiring an
external magnetic field. As a result, silicon VPC structures have been demonstrated [36,37].
Our previous work has shown that the slow-light effects of topological edge states can
effectively enhance the electro-optic effect in lithium niobate VPC waveguides, achieving a
low HWV with an ultracompact footprint. However, MZI EOMs based on lithium niobate
VPC structures have not been demonstrated.

Here, we theoretically demonstrate an ultracompact MZI electro-optic amplitude
modulator based on a thin-film lithium niobate (TFLN) VPC structure. The design can
achieve a high forward transmittance (>0.8) due to defect-immune unidirectional prop-
agation in the VPC, enabled by the unique spin-valley locking effect. The EOM with a
small footprint of 21 μm × 17 μm achieves an extinction ratio of 16.13 dB and a modulation
depth of 80%. The design can be experimentally fabricated using current complementary
metal-oxide-semiconductor (CMOS) nanofabrication techniques, making it suitable for a
wide range of optical communication applications.
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2. Design of Thin-Film Lithium Niobate MZI EOM Based on
VPC Structures

The conceptual demonstration of the MZI EOM based on the VPC structure is shown
in Figure 1a. The MZI structure is constructed by two Ω-shaped topological waveguides
formed by combining two mirror-inverted VPC structures, which compose triangular
airholes in the free-standing TFLN substrate. The gold electrodes are deposited on both
sides of one waveguide (3 μm apart) to apply an electric field. Compared with Al and TiN,
gold exhibits higher electrical conductivity and superior chemical stability. Additionally,
the fabrication process for gold electrodes is well-established and has been widely adopted
in lithium niobate modulator research. The strong electro-optic (EO) effect of LN can
introduce refractive modulation in response to an external voltage, thereby producing a
phase difference between the two waveguides. The simulated electric field distribution
(using COMSOL Multiphysics 6.2 software) is shown in Figure 1b. The thin-film design
enables the strongest electric field to cross the waveguide, thereby minimizing the required
voltage. The proposed device employs a single-arm modulation scheme. The working
scenarios are schematically shown in Figure 1c,d, in which the incident beam is split at the
first Y-junction and combined to interfere at the second Y-junction. The line and arrows
indicate the optical paths. The interference results are decided by the phase difference
ϕd between the two waveguides (arms). The EOM is designed to achieve destructive
interference (ϕd = nπ, n is an odd number) when the external voltage is 0 V (Figure 1c), and
constructive interference is achieved when a HWV is applied, resulting in a phase difference
of ϕd = 2 nπ, where n is an integer. This design employs a 220 nm-thick x-cut LN thin film
to exploit the largest EO coefficient (r33) [25]. Due to the Pockels effect, LN exhibits an EO
response with a direct current (DC) electric field [38], which can be formulated as follows:

⎧⎪⎨
⎪⎩

nx = no ± 1
2 r13n3

o Ez

ny = no ± 1
2 r13n3

o Ez

nz = ne ± 1
2 r33n3

e Ez

(1)

Among these, nx, ny, and nz are the refractive indices of LN with an external voltage
in the x, y, and z directions; no and ne are the ordinary and extraordinary refractive indices,
respectively; r13 and r33 are the two Pockels coefficients of LN. In our design, since an x-cut
LN thin film is used (Figure 1a), the EO coefficient r33 is employed for modulation. To
quantify the Pockels effect, we calculate the local-field factor within the device using a
previously published method [39,40]. For the LN PC structure, we define the effective EO
effect as expressed in Equation (2):

rPC
33 = f1 f2 f3r33 (2)

f =

√√√√vbulk
g

vPC
g

(3)

where fi (i = 1, 2, 3) are the local field factors of the three waves involved in the second-order
process. vbulk

g denotes the group velocity of bulk LN material without nanostructures,
which is vbulk

g = c/ne. Meanwhile, vPC
g is the group velocity of the modes within the

PC structure, which is vPC
g = dω/dk. From Equations (2) and (3), it can be seen that

maximizing the EO coefficient rPC
33 is an effective means to achieve maximal effective

refractive index modulation. This means that the group velocity of the PC structure must
be minimized, since vbulk

g is a constant only depending on the material.
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Figure 1. Conceptual design of MZI EOM based on lithium niobate VPC structure. (a) 3D schematic
of MZI EOM based on a lithium niobate VPC structure and cross-sectional view of the device. The
thickness of the TFLN and the gold electrode are both d = 220 nm (the star represents right-handed
circularly polarized light). (b) Simulated electric field distribution inside the EOM by applying an
external voltage, where the arrow indicates the vectorial direction of the electric field. (c) Schematic
of destructive interference when the external voltage is 0 V. (d) Schematic of constructive interference
when the external voltage is HWV. The arrows indicate the direction of light propagation.

In order to design the VPC structures, we first create a honey PC structure with C6v

symmetry (the unicell comprises two sets of triangular air holes, rA = rB = 90 nm, which
is defined as the distance between the vertex and geometric center of the triangle), which
shows a Dirac cone structure in the photonic band diagram of transverse electric (TE)
polarized mode. The lattice constant of the structure is a = 440 nm. By changing the size
of the triangular holes (rA = 180 nm, rB = 0 nm), valley photonic crystals VPC1 and VPC2
are obtained, which are reduced to C3 symmetry. The K and K’ points degenerate and
form a photonic bandgap. Since VPC1 and VPC2 are mirror symmetric, the photonic
band diagrams of VPC1 and VPC2 are the same (the details of the design process are
shown in Supplementary Materials Section S1) [41–43]. By combining VPC1 and VPC2,
two configurations form waveguides that support topological edge states, namely, zigzag-
and beard-type boundaries. Figure 2a,b shows the dispersion relations of beard-type and
zigzag-type boundaries. Compared to the beard-type boundary, the zigzag-type boundary
features high transmittance, low loss, and broad working bandwidth (the details of the
design process are shown in Supplementary Materials Section S2). Therefore, the zigzag-
type waveguide is selected for constructing the electrically tunable MZI in this study.
In this work, commercial software (Lumerical FDTD2020) based on the finite-difference
time-domain (FDTD) method is used for simulation.

https://doi.org/10.3390/photonics13010033282
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Figure 2. (a) Edge state plots (dotted lines) of the zigzag (a) and beard (b) type boundary structures
(The shaded blue regions represent the bulk bands. The blue and orange dotted lines in (a) represent
the two pseudospin states). Plots (red dotted lines) of normalized group velocity (vg/c) (c) and
group refractive index (ng) (d) versus Kx (blue dotted lines) and wavelength (blue dotted lines) of the
zigzag-type boundary.

The vg and ng of the edge states can be calculated as vg = dω/dk and ng = c/vg [44].
Therefore, vg represents the slope of the edge state and can be zero at the maximum and
minimum points on the edge state plot. The vg and ng plots of the zigzag-type boundary
are shown in Figure 2c,d. The calculations indicate that the edge states of the zigzag-type
boundary can achieve a vg of zero at the point Kx = 0, which corresponds to the minimum
of the standing wave mode. However, in real applications, this point cannot be utilized
since the mode cannot propagate through waveguides. Therefore, we select a point near
vg = 0 at 1077 nm to achieve a relatively low vg and high ng. At this point, the group
velocity vg/c is 0.00180036, and the group refractive index ng is 555. According to r33 of the
x-cut TFLN (32 pm/V [45], the rPC

33 is calculated as 131,072 pm/V.
To construct an MZI, we first design an Ω-shaped waveguide with a zigzag-type

boundary because the light path along each arm of the MZI is along an Ω-shaped trajectory,
as shown in Figure 3a, where the orange blocks indicate the electrodes. The forward
transmittance spectrum and the electric field intensity distribution under 0 V are shown
in Figure 3c (black curve) and Figure 3e. The zigzag-type boundary features high trans-
mittance (0.92), low loss, and a relatively broad bandwidth of 68 nm. (details are provided
in Supplementary Materials Section S3). It should be noted that group velocity disper-
sion (GVD), inherent to slow-light systems, narrows the effective operating bandwidth
in high-speed applications. This further demonstrates the VPC’s excellent anti-scattering
performance, enabling light to pass through sharp corners without strong reflection or
scattering. Due to the EO effect, the refractive index of LN changes with the applied voltage,
and the corresponding refractive index modulation formula is as follows [39]:
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Δn =
1
2

rPC
33 n3

e Ez (4)

Ez = V/s (5)

where s is the gap between electrodes, and there is a linear relationship between the applied
voltage and the change in refractive index. As shown in Figure 3d, when a voltage (Vπ)
is applied in the orange region, a π-phase modulation is generated. We set the voltage
change to 0.0538 V (corresponding to the refractive index change of 0.0125) (the details
of the design process are shown in Supplementary Materials Section S4). The edge-state
curves at different voltages are shown in Figure 3b, and it can be seen that the working
wavelength red-shifts as the voltage on the Ω-shaped waveguide is sequentially increased,
because the effective refractive index increases with increasing applied voltage. Meanwhile,
the forward transmittance spectrum and the electric field intensity distributions at Vπ

remain similar to those at 0 V, as shown in Figure 3c,f confirm that phase-only modulation
can be achieved. In addition, the phase distributions confirm the achievement of π phase
modulation as shown in Figure 3d.

Figure 3. (a) The Ω-shaped waveguide based on zigzag-type boundary with gold electrodes (The
green and purple triangles represent the unit cells of the valley photonic crystals VPC1 and VPC2,
respectively). (b) Edge state curves under different voltages. (c) The transmittance curve under 0 V
and Vπ. (d) Phase modulation at 0 V and Vπ. (e,f) Electric field intensity distributions at 0 V and
Vπ, respectively.
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3. Performance Analysis of the MZI EOM

We can see from Figure 4a that the MZI structure consists of two topological straight
waveguides and two Ω-shaped interference arms, L1 and L2, represented by black and red
lines, respectively. The MZI’s principle is based on the interference effect of two optical
waveguides. In the MZI, the incident light first passes through a straight waveguide of
length 13a and is split into two identical beams, which then pass through the interference
arms L1 (L1 = 66a) and L2 (L2 = 63a). The difference in the length of the two arms is 5a
(ΔL = 5a). When light is transmitted, a phase difference is established between the two
interference arms. Consequently, following the combination of these two light beams and
the subsequent occurrence of interference, the presence of this phase difference gives rise
to a change in the intensity of the light power at the final output end. The phase difference
between the two interference arms can be expressed as follows:

ϕd =
2π

λ
(n1 · l1 − n2 · l2) (6)

where n1 and n2 are the effective refractive indices of the interference arms L1 and L2,
n1 = n2 (V = 0 V). l1 and l2 are the lengths of the interference arms L1 and L2, respectively. A
π phase difference is usually required between the arms to achieve destructive interference
and to obtain a near-zero valley at the designed wavelength.

Figure 4. (a) 3D schematic of the designed VPC MZI structure. The red and blue colors represent
different arms of the MZI structure. (b) Simulated electric field distribution inside the EOM by
applying an external voltage, where the arrows indicate the vectorial direction of the electric field.
(c) Transmission spectrum of MZI. Electric field intensity distributions of incident light at the wave-
lengths of 1071 nm (d) and 1088 nm (e). (f) The transmission surface plot of an MZI EOM at different
external voltages and wavelengths. (g) Transmission plot at 1071 nm at different external voltages.
Electric field intensity distribution at 1071 nm at the voltage of 0 V (h) and Vπ (0.269 V) (i).

The light intensity at the output can be expressed as follows:

I0 = A2
1 + A2

2 + 2 · A1 · A2 · cosϕd (7)
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where A1 and A2 denote the amplitude of the light waves in the two interference arms,
respectively, and ϕd is the phase difference shown in Equation (6). The forward trans-
mittance spectrum of the VPC MZI structure (V = 0 V) is shown in Figure 4c. Due to the
high forward transmittance within the wavelength range of 1043–1099 nm, one can see
distinct interference peaks (close to 1) and valleys (near zero) in the spectrum. The electric
field distributions of MZI (V = 0 V) at different wavelengths are plotted in Figure 4d,e,
which correspond to the constructive interference at 1088 nm and destructive interference
at 1071 nm.

The extinction ratio, insertion loss, modulation depth, and sensitivity of MZIs are key
performance indicators. When constructive interference (ϕd = an integer multiple of 2π) is
achieved, the output power is Pon, and when destructive interference (ϕd =π) occurs, the
output power is Poff. The extinction ratio of the MZI can be expressed as Equation (8):

EXT = −10lg
(

Po f f /Pon

)
(8)

The insertion loss of the MZI can be expressed as Equation (9):

IL = −10lg(T) (9)

Assuming that the maximum output power of MZI is Pmax and the minimum out-
put power is Pmin during the modulation process, the modulation depth of MZI can be
expressed as Equation (9):

m = Pmax − Pmin (10)

Subsequently, a voltage is applied to the arm L1. Due to the strong EO effect of
LN, the effective refractive index n1 of L1 changes (n1 �= n2), which affects the phase of
L1. Thus, the position of the peaks (constructive interference) and valleys (destructive
interference) in the transmission spectrum can be well controlled by applying a voltage to
one arm. This approach successfully modulates light intensity at a selected wavelength.
The simulated electric field distribution (COMSOL Multiphysics) is shown in Figure 4b, re-
vealing a strong electric field across the waveguide, providing the strongest electro-optical
modulation. The applied voltage of the TFLN substrate ranges from 0 V to 0.4304 V with
a gradient of 0.0538 V corresponding to the index change of 0.0125 of L1. The forward
transmission spectra at different voltages are shown in Figure 4f (details are provided
in Supplementary Materials Section S5). Here, 1071 nm in the working bandwidth is se-
lected as an example for specific analysis. As the applied voltage changes, the device’s
transmission changes accordingly, as shown in Figure 4g.

The figure shows that at 0 V and an input light wavelength of 1071 nm, the device
produces destructive interference, resulting in the lowest observed transmission of 0.02.
At an applied voltage of 0.269 V, the device exhibits constructive interference, yielding a
maximum transmission of 0.82. The distributions of electric field intensity are depicted
in Figure 4h,i. The high transmittance in the constructive interference peak is attributed
to the efficient light splitting and combining at the Y-junctions, and the back-reflection
remains consistently low (<0.1) throughout the working bandwidth (details are provided in
Supplementary Materials Section S6). Thus, we realize intensity modulation at the selected
wavelength, as calculated using Equations (8)–(10); the device’s extinction ratio is 16.13 dB,
the insertion loss is 0.86 dB, and the modulation depth is 80%. The Vπ is 0.269 V.

It is worth noting that as the refractive index of the LN waveguide increases with
applied voltage, the bandgap redshifts. We conducted simulation analyses of edge states
under different externally applied voltages, and the resulting dispersion curves are shown
in Figure 5a. As shown in Figure 5b, the central wavelength of the bandgap redshifts
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along with the voltage increase. When the externally applied voltage is 0.6994 V, the
bandgap exhibits a passband in the range of 0.368 a/λ–0.411 a/λ (1071 nm–1196 nm),
which deviates slightly from the target wavelength of 1071 nm. Therefore, the maximum
applied voltage should not exceed 0.6994 V. In principle, this method can be applied
to design MZI EOM working at any wavelength by changing the geometry of the MZI.
Furthermore, by adjusting the VPC parameters, the spectrum can be extended towards
1550 nm. (details are provided in Supplementary Materials Section S7).

 

Figure 5. (a) Edge state curves under externally applied voltages of 0 V and 0.6994 V; (b) The
tuning curve of the photonic bandgap range with voltage. (c) Schematic diagrams of the structure
when the arm length difference ΔL = 6a. The blue and purple colors represent VPC1 and VPC2,
respectively. The yellow arrows represent the entry and exit waveguides of the MZI structure.
The orange and green colors represent the optical waveguides of the arms L1 and L2, respectively.
(d) The transmission plots of the MZI EOM (ΔL = 6a) with different voltages at different wavelengths.
(e) Localized magnification of the transmittance at 1075 nm. (f) The comparison bar chart of the HWV
of ΔL = 3a and ΔL = 6a.
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Based on the optical intensity modulation, we further studied the influence of different
arm length differences, ΔL, on the half-wave voltage. The relationship between arm length
difference and half-wave voltage can be expressed as follows:

V =
λ · s · ϕd

π · rPC
33 ·n3

e · ΔL
(11)

where s is the gap between electrodes and ϕd is the phase difference shown in Equation (6).
It can be seen from Equation (11) that the HWV is inversely proportional to ΔL, and the
larger the ΔL, the smaller the HWV. Here, we selected the length difference between the two
arms of ΔL = 6a, whose geometry is shown in Figure 5c. The transmission spectra of the MZI
EOM with different voltages at an arm-length difference of ΔL = 6a are shown in Figure 5d,
which exhibit distinct changes with voltage (details are shown in Supplementary Materials
Section S8). Due to the high forward transmittance in the wavelength range of 990–1140 nm,
the MZI shows distinct interference peaks (close to 1) and valleys (close to 0). Due to the
differences in interference spectra, we chose different wavelengths for this arm length.
Through analysis and verification, we selected 1075 nm (for ΔL = 6a), as shown in Figure 5e.
As shown in Figure 5f, with the increase in the arm length difference, the HWV decreases,
which is as expected from Equation (11). Furthermore, we present a discussion on the
manufacturing tolerances of the corner rounding in VPC design in the Supplementary
Materials Section S9, allowing us to define the required fabrication accuracy.

4. Conclusions

In conclusion, we have designed a thin-film lithium niobate MZI EOM based on a
VPC structure. The EO effect of LN was used to design the EOM, and the phase change
at the output was achieved by applying a voltage, thereby changing the LN’s refractive
index. The modulator not only achieves a compact size (21 μm × 17 μm) but also exhibits
excellent optical performance, including a peak forward transmittance of 0.82, an extinction
ratio of 16.13 dB, and a modulation depth of 80%. The thin-film lithium niobate VPC MZI
electro-optical modulators are expected to contribute to next-generation optical networks
with their high-speed modulation, low loss, and ease of integration, helping realize higher
speeds and broader bandwidth for optical signals.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/photonics13010033/s1, Figure S1: A schematic of the photonic
crystal and photonic band diagram. Figure S2: (a) Schematic diagram of the zigzag-type boundary.
(b) Schematic diagram of the beard-type boundary. (c) The transmittance spectrum of the straight
waveguide based on the zigzag-type boundary. (d) The transmittance spectrum of the straight
waveguide based on the beard-type boundary. Figure S3: (a) Ω-shaped waveguide assembled by
zigzag-type boundary, corresponding transmittance (c) and electric field distribution at 1071 nm (e);
(b) Ω-shaped waveguide assembled by beard-type boundary, corresponding transmittance (d) and
electric field distribution at 1064 nm (f). Figure S4: The refractive index of LN changes with the applied
voltage. Figure S5: Transmittance diagram of MZI at different voltages. Figure S6: Transmission
analysis of the Y-junction of the MZI structure. Figure S7: Photonic band diagrams of the original
honeycomb PC and VPC structures. Figure S8: Transmittance plots of MZI with ΔL=6a at different
voltages. Figure S9: A schematic of the honeycomb PC and photonic band diagram.

Author Contributions: Conceptualization, Y.Y., H.F., M.Z. and H.L.; methodology, Y.Y. and H.F.;
software, Y.Y.; validation, H.F., X.L., M.Z. and H.L.; formal analysis, Y.Y. and H.F.; investigation,
Y.Y. and H.F.; resources, H.F.; data curation, Y.Y.; writing—original draft preparation, Y.Y. and
H.F.; writing—review and editing, Y.Y., H.F. and H.L.; visualization, X.L.; supervision, H.F.; project
administration, H.F.; funding acquisition, H.F., P.D. and J.R. All authors have read and agreed to the
published version of the manuscript.

https://doi.org/10.3390/photonics13010033288



Photonics 2026, 13, 33

Funding: This research was funded by the National Key Research and Development Program of
China (Grant No. 2022YFA1404201), the Australia Research Council (Grant Nos. DP220100603
and FT220100559, LP210200345, and LP210100467), the National Natural Science Foundation
of China (Grant No. U23A20375), the Natural Science Foundation of Shanxi Province (Grant
No. 202403021211011), the Research Project Supported by Shanxi Scholarship Council of China
(Grant No. 2024-032), The Fund Program for the Scientific Activities of Selected Returned Overseas
Professionals in Shanxi Province (Grant No. 20240006), the Program of State Key Laboratory of
Quantum Optics and Quantum Optics Devices (Grant No. KF202402), the Basic scientific research
conditions and major scientific instrument and equipment development of Anhui Science and Tech-
nology Department (Grant No. 2023YFF0715700), and the Key Research project of Shanxi Province
(Grant No. 2023021501010001).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data that support the findings of this study are available from the
corresponding author upon reasonable request.

Acknowledgments: The authors acknowledge the useful discussions and suggestions from
Yuan Tian.

Conflicts of Interest: Author Pengqi Dong was employed by the institute of architectural design and
research of Taiyuan university of technology Co, Ltd. Author Junjun Ren was employed by Shanxi
Chenghaoxin Intelligent Technology Co., Ltd. The remaining authors declare that the research was
conducted in the absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

References

1. Zhang, Y.; Shen, J.; Li, J.; Wang, H.; Feng, C.; Zhang, L.; Sun, L.; Xu, J.; Liu, M.; Wang, Y.; et al. High-speed electro-optic
modulation in topological interface states of a one-dimensional lattice. Light Sci. Appl. 2023, 12, 206. [CrossRef]

2. Sinatkas, G.; Christopoulos, T.; Tsilipakos, O.; Kriezis, E.E. Electro-optic modulation in integrated photonics. J. Appl. Phys. 2021,
130, 010901. [CrossRef]

3. Miller, D.A.B. Attojoule Optoelectronics for Low-Energy Information Processing and Communications. J. Light. Technol. 2017, 35,
346–396. [CrossRef]

4. Koeber, S.; Palmer, R.; Lauermann, M.; Heni, W.; Elder, D.L.; Korn, D.; Woessner, M.; Alloatti, L.; Koenig, S.; Schindler, P.C.; et al.
Femtojoule electro-optic modulation using a silicon–organic hybrid device. Light Sci. Appl. 2015, 4, e255. [CrossRef]

5. Xu, W.; Guo, T.; Zhang, K.; Li, Z.; Zhou, T.; Zuo, Q.; Sheng, Y.; Jing, L.; Ma, H.; Yu, M.; et al. Manipulations of a transmon qubit
with a null-biased electro-optic fiber link. Nat. Commun. 2025, 16, 2629. [CrossRef] [PubMed]

6. Pittaluga, M.; Lo, Y.S.; Brzosko, A.; Woodward, R.I.; Scalcon, D.; Winnel, M.S.; Roger, T.; Dynes, J.F.; Owen, K.A.; Juárez, S.; et al.
Long-distance coherent quantum communications in deployed telecom networks. Nature 2025, 640, 911–917. [CrossRef]

7. Kues, M.; Reimer, C.; Roztocki, P.; Cortés, L.R.; Sciara, S.; Wetzel, B.; Zhang, Y.; Cino, A.; Chu, S.T.; Little, B.E.; et al. On-chip
generation of high-dimensional entangled quantum states and their coherent control. Nature 2017, 546, 622–626. [CrossRef]

8. Qi, Y.; Li, Y. Integrated lithium niobate photonics. Nanophotonics 2020, 9, 1287–1320. [CrossRef]
9. Teng, M.; Fathpour, S.; Safian, R.; Zhuang, L.; Honardoost, A.; Alahmadi, Y.; Polkoo, S.S.; Kojima, K.; Wen, H.; Renshaw, C.K.;

et al. Miniaturized Silicon Photonics Devices for Integrated Optical Signal Processors. J. Light. Technol. 2020, 38, 6–17. [CrossRef]
10. Sun, C.; Wade, M.T.; Lee, Y.; Orcutt, J.S.; Alloatti, L.; Georgas, M.S.; Waterman, A.S.; Shainline, J.M.; Avizienis, R.R.; Lin, S.; et al.

Single-chip microprocessor that communicates directly using light. Nature 2015, 528, 534–538. [CrossRef]
11. Han, C.; Zheng, Z.; Shu, H.; Jin, M.; Qin, J.; Chen, R.; Tao, Y.; Shen, B.; Bai, B.; Yang, F.; et al. Slow-light silicon modulator with

110-GHz bandwidth. Sci. Adv. 2023, 9, eadi5339. [CrossRef]
12. Skandalos, I.; Bucio, T.D.; Mastronardi, L.; Yu, G.; Zilkie, A.; Gardes, F.Y. A 100 Gb s−1 quantum-confined Stark effect modulator

monolithically integrated with silicon nitride on Si. Commun. Eng. 2025, 4, 82. [CrossRef] [PubMed]
13. Li, B.; Yuan, Z.; Williams, J.; Jin, W.; Beckert, A.; Xie, T.; Guo, J.; Feshali, A.; Paniccia, M.; Faraon, A.; et al. Down-converted

photon pairs in a high-Q silicon nitride microresonator. Nature 2025, 639, 922–927. [CrossRef]
14. Ogiso, Y.; Ozaki, J.; Ueda, Y.; Kashio, N.; Kikuchi, N.; Yamada, E.; Tanobe, H.; Kanazawa, S.; Yamazaki, H.; Ohiso, Y.; et al. Over 67

GHz Bandwidth and 1.5 V Vπ InP-Based Optical IQ Modulator With n-i-p-n Heterostructure. J. Light. Technol. 2017, 35, 1450–1455.
[CrossRef]

https://doi.org/10.3390/photonics13010033289



Photonics 2026, 13, 33

15. Wang, C.; Zhang, M.; Chen, X.; Bertrand, M.; Shams-Ansari, A.; Chandrasekhar, S.; Winzer, P.; Lončar, M. Integrated lithium
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41. Lu, L.; Joannopoulos, J.D.; Soljačić, M. Topological photonics. Nat. Photonics 2014, 8, 821–829. [CrossRef]
42. Han, Y.; Fei, H.; Lin, H.; Zhang, Y.; Zhang, M.; Yang, Y. Design of broadband all-dielectric valley photonic crystals at telecommu-

nication wavelength. Opt. Commun. 2021, 488, 126847. [CrossRef]

https://doi.org/10.3390/photonics13010033290



Photonics 2026, 13, 33

43. Ezawa, M. Topological Kirchhoff law and bulk-edge correspondence for valley Chern and spin-valley Chern numbers. Phys. Rev.
B 2013, 88, 161406. [CrossRef]

44. Nussbaum, E.; Sauer, E.; Hughes, S. Inverse design of broadband and lossless topological photonic crystal waveguide modes.
Opt. Lett. 2021, 46, 1732–1735. [CrossRef] [PubMed]

45. Weis, R.S.; Gaylord, T.K. Lithium niobate: Summary of physical properties and crystal structure. Appl. Phys. A 1985, 37, 191–203.
[CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3390/photonics13010033291



Article

Effect of Mo Layer Thickness on Bandwidth Tunability
and Absorption Properties of Planar Ultra-Wideband
Optical Absorbers

Kao-Peng Min 1, Yu-Ting Gao 2, Cheng-Fu Yang 3,4,*, Walter Water 2 and Chi-Ting Ho 5

1 College of Engineering, National Formosa University, Huwei, Yunlin 632, Taiwan; d1481103@nfu.edu.tw
2 Department of Electronic Engineering, National Formosa University, Yunlin 632, Taiwan
3 Department of Chemical and Materials Engineering, National University of Kaohsiung,

Kaohsiung 811, Taiwan
4 Department of Aeronautical Engineering, Chaoyang University of Technology, Taichung 413, Taiwan
5 Department of Mechanical Design Engineering, National Formosa University, Yunlin 632, Taiwan
* Correspondence: cfyang@nuk.edu.tw

Abstract

This study utilizes COMSOL Multiphysics (version 6.0) to design a planar ultra-broadband
optical absorber with a multilayer configuration. The proposed structure consists of
seven stacked layers arranged from bottom to top: W (h1, acting as a reflective substrate
and transmission blocker), WSe2 (h2), SiO2 (h3), Ni (h4), SiO2 (h5), Mo (h6), and SiO2

(h7). One key finding of this study is that, when all other layer thicknesses are fixed,
variations in the Mo layer thickness systematically induce a redshift in both the short- and
long-wavelength cutoff edges. Notably, the long-wavelength cutoff exhibits a larger shift
than the short-wavelength edge, resulting in an increased absorption bandwidth where
absorptivity remains above 0.900. The second contribution is the demonstration that this
planar structure can be readily engineered to achieve ultra-broadband absorption, spanning
from the near-ultraviolet and visible region (360 nm) to the mid-infrared (6300 nm). An
important characteristic of the proposed design is that the thickness of the h7 SiO2 layer
influences the cutoff wavelength at the short-wavelength edge, while the thickness of the
h6 Mo layer governs the cutoff position at the long-wavelength edge. This dual modulation
capability allows the proposed optical absorber to flexibly tune both the spectral range and
the bandwidth in which absorptivity exceeds 0.900, thereby enabling the realization of a
wavelength- and bandwidth-tunable optical absorber.

Keywords: COMSOL Multiphysics; Mo layer; absorptivity; bandwidth; planar ultra-wideband
optical absorber

1. Introduction

The design of broadband optical absorbers capable of covering a wide spectral range,
from the near-ultraviolet (UV) to the middle-infrared (mid-IR), has become an important
research focus due to their broad applications in photovoltaics, thermal emitters, photode-
tectors, and optical sensing. Such absorbers can efficiently capture and utilize incident
electromagnetic energy across different wavelengths, enabling enhanced energy conversion,
improved stealth technologies, and advanced photonic devices. To achieve this functional-
ity, a wide variety of structures have been developed for optical absorbers. However, most
approaches require highly complex designs or geometric structures to reach the desired
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performance [1–4]. In contrast, fully planar multilayer thin-film structures are often favored
because of their relatively simple geometry and compatibility with large-area fabrication
techniques [5,6]. However, designing a planar multilayer absorber that maintains high
absorptivity over such an exceptionally broad spectrum presents significant challenges [7].
The primary difficulty arises from the need to simultaneously manage multiple optical
phenomena, including interference effects, impedance matching, and resonance conditions
across widely separated wavelength regimes [8–11].

Furthermore, the refractive index contrast between different materials, along with
the thickness sensitivity of each layer, must be carefully optimized to minimize strong re-
flectance peaks and prevent transmission leakage at specific wavelengths. The wavelength-
dependent nature of material properties adds another layer of complexity, as optimal
parameters for UV wavelengths may conflict with those required for mid-IR performance.
These multifaceted challenges make it non-trivial to balance broadband absorption perfor-
mance while maintaining both structural simplicity and fabrication feasibility. Therefore,
designing a fully planar optical absorber capable of efficiently operating across the broad
spectral range from the below 400 nm in the near-UV to beyond 6000 nm in the mid-IR is
far from straightforward. The development of efficient, multilayer planar absorbers span-
ning from the near-UV to the mid-IR remains a critical yet demanding objective in optical
materials research, requiring innovative approaches to overcome the inherent trade-offs
between spectral breadth, absorption efficiency, and practical implementation [12–14].

Tungsten diselenide (WSe2) has emerged as a highly promising material for optical
absorption owing to its unique electronic and structural properties [15]. One of its most
distinctive features is the pronounced spin–orbit coupling, which enables spin-selective
light absorption and charge transfer. This property not only broadens the scope of its use in
conventional optoelectronic devices but also positions WSe2 as a candidate for designing
an optical absorber. In its monolayer form, WSe2 possesses a direct bandgap of approxi-
mately 1.65 eV, which lies within the visible spectrum and makes it particularly effective
for harvesting visible light. Such a direct bandgap allows for efficient photoelectric con-
version, thereby enhancing the performance of photovoltaic and photodetection systems.
Furthermore, as a two-dimensional layered material, WSe2 offers remarkable tunability
in its optical properties; its bandgap and absorption spectrum can be systematically en-
gineered by controlling the number of atomic layers, providing a versatile platform for
customized device design. In addition, the nearly dangling-bond-free surface of WSe2

ensures superior interface quality when integrated with other semiconductors or metallic
layers, significantly reducing interfacial defects and minimizing scattering losses [16–18].
These combined advantages make WSe2 an attractive and versatile absorber material for
advanced optoelectronic and photonic applications.

Molybdenum (Mo) thin films offer several advantages when employed as optical
absorbers. Their high absorption coefficient in the visible and near-IR regions enables effi-
cient suppression of reflection and enhancement of overall absorption performance [19,20].
Owing to its high melting point (~2623 ◦C), Mo exhibits excellent thermal stability, allow-
ing it to withstand high-temperature fabrication processes and resist degradation under
intense light or thermal loads. In addition, as a metal with good electrical conductivity, Mo
thin films can serve not only as absorptive layers but also as electrodes, which facilitates
integration in optoelectronic devices. Mo is also highly compatible with a wide range of
materials, including semiconductors such as Si, dielectric layers such as SiO2 and Al2O3,
and various metals, making it suitable for multilayer optical structures and metamaterial
designs [21,22]. From a fabrication perspective, Mo thin films can be reliably deposited
using established methods such as electron-beam evaporation and sputtering, offering
stable processes at costs significantly lower than those associated with noble metals like Au
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and Ag. Moreover, Mo exhibits superior corrosion resistance and mechanical robustness
compared with many other metals, ensuring long-term durability in practical applications.

This study employs COMSOL Multiphysics® (version 6.0) as the simulation platform
to design an ultra-broadband optical absorber [23,24]. The proposed absorber is composed
of seven stacked layers, arranged from bottom to top as follows: W (h1, serving as the
reflective substrate and transmission blocker), WSe2 (h2), SiO2 (h3), Ni (h4), SiO2 (h5), Mo
(h6), and SiO2 (h7). A key aspect of this design is the tunability introduced by the Mo layer.
When the thicknesses of all other layers are held constant, increasing the Mo thickness leads
to a redshift in both the short- and long-wavelength cutoffs of the absorption spectrum.
Importantly, the shift at the long-wavelength edge is more pronounced than at the short-
wavelength edge, thereby broadening the overall absorption bandwidth where absorptivity
exceeds 0.900. This phenomenon can be attributed to the strong plasmonic response of
Mo in the near- and mid-IR regions, which enhances light-matter interaction and extends
resonance effects.

The second significant feature is the ability to realize a fully planar, ultra-broadband
absorber based on a straightforward multilayer configuration that does not rely on com-
plex nanostructuring. The designed structure achieves a high absorptivity spectrum that
extends continuously from the UV region (≈360 nm) through the visible and near-IR, and
well into the mid-IR region (≈6300 nm). Such a broad absorption range is particularly
advantageous for applications in solar energy harvesting, thermal emitters, photodetection,
and stealth technologies, where wide spectral coverage and high efficiency are critical. In
previous studies, very few fully planar optical absorbers have demonstrated the capability
to simultaneously tune both the absorption band and bandwidth through a comparably
direct structural modulation approach. An important characteristic of the proposed design
is that jointly adjusting the thicknesses of the top SiO2 layer (h7) and the Mo layer (h6)
allows effective tuning of the cutoff wavelengths at both spectral edges, thereby enabling
flexible control over the bandwidth in which the absorptivity exceeds 0.900. Specifically,
the h7-SiO2 layer governs the cutoff wavelength in the short-wavelength edge, while the
h6-Mo layer dictates the cutoff wavelength in the long-wavelength edge. This dual control
mechanism not only simplifies the design compared to more complex multilayered struc-
tures but also provides significant versatility, allowing the proposed absorber to adaptively
adjust its operational spectral range and bandwidth. As a result, the structure functions as
a wavelength- and bandwidth-tunable optical absorber, making it highly promising for
practical applications that demand adaptive and broadband absorption performance across
different regions of the electromagnetic spectrum.

2. Structure of the Investigated Ultra-Wideband Optical Absorber with
the Bandwidth from UV-C to Mid-IR

This work present the design of an ultrabroadband solar absorber based on a planar
metamaterial stack. The structure integrated a SiO2 insulating layer, a WSe2 layer, and
multiple metallic components-specifically W, Ni, and Mo-arranged to achieve superior ab-
sorption performance. Figure 1 illustrates the intricate geometric design of the unit cell with
p = 300 nm in the proposed multi-layered metamaterial absorber. The structure consisted
of a carefully engineered seven-layer configuration, tailored to maximize electromagnetic
wave absorption. In designing the optical absorber, the properties of all used materials were
obtained directly from COMSOL’s built-in material database. These included their absorp-
tion coefficients, complex refractive indices, dielectric constants, wavelength-dependent
optical dispersion curves, as well as their n(λ) and k(λ). First, the structure features precisely
engineered layer thicknesses: a 150 nm W (h1) substrate, followed by alternating functional
and dielectric layers. The WSe2 (h2), Ni (h4), and Mo (h6) layers are set at thicknesses
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of 28 nm, 5 nm, and 1100 nm, respectively, while the three SiO2 layers (h3, h5, and h7)
are designed with thicknesses of 50 nm, 180 nm, and 50 nm. To determine the optimal
geometric configuration of the proposed optical absorber, the incident light was polarized
normal to the top layer and directed along the negative z-axis.

 
Figure 1. The structure of the investigated optical absorber.

The absorber was then modeled and optimized using COMSOL Multiphysics® (ver-
sion 6.0), a finite element analysis platform capable of accurately capturing light-matter
interactions. Simulation results demonstrated that the removal of the topmost SiO2 layer led
to a pronounced reduction in absorptivity across the broadband region (where absorptivity
exceeds 0.900), highlighting its essential role in enhancing absorption. To refine the ab-
sorber’s performance, a series of systematic parametric sweep analyses were carried out. In
these analyses, each structural parameter was varied independently while the others were
held constant, enabling precise evaluation of the influence of geometric variations on ab-
sorption efficiency and the corresponding electromagnetic response. The structural model
of the proposed seven-layer metamaterial absorber was discretized using the finite element
method to ensure accurate numerical simulation. The mesh consisted of 26,388 nodes, with
element sizes ranging from 0.80 nm to 1.60 nm, and included 147,710 tetrahedral elements,
24,648 triangular elements, 1264 edge elements, and 56 endpoint elements.

For comparison, a preliminary two-dimensional model generated 1425 nodes,
2757 triangular elements, 347 edge elements, and 16 endpoint elements, achieving uniform
coverage of the entire structure. Mesh quality was evaluated using skewness as the metric,
yielding a minimum of 0.5553 and an average of 0.8168 in the 2D model, and a minimum
of 0.1873 with an average of 0.6292 in the full 3D configuration. These results indicate
that most elements possessed good geometric quality, with histograms showing that the
majority of elements were concentrated in the high-quality range, effectively reducing the
risk of distortion or irregularities. The minimum element area was 0.001622 nm2, while
the total mesh area and volume reached 1.887 × 105 nm2 and 7.965 × 107 nm3, respec-
tively. Overall, the mesh provided an appropriate resolution and element distribution
to ensure stability, convergence, and accuracy in subsequent simulations. All numerical
simulations were performed using the finite element method implemented in COMSOL
Multiphysics (version 6.0). The optical response of the proposed multilayer planar absorber
was analyzed using the Wave Optics Module under frequency-domain formulation. A
linearly polarized plane wave was normally incident onto the structure from the air side.
Periodic (Floquet) boundary conditions were applied along the lateral directions to emulate
an infinite planar array, while perfectly matched layers (PMLs) were employed along the
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propagation direction to eliminate artificial reflections and ensure accurate absorption
evaluation. The governing Maxwell’s equations were solved using the default direct solver
with adaptive frequency stepping. Convergence was achieved when the relative residual
satisfied the default tolerance criteria defined by COMSOL. Mesh independence was veri-
fied by comparing two-dimensional and full three-dimensional models, confirming that
further mesh refinement produced negligible changes in the calculated absorptivity spectra.
These settings ensure numerical stability and reliable prediction of the ultra-broadband
absorption characteristics of the proposed structure. Similarly, the transmittance T(λ),
reflectance R(λ), and optical impedance were calculated within the same framework.

3. Processes to Investigate the Optimal Parameter of Each Layer

3.1. Effects of the h2–h5 Layers Thicknesses on the Absorption Properties of the
Investigated Absorbers

In the proposed absorber, W is employed as the bottom layer to act simultaneously
as a reflective substrate and a transmission-blocking layer. Owing to its high optical loss
and strong reflectivity over a wide spectral range, the W layer suppresses transmission
and promotes energy dissipation within the upper functional layers, thereby establishing
the boundary condition required for broadband absorption. The role of the h2 WSe2 layer
is primarily associated with interfacial loss enhancement and near-field coupling rather
than direct spectral tuning. To verify this role, the thickness of the WSe2 layer was varied
from 5 to 55 nm, as shown in Figure 2a. The results indicate that, under fixed structural
conditions, the absorber maintains absorptivity above 0.900 over most of the spectral range
from approximately 420 to 7300 nm, with only minor sensitivity to the WSe2 thickness. This
weak dependence suggests that the WSe2 layer does not dominate the determination of the
cutoff wavelengths, but instead serves as an auxiliary lossy layer that stabilizes broadband
absorption. A slight reduction in absorptivity near 4000 nm, as highlighted in the inset of
Figure 2a, indicates that absorption in this region is governed by other layers with stronger
wavelength selectivity, which will be discussed in relation to the Mo and top SiO2 layers in
subsequent sections.

As the thickness of the WSe2 layer increases, the absorption spectrum exhibits a grad-
ual redshift of the resonance dip accompanied by a slight reduction in absorptivity at the
minimum point. These behaviors arise from increased optical path length and altered
interference conditions within the multilayer stack, which modify the phase accumulation
of the reflected and transmitted waves. However, the overall absorption response shows
only weak sensitivity to the WSe2 thickness, indicating that this layer does not play a domi-
nant role in determining the cutoff wavelengths. From a physical perspective, the primary
function of the WSe2 layer is to introduce additional optical loss and enhance interfacial
field coupling rather than to control spectral boundaries. Accordingly, a thickness of 5 nm
was selected as a practical compromise that preserves high absorptivity at the resonance
minimum while maintaining fabrication feasibility. The residual absorptivity reduction
observed near 4000 nm is therefore attributed to wavelength-selective effects governed
by other functional layers, and can be effectively compensated through coordinated tun-
ing of the Mo and SiO2 layers, which directly regulate the long- and short-wavelength
cutoff positions.
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Figure 2. Effects of the thicknesses of (a) h2 WSe2, (b) h3 SiO2, (c) h4 Ni, and (d) h5 SiO2 layers on the
absorption spectra of the investigated absorbers.

The influence of the h3 SiO2 layer thickness was examined by varying its thickness from
10 to 130 nm, as shown in Figure 2b. Similarly to the WSe2 layer, the absorber maintains
absorptivity above 0.900 over most of the spectral range (≈420–7500 nm), indicating that the
h3 SiO2 layer does not primarily determine the absorption bandwidth. As the SiO2 thickness
increases, the absorption dip exhibits a gradual redshift accompanied by a reduction in
absorptivity at the minimum point. This behavior arises from the increased optical path
length in the dielectric spacer, which modifies the interference conditions and weakens
field confinement at resonance. In addition, a moderate blueshift of the long-wavelength
cutoff is observed, reflecting altered phase-matching conditions at extended wavelengths
as the dielectric thickness increases. These results indicate that the h3 SiO2 layer mainly
acts as an interference-tuning spacer rather than a cutoff-controlling layer. Accordingly, a
thickness of 50 nm was selected to maintain absorptivity above 0.900 at the resonance dip
while remaining compatible with practical fabrication considerations. Fine adjustment of
the absorption spectrum is subsequently achieved through coordinated tuning of the Mo
and top SiO2 layers, which directly govern the long- and short-wavelength cutoff positions.

The effect of the h4 Ni layer thickness was examined by varying it from 1 to 5 nm,
as shown in Figure 2c. The results indicate that changing the Ni thickness has a negli-
gible influence on both the absorption valley position and the long-wavelength cutoff,
confirming that the Ni layer does not govern the spectral boundaries. Instead, a slight
increase in absorptivity at the valley is observed with increasing Ni thickness, which can
be attributed to enhanced optical loss and improved impedance matching between the
metallic Ni layer and the adjacent dielectric layers. Since all tested thicknesses maintain
absorptivity above 0.900 across the ultra-broadband range, a thickness of 5 nm was se-
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lected as a practical compromise that ensures stable absorption while remaining compatible
with reliable thin-film fabrication [25]. The influence of the h5 SiO2 layer thickness was
investigated over the range of 160–200 nm, as shown in Figure 2d. Variations in this
layer primarily affect the absorptivity at the valley without inducing significant shifts in
either the valley wavelength or the long-wavelength cutoff. This behavior indicates that
the h5 SiO2 layer mainly functions as an interference spacer that modulates local field
distribution rather than controlling the absorption bandwidth. A thickness of 170 nm was
therefore chosen to maintain absorptivity above 0.900 at the valley while supporting stable
broadband absorption.

3.2. Effects of the h6-Mo and h7-SiO2 Thicknesses on the Absorption Properties of the
Investigated Absorbers

Further analysis reveals that the h6 Mo and h7 SiO2 layers form a strongly coupled
pair that jointly governs the absorption bandwidth. With the Mo thickness fixed at 700 nm,
varying the top SiO2 thickness primarily shifts the short-wavelength cutoff, while only
moderately influencing the long-wavelength edge, as shown in Figure 3a. This behavior
indicates that the h7 SiO2 layer plays a dominant role in regulating short-wavelength ab-
sorption through interference-controlled phase accumulation, which is highly sensitive to
dielectric thickness. From a physical perspective, increasing the h7 SiO2 thickness enlarges
the effective optical path length of the upper cavity, thereby modifying the interference con-
dition and redshifting the short-wavelength cutoff. In contrast, the long-wavelength cutoff
exhibits weaker sensitivity because it is mainly governed by loss and field penetration in
the Mo layer. The improvement in absorptivity around the mid-infrared region further
reflects enhanced field confinement within the cavity formed by the Mo and dielectric
layers. However, excessively increasing the h7 SiO2 thickness shifts the short-wavelength
cutoff beyond the near-ultraviolet region, limiting broadband energy harvesting. Conse-
quently, an h7 SiO2 thickness of 40 nm was selected for a Mo thickness of 700 nm, as this
configuration provides the widest high-absorptivity (>0.900) bandwidth while maintaining
coverage from the near-UV to the mid-infrared.

Increasing the h6 Mo layer thickness from 700 to 900 nm significantly alters the absorp-
tion characteristics, as shown in Figure 3b, primarily by extending the long-wavelength
cutoff and shifting the absorption dip toward longer wavelengths. These changes originate
from the increased effective cavity length and enhanced phase accumulation within the
lossy Mo layer, which modify the resonance conditions and redistribute the electromag-
netic field. As a result, the long-wavelength absorption edge is pushed further into the
mid-infrared, while field confinement at the dip is weakened, leading to a reduction in
absorptivity at that wavelength. With the Mo thickness fixed at 900 nm, variation in the top
h7 SiO2 layer mainly affects the short-wavelength cutoff, confirming its dominant role in
regulating short-wavelength absorption through interference-controlled phase accumula-
tion. Excessively thin or thick SiO2 layers either reduce absorptivity at the resonance dip
or shift the short-wavelength cutoff beyond the near-ultraviolet region, thereby limiting
broadband coverage. These results further demonstrate that the absorption bandwidth is
governed by the coupled interaction between the Mo and top SiO2 layers: the Mo layer
primarily controls the long-wavelength response through loss and field penetration, while
the top SiO2 layer adjusts the short-wavelength cutoff via interference effects. Based on this
coupled mechanism, an h6 Mo thickness of 900 nm combined with an h7 SiO2 thickness
of 50 nm was selected, providing a broad high-absorptivity (>0.900) bandwidth spanning
approximately 360–5550 nm.
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Figure 3. Effects of the different thicknesses of h6-Mo and h7-SiO2 layers on the absorption spectra of
the investigated absorbers. (a) h6 = 700 nm, (b) h6 = 900 nm, (c) h6 = 1100 nm, and (d) h6 = 1300 nm.

Finally, we further increased the thickness of the h6 Mo layer to 1100 nm and 1300 nm,
with the corresponding results shown in Figure 3c,d. Under these two conditions, the spec-
tral response exhibits even more pronounced redshifts. Specifically, the long-wavelength
cutoff shifts further, extending from ~6200–6400 nm to ~6900–7000 nm, while the absorp-
tion dip also redshifts more significantly, moving to ~3000 nm and ~3950 nm. At the same
time, the absorptivity at these dips decreases more noticeably. As shown in Figure 3c,
when the h7 SiO2 layer thickness is 30 nm or 40 nm, the absorptivity at the ~3000 nm
dip falls below 0.900. Similarly, Figure 3d reveals that with h7 SiO2 thicknesses of 30–50
nm, the absorptivity at the ~3950 nm dip also drops below 0.900. Therefore, when the h6
Mo layer thickness is set to 1100 nm, the optimal condition is obtained with h7 SiO2 at 50
nm, yielding a broad high-efficiency absorption bandwidth spanning from ~360 nm to
~6300 nm while maintaining absorptivity above 0.900. When the Mo thickness is increased
to 1300 nm, the best configuration occurs at h7 = 60 nm, where the bandwidth extends from
~430 nm to ~7040 nm.

To further confirm that the h6 Mo layer plays the most critical role in determining
the bandwidth and absorption characteristics of the designed optical absorber, we fixed
the other parameters at h1 = 150 nm, h2 = 5 nm, h3 = 50 nm, h4 = 5 nm, h5 = 170 nm, and
h7 = 50 nm, while varying only the h6 Mo thickness from 300 nm to 1500 nm. The results,
shown in Figure 4a, reveal that the short-wavelength cutoff remains nearly unchanged
across this range. This observation, when combined with the results of Figure 3, clearly
demonstrates that the redshift of the short-wavelength cutoff originates primarily from
variations in the h7 SiO2 layer rather than the Mo layer. In contrast, the long-wavelength
cutoff increases rapidly with Mo thickness, extending from ~3030 nm to ~7560 nm as
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h6 increases from 300 nm to 1500 nm. Similarly, the absorption dips shift progressively
toward longer wavelengths as the Mo thickness increases. However, when h6 reaches
1300 nm or 1500 nm, the absorptivity at the dip falls below 0.900, which makes these
conditions unsuitable for our final design. Figure 4b provides a comparative overview of the
relatively optimal absorption spectra selected from the analyses in Figure 3. These include
four representative cases: (1) h6 = 700 nm and h7 = 40 nm, (2) h6 = 900 nm and h7 = 50 nm,
(3) h6 = 1100 nm and h7 = 50 nm, and (4) h6 = 1300 nm and h7 = 60 nm.

  

Figure 4. Effects of (a) the thickness of h6-Mo layer and (b) different thickness of h6-Mo and h7-SiO2

layers on the absorption spectra of the investigated absorbers.

It is evident that when the SiO2 spacer thickness h7 is kept constant, the short-
wavelength cutoff remains nearly identical, further confirming that h7 governs the short-
wavelength response, whereas h6 primarily dictates the long-wavelength cutoff and the po-
sition of absorption dips. Since our design objective is to achieve broadband high-efficiency
absorption extending into the near-UV region, we ultimately selected the configuration
with h6 = 1100 nm and h7 = 50 nm as the optimal condition. Taken together with the results
in Figure 3, these findings highlight a fundamental design principle: the Mo back-reflector
thickness (h6) predominantly determines the long-wavelength cutoff and absorption dip
positions through its influence on optical path length and cavity resonances, while the SiO2

dielectric layer (h7) governs the short-wavelength cutoff. Excessive Mo thickness enhances
phase accumulation and redshifts resonances but also reduces absorptivity at the dips due
to weakened field confinement. By jointly tuning h6 and h7, the absorber’s operational
bandwidth can be flexibly engineered, as shown in Figures 3 and 4, thereby offering a
robust strategy to balance spectral coverage and absorption efficiency across the near-UV
to mid-IR range.

To further demonstrate the crucial role of the topmost SiO2 layer (h7) in determining
the absorption characteristics of the proposed absorber, we performed a comparative
study without including this seventh layer. Specifically, the structure was designed with
h1 = 150 nm (W), h2 = 5 nm (WSe2), h3 = 50 nm (SiO2), h4 = 5 nm (Ni), and h5 = 170 nm
(SiO2), while the Mo layer (h6) thickness was varied from 100 nm to 2100 nm to analyze
its effect on absorptivity. As shown in Figure 5, only for h6 = 100 nm and 300 nm were
narrow absorption windows with absorptivity exceeding 0.900 observed, specifically within
860–1455 nm and 1410–2205 nm, respectively. For other Mo thicknesses, the absorptivity
either remained slightly above 0.900 or dropped below this value across the entire spectrum.
Moreover, it is evident that increasing the Mo thickness results in a pronounced redshift of
the cutoff wavelength at the longer-wavelength end. These results highlight the essential
function of the topmost SiO2 layer. Without this seventh layer, impedance mismatch
between the absorber and free space becomes more severe, causing stronger reflection and
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significantly reducing the broadband absorptivity. In contrast, the inclusion of the top SiO2

layer enables more relative effective impedance matching, thereby suppressing reflection
and ensuring high absorptivity across the wide wavelength range. This explains why the
complete seven-layer structure exhibits enhanced absorption performance compared with
the truncated six-layer configuration, which shows a noticeable reduction in absorptivity.

Figure 5. Effect of the thickness of Mo layer on the absorption spectra of the six-layer (without
topmost SiO2 layer) absorber.

These results clearly indicate that once the optimal parameters for the h2–h6 layers are
determined, the absorption band and bandwidth of the proposed optical absorber can be
flexibly tuned by adjusting the thicknesses of the h6-Mo layer and the h7-SiO2 layer. As
shown in Figure 5, when the Mo layer thickness is increased to 2100 nm, the absorption
spectrum extends dramatically toward longer wavelengths, reaching into the far-infrared
region up to 10,000 nm (10 μm). However, despite this broadband extension, the absorptiv-
ity across most of the spectrum remains below 0.900. This observation is consistent with
the results in Figures 3 and 4, which revealed that thicker Mo layers reduce absorptivity at
intermediate absorption dips. Restoring absorptivity above 0.900 would require increasing
the thickness of the SiO2 spacer, but such an adjustment would simultaneously redshift
the short-wavelength cutoff beyond 400 nm, thereby excluding the visible region. This
trade-off makes the configuration unsuitable for solar absorber applications, where efficient
absorption across the visible spectrum is essential. Nevertheless, the findings highlight the
tunability of the design: by leveraging the same principle, the absorber could be further
developed in the future to achieve ultra-broadband absorption across the entire infrared
spectrum, from near-IR to far-IR.

3.3. Other Relative Properties of the Investigated Absorbers

To further investigate the impedance matching and absorption characteristics of the
proposed design, we analyzed the condition where h6 = 1100 nm and h7 = 50 nm, as
identified in Figure 4. Figure 6a illustrates the wavelength-dependent impedance of the
absorber. As shown, when the wavelength falls below ~360 nm, the real part of the
impedance deviates from unity while the imaginary part departs from zero, indicating a
mismatch with free-space impedance. A similar mismatch occurs for wavelengths longer
than ~6300 nm. These deviations correspond directly to reduced absorptivity at the spectral
edges, since imperfect impedance matching increases reflection losses and prevents efficient
coupling of incident light into the absorber. The absorption and impedance characteristics
were obtained through numerical simulations using COMSOL Multiphysics® (version 6.0)
with built-in material parameters. The electromagnetic wave frequency-domain interface
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was employed to solve Maxwell’s equations and model the interaction of light with the
multilayer absorber. Absorptivity was calculated according to A(λ) = 1 − R(λ) − T(λ), where
R(λ) and T(λ) denote reflectance and transmittance, respectively. As shown in Figure 6b,
the simulated results confirm that T(λ) is nearly zero across the analyzed spectrum, while
absorptivity remains consistently above 0.900 and with an average absorptivity of 0.925
in the 360–6300 nm range. The reduction in absorptivity outside this range is primarily
attributed to increased reflectance (>0.100), which originates from impedance mismatch at
the short- and long-wavelength cutoffs.

  

Figure 6. (a) The optical impedance and (b) the variations in the absorption, reflection, and transmis-
sion spectra of the investigated absorber with the optimal structure parameters.

Furthermore, the average absorptivity across the 360–6300 nm range was calculated to
be 0.925, which is remarkably high for a broadband absorber composed of only seven planar
thin-film layers. Achieving broadband absorption over an ultra-wide spectral range with a
seven-layer planar architecture highlights the effectiveness of the proposed design. The
underlying absorption mechanism can be explained by impedance matching theory. The
relative effective impedance of the absorber is expressed as:

Z =

√√√√ (1 + S11)
2 − S2

21

(1 + S11)
2 + S2

21

(1)

where S11 and S21 are the reflection and transmission coefficients, respectively [26,27]. The
absorptivity is then given by:

A = 1 − |S11|2 − |S21|2 (2)

When the structure is engineered so that Re(Z) ≈ 1 and Im(Z) ≈ 0, the relative effective
impedance of the absorber matches that of free space. This eliminates impedance mismatch,
minimizes reflection, and allows near-perfect absorption of the incident electromagnetic
waves. For example, Figure 6a demonstrates that the absorber achieves Re(Z) ≈ 1 and
Im(Z) ≈ 0 across the 360–6300 nm range, resulting in absorptivity above 0.900 through-
out this band. This performance underscores the critical role of impedance matching in
achieving ultrabroadband absorption. Within the matched region, the absorber minimizes
reflections and effectively traps incident light through multiple internal reflections and
resonance effects within the Mo-SiO2-WSe2 cavity. Outside this region, the impedance
mismatch weakens field confinement, allowing a portion of the energy to be reflected
rather than absorbed. The combination of broadband absorption, high average absorp-
tivity, and a relatively seven-layer planar architecture demonstrates the effectiveness of
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the proposed design and highlights its potential for practical applications requiring wide
spectral coverage from the near-UV to the mid-IR.

We further investigated the angular and polarization-dependent absorption behavior
of the proposed seven-layer planar absorber over a broad spectral range extending from
the near-UV (300 nm) to the mid-infrared (9000 nm). The analysis considered incident
angles between 0◦ and 90◦ under both transverse electric (TE) polarization, as displayed
in Figure 7a, and transverse magnetic (TM) polarization, as displayed in Figure 7b. As
shown in Figure 6, the absorber exhibits distinct responses for TE and TM modes, reflecting
the polarization-dependent interaction of incident light with the layered structure. The
results indicate that absorptivity gradually decreases as the incidence angle increases,
which can be attributed to the growing impedance mismatch and enhanced reflection at
oblique angles. For TE polarization, the reduction in absorptivity is most pronounced in the
300–1800 nm range, whereas for TM polarization it extends up to approximately 3000 nm.
Nevertheless, in the critical working band of 300–6300 nm, the structure maintains absorp-
tivity above 0.900 for a wide range of incidence angles, particularly up to ~40◦ for TE and
~30◦ for TM polarization. Beyond these angles, reflection becomes dominant, resulting in
reduced absorption.

Figure 7. Angle-dependent absorption spectra of the proposed ultra-broadband absorber for (a) TE
and (b) TM polarizations.

This behavior can be understood through impedance matching principles: when the
relative effective impedance of the absorber approaches that of free space (Re(Z) ≈ 1 and
Im(Z) ≈ 0), reflection is minimized and strong absorption occurs. At larger incident angles,
however, the deviation of relative effective impedance from free-space values increases,
leading to reduced absorptivity. Importantly, the absorber demonstrates excellent angular
tolerance within practical operating conditions, as most solar radiation is received at
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moderate incidence angles. Overall, these findings highlight the robustness of the proposed
ultra-broadband absorber. Despite its seven-layer planar configuration, the proposed
absorber achieves high absorptivity over a broad spectral range and maintains stable
absorption performance over a moderate range of incident angles. While the angular
tolerance is not exceptional, this level of angular robustness remains beneficial for practical
solar energy harvesting scenarios, where variations in the angle of incoming radiation
are inevitable.

The average absorptivity was calculated using the equation of A =
∫ λ1

λ2 A(λ)dλ/(λ1−λ2),
where the used λ1 value was 300 nm and λ2 values were 3000 and 4000 nm. Based on
the simulation results of the proposed absorber, the average absorptivity reaches 0.927
over the wavelength range of 300–4000 nm and increases to 0.935 when the range is lim-
ited to 300–3000 nm. The absorption spectrum exhibits a prominent peak near 630 nm,
where the absorptivity attains a maximum value of approximately 0.979. To evaluate the
solar-energy harvesting potential of the proposed ultra-wideband absorber, its spectral
absorption under the AM1.5G solar spectrum (300–4000 nm) was analyzed, as shown in
Figure 8. The absorber maintains high absorptivity across the entire spectral range, with
particularly stable performance in the near-infrared region, where the absorptivity remains
close to or above 0.900. When the spectrum is divided into representative wavelength
intervals-300–400 nm, 400–700 nm, 700–1400 nm, and 1400–4000 nm-the corresponding
absorptivities are 0.918, 0.941, 0.948, and 0.909, respectively. These results indicate that
the absorber exhibits consistently strong coupling to solar radiation across the ultraviolet,
visible, and infrared regions. The slightly reduced absorptivity at longer wavelengths
can be attributed to increased penetration depth and loss redistribution in the multilayer
structure, while the high absorption in the visible and near-infrared ranges aligns well
with the spectral intensity distribution of the AM1.5G spectrum. Overall, the absorber
achieves an average solar absorptivity of 0.937 over 300–4000 nm, suggesting that the pro-
posed design provides an effective and spectrally balanced approach for broadband solar
energy absorption.

Figure 8. Simulation results of the electric and magnetic field intensity patterns of the designed ultra-
wideband absorber when illuminated at normal incidence under various TE-polarized wavelengths.

The ultra-wideband optical absorber presented in this study exhibits strong light
absorption over a broad spectral range spanning from 360 nm (near-ultraviolet) to 6300 nm
(mid-infrared). This device has been meticulously designed and optimized to maintain
consistently high absorption efficiency throughout this extensive wavelength range. To
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elucidate the physical mechanisms underlying the observed absorption behavior, Figure 8
presents the simulated electromagnetic field distributions at two representative wave-
lengths, 630 nm and 5040 nm, as shown in Figure 6b. The placement of the WSe2 and
Mo layers is critical to the ultra-broadband absorption behavior of the proposed structure.
The ultrathin WSe2 layer is positioned adjacent to the reflective W substrate to enhance
interfacial optical loss and near-field coupling, which predominantly contributes to ab-
sorption in the short-wavelength region. In contrast, the thick Mo layer functions as a
lossy plasmonic medium that dominates absorption at longer wavelengths. Notably, the
absorption bandwidth is not governed by the Mo layer alone, but by its coupled interaction
with the top SiO2 layer. This thickness-dependent interplay facilitates relative effective
impedance matching and Fabry–Pérot–assisted field confinement, thereby jointly defining
the spectral range and bandwidth over which the absorptivity exceeds 0.900. As a result,
systematic tuning of the Mo and top SiO2 layer thicknesses enables flexible extension of
both the short- and long-wavelength cutoff edges.

At the shorter wavelength of 630 nm, the electric field distribution indicates that the
region of high absorptivity extends from the top SiO2 layer down through nearly the entire
Mo layer. In this spectral region, the h4 Ni layer and the h6 Mo layer, separated by the
h5 SiO2 layer, act as reflective interfaces that form a Fabry–Pérot–type cavity, leading to
resonance-assisted absorption. However, this absorption is not extremely strong, as it is
mainly governed by moderate Fabry–Pérot resonance arising from constructive interfer-
ence within the dielectric cavity. In addition to these primary mechanisms, a moderate
Fabry–Pérot–type cavity effect is also observed within the h3 SiO2 layer. As evidenced
by the electric field distribution at 630 nm and the magnetic field distribution at 5040 nm,
partial field enhancement occurs inside this dielectric layer, indicating auxiliary optical
confinement rather than a dominant resonance. This cavity-assisted effect helps redistribute
electromagnetic energy across different wavelength regions and contributes to stabiliz-
ing the broadband absorption response, while the main bandwidth modulation remains
governed by the coupled interaction between the Mo layer and the top SiO2 layer.

At a wavelength of 630 nm, the electric field distribution exhibits a gradual decay
from the top h7 SiO2 layer toward the underlying metallic layers, extending through most
of the h6 Mo layer. No pronounced field localization at subwavelength metallic features
or clear propagation along a single extended interface is observed, indicating that neither
localized surface plasmon resonance nor propagating surface plasmon resonance (PSPR)
plays a dominant role at this wavelength. Instead, a weak but noticeable field enhancement
appears around the h4 Ni layer, where the Ni and Mo layers, separated by the h5 SiO2

spacer, act as partially reflective interfaces. This configuration gives rise to a moderate
Fabry–Pérot–type cavity effect, which contributes to resonance-assisted absorption but
does not dominate the overall absorption mechanism. The magnetic field distribution at
630 nm shows a similar gradual attenuation from the top SiO2 layer toward the bottom W
substrate, while maintaining a non-negligible field intensity throughout the Mo layer. This
behavior suggests distributed energy dissipation within the lossy metallic layers rather
than strong magnetic confinement associated with a well-defined resonant cavity.

At the longer wavelength of 5040 nm, both electric and magnetic field distributions
exhibit a different characteristic behavior. The electric field intensity again decays pro-
gressively from the top SiO2 layer into the Mo layer, consistent with delocalized field
penetration rather than localized confinement. Meanwhile, the magnetic field distribution
reveals a distinct enhancement within the h3 SiO2 layer, indicating the presence of a Fabry–
Pérot–type cavity mode formed by reflections between adjacent metallic layers. In this
wavelength regime, extended metal–dielectric interfaces, particularly those involving the
Mo and W layers, support PSPR, which facilitates efficient coupling of incident radiation
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into lossy plasmonic modes. Overall, the field profiles indicate that absorption at shorter
wavelengths is primarily governed by distributed loss and moderate Fabry–Pérot inter-
ference, while at longer wavelengths, PSPR-driven energy coupling, assisted by auxiliary
Fabry–Pérot resonance in the dielectric layers, becomes more prominent. Localized surface
plasmon resonance does not play a dominant role in either spectral region, as no strong
nanoscale field localization is observed.

3.4. Comparison with Other Research Results and Potential Applications

To underscore the advantages of this structure, Table 1 provides a performance com-
parison with several recently reported ultra-wideband absorbers. As summarized in
Table 1, although some previously reported optical absorbers can extend further into the
deep-ultraviolet or achieve slightly higher average absorptivity across limited spectral
ranges [28–32], attaining ultra-broadband performance often requires complex nanostruc-
tures, as noted in the table. Even with such intricate designs, their overall absorption
bandwidths remain narrower than that of our proposed absorber. The proposed absorber,
constructed from only seven fully planar thin-film layers, covers an unprecedented spectral
range of 360–6300 nm, bridging the near-ultraviolet to the mid-infrared region. Such wide
coverage is rarely attainable without resorting to highly complex nanostructures or multi-
layer stacks. Even when compared with absorbers specifically optimized for the infrared
domain, such as one spanning 2000–8410 nm with an average absorptivity of 0.850 [7], our
design demonstrates clear advantages.

Table 1. Comparison of the absorption characteristics of the investigated ultra-wideband ab-
sorber with recent literatures. The bandwidth corresponds to the spectral range with absorptivity
exceeding 0.900.

Bandwidth
Average
Absorptivity

The Used Technology in Each Study

Ref. [28] 380–2150 nm ~0.962

In this design, surface plasmon modes are excited by placing a
periodic Ti-SiO2 composite cap, either circular or square in
shape, on top of a metallic substrate. This study examines the
visible-to–near-infrared absorption characteristics of a
plasmonic metamaterial absorber based on a
metal–dielectric–metal (MDM) architecture. Surface plasmon
resonances are excited by introducing a periodic
metal–dielectric cap above a metallic substrate. The absorption
bandwidth is strongly influenced by both the cap geometry and
the presence of a glass overlayer.

Ref. [29] 515–1945 nm 0.924

An ultra-wideband tungsten-based solar absorber is
numerically investigated using the finite-difference
time-domain method. The absorber features a cross-shaped
resonator placed above a metallic back reflector, separated by a
dielectric spacer. Numerical results show sustained high
absorptivity exceeding 90% over the 514–1945 nm wavelength
range, with an average absorptivity of 92.36%. This broadband
absorption originates from the combined excitation of
propagating and localized surface plasmon resonances, together
with Fabry–Pérot cavity effects.
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Table 1. Cont.

Bandwidth
Average
Absorptivity

The Used Technology in Each Study

Ref. [30] 300–2400 nm 0.957

This study reports an ultra-broadband metamaterial absorber
operating over the 250–4000 nm wavelength range. The
proposed design integrates a Ti disk resonator with stacked
TiO2/Ti square resonators supported by TiO2/Ti thin films,
forming an effective metal–insulator–metal architecture that
enhances optical absorption. The influence of key geometric
parameters-including resonator thickness, disk radius, and
square width-on the absorption response is systematically
examined. To maximize the average absorptivity, particle
swarm optimization is applied to identify the optimal structural
configuration.

Ref. [31] 350–2670 nm
300–3600 nm

~0.900
~0.980

Initially, the authors proposed a planar multilayer thin film
absorber composed of Cu/Zr-ZrO2/Zr-ZrO2/Zr-ZrO2/Al2O3.
This work presents the design and experimental demonstration
of a hybrid metamaterial absorber based on tapered multilayer
cermet thin films. By integrating optical interference within the
multi-cermet stack and strong electromagnetic field localization
induced by nano-cone structures, the absorber achieves an
average absorbance exceeding 98% over an ultra-broad spectral
range from 300 to 3000 nm, in good agreement between
simulation and experimental results.

Ref. [32] 180–2750 nm 0.981

This article presents a simple-structured metamaterial solar
absorber capable of achieving ultra-broadband near-perfect
absorption. The proposed design adopts a four-layer
SiO2-TiN-SiO2-TiN configuration, consisting of a TiN substrate,
an intermediate SiO2 dielectric layer, and a top array of TiN
double-ring resonators. The inner ring is capped with a SiO2
layer and extends higher than the outer ring, enabling enhanced
electromagnetic coupling. The near-perfect absorption
performance originates from the synergistic interaction of
surface plasmon resonance, cavity resonance, and magnetic
resonance, as evidenced by the electric and magnetic field
distributions.

Ref. [7] 2000–8410 nm 0.850

The authors designed and experimentally validated an
ultra-broadband mid-infrared absorber based on a periodic
Ge/Cr multilayer structure capped with MgF2 and ZnS
coatings. Both simulations and measurements confirm that the
absorber exhibits robust absorption performance over a wide
range of polarizations and incident angles. The observed
ultra-broadband absorption originates from the combined
effects of photonic topological transitions and enhanced
anti-reflection behavior.

This
study 360–6300 nm 0.925

The proposed structure consists of seven stacked planar layers
arranged from bottom to top: W (h1, acting as a reflective
substrate and transmission blocker), WSe2 (h2), SiO2 (h3), Ni
(h4), SiO2 (h5), Mo (h6), and SiO2 (h7). These results indicate
that coordinated tuning of the Mo and SiO2 layers provides
effective control over both the short- and long-wavelength
cutoff positions as well as the overall absorption bandwidth.
Rather than relying on complex nanostructuring or noble-metal
components, the proposed seven-layer architecture realizes
ultra-broadband absorption using a fully planar, scalable
multilayer thin-film configuration.
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Beyond its absorption capability, a key characteristic of the proposed absorber is its
tunability. By varying the thickness of selected layers, both the short-wavelength onset
and long-wavelength cutoff can be precisely controlled, effectively tailoring the absorption
bandwidth to meet different application requirements. As illustrated in Figure 3, this flexi-
bility allows the absorption onset to be shifted to below 300 nm, offering a rare combination
of ultra-broad coverage, high absorptivity, and design simplicity. At the same time, the
broadband absorption performance is highly advantageous for solar energy harvesting,
where maximizing energy conversion efficiency across a wide spectrum is critical. The
unique combination of structural simplicity, tunable spectral characteristics, and mate-
rial scalability makes this absorber a promising candidate for diverse optoelectronic and
energy-related applications.

4. Conclusions

In this study, after fixing the thickness of the bottom W substrate (h1) at 150 nm,
the optimal values for the intermediate layers were determined as follows: h2 WSe2

layer at 5 nm, h3 SiO2 layer at 50 nm, h4 Ni layer at 5 nm, and h5 SiO2 layer at 170 nm.
However, the thicknesses of the h6 Mo layer and the h7 SiO2 layer were found to be strongly
interdependent, jointly defining the spectral regions and bandwidths where absorptivity
remains above 0.900. Specifically, when the Mo layer thickness was set to 700 nm, the
optimal thickness of the top SiO2 layer was 40 nm, yielding a high-absorptivity range from
300 nm to 4650 nm. Increasing the Mo layer thickness to 900 nm, 1100 nm, and 1300 nm, with
corresponding optimal SiO2 layer thicknesses of 50 nm, 50 nm, and 60 nm, and extended
the high-absorptivity ranges to 360–5550 nm, 360–6300 nm, and 430–7050 nm, respectively.
These findings clearly demonstrate that the synergistic control of the Mo and SiO2 layers
enables precise adjustment of both cutoff wavelengths and absorption bandwidth. Unlike
many previously reported absorbers that rely on complex nanostructures or costly noble
metals, the proposed seven-layer fully planar design achieves ultra-broadband absorption
through a scalable multilayer thin-film structure. The absorber maintains an absorptivity
above 0.900 over a broad spectral range, extending from the near-ultraviolet through the
visible and into the mid-infrared, with tunable characteristics that allow adjustment for
different application conditions. This wavelength- and bandwidth-tunable absorber not
only provides a promising pathway for high-efficiency solar energy harvesting but also
shows great potential for optoelectronic and photonic devices operating across diverse
regions of the electromagnetic spectrum.
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Abstract

A reconfigurable THz metasurface (MS) capable of independent reflection amplitude and
phase modulation is designed and analyzed. The tunability is achieved in a simple few-
layer structure by control over the chemical potential of a graphene monolayer patterned
in square patches and over the bulk conductivity of an overlying vanadium dioxide (VO2)
patch array; these impart control over the reflection phase and magnitude, respectively.
To design and analyze the MS unit cell, we employ intuitive equivalent circuit and trans-
mission line modeling, which is validated against full-wave simulations, showing good
agreement in the regime of interest, i.e., on the first resonance for normal plane wave
incidence. The simulated phase modulation approaches 250◦, enabling binary-encoded
digital metasurface designs, while the magnitude modulation spans more than 20 dB, from
−3 dB almost down to perfect absorption. The flexibility of dynamic phase and amplitude
control can unlock the full potential of such THz MS hybrid designs for future wireless
communications (6G and beyond) and for sensing applications. Finally, the analytical mod-
eling can be extended to polarization-dependent, anisotropic, or non-local EM responses
and/or to include aspects of the multiphysical control mechanisms.

Keywords: metasurface; reconfigurable; terahertz; graphene; vanadium dioxide; phase-
change material; equivalent circuit model; transmission line model

1. Introduction

Metasurfaces (MS) are artificially engineered ultra-thin planar structures arranged
in periodic configurations, enabling precise control of the scattered electromagnetic (EM)
wavefront direction/shape, amplitude, and/or polarization [1–6]. Through tailored geo-
metric design and material composition, MS can realize a wide range of functionalities,
including wavefront shaping (e.g., beam steering or splitting), absorption, and transmission
control [7,8]. Being the two-dimensional counterpart of bulk/3D metamaterials, MS offer
distinct advantages such as low profile, reduced loss, ease of fabrication, and seamless
integration with existing systems, while maintaining high efficiency and versatile EM
wave manipulation capabilities [9,10]. By reconfigurability [5], we refer to the ability to
non-negligibly adjust their EM response after deployment, in real time and without moving
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parts, which makes reconfigurable MS (RMS) particularly attractive for modern adaptive
applications, as opposed to conventional passive metasurfaces.

The ongoing work related to RMS can be broadly categorized based on their ca-
pability to modulate the phase, amplitude, and/or polarization of scattered EM waves;
theoretical and numerical techniques for modeling, analysis, and inverse design of such
RMS are particularly interesting. Phase-modulating RMS shapes the phase of an inci-
dent wavefront and has been extensively investigated for applications such as dynamic
beam steering [11], beam focusing [12], holography [13], and polarization control [6,14–16].
Amplitude-modulating RMS regulate the magnitude of the scattered EM wave within spe-
cific frequency bands and have been widely explored for functionalities including tunable
perfect absorbers and transmission or backscatter control [3,4,7,8,17,18]. However, for more
sophisticated and performance-critical applications—such as high-fidelity holography,
multi-beamforming, high-resolution imaging, and sidelobe suppression—the ability of
RMS to simultaneously control both the phase and amplitude of the reflected wavefront
is highly desirable. The independent and continuous modulation of these two degrees of
freedom enables precise wavefront shaping and significantly improves system performance
in ‘smart’ EM environments. Nevertheless, most reported RMS capable of amplitude and
phase tuning operate at microwave and/or millimeter-wave frequencies, employing PIN
diodes or varactors [19]. Unfortunately, extending such designs to the THz band, even the
sub-THz (e.g., 300 GHz), remains challenging due to increased material losses, fabrication
constraints, and the reduced effectiveness of conventional tuning mechanisms at shorter
wavelengths [1,2]. This gap highlights the need for simple, compact, low-loss, and efficient
RMS platforms suitable for emerging THz or hybrid applications [20].

To address this demand, focus has shifted to advanced materials that exhibit strong
THz light-matter interaction and offer additional degrees of freedom for realizing complex
and dynamic EM functionalities. This has driven the development of smart materials
and nanostructures capable of achieving efficient and versatile tunability in the THz
band [10,21]. Atomically thin 2D materials, such as graphene [22], and phase-change
materials, such as vanadium dioxide (VO2) [5], are two emerging and promising material
platforms for achieving dynamic and reconfigurable THz wavefront scattering. In the THz,
graphene exhibits superior carrier mobility, which allows for efficient electrical control of
its reactive surface conductivity, making it particularly attractive for dynamic phase control.
VO2, on the other hand, exhibits a reversible insulator-metal transition (I-M-T) near 340 K,
during which its bulk electrical conductivity changes by several orders of magnitude; this
enables strong and controllable amplitude modulation, which cannot be achieved with
graphene alone or other phase-change materials [23,24], which require more complicated
resonant structures, reducing fabrication feasibility. Therefore, using this hybrid MS design,
independent control of the amplitude and phase is realized, which is difficult to achieve
using a single material platform [25].

In this work, we employ a hybrid unit cell that integrates graphene and VO2 in
a single THz RMS design to exploit their combined strong points: Electrically tuning
graphene’s chemical potential (μc) primarily alters the reactive component of its surface
impedance, leading to a smooth and broadband phase modulation; as a result, graphene is
suitable for phase control but is intrinsically limited in amplitude modulation due to its
relatively weak absorption in the THz range [26,27]. The I-M-T of VO2 [28] largely modifies
its resistive impedance through its bulk conductivity (σVO2) which can be exploited to
modulatethe reflection magnitude in resonant MS structures. We choose a hybrid but
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decoupled MS architecture where varying graphene μc minimally perturbs the absorption
(governed by the VO2 state) and, conversely, changing σVO2 has limited impact on the
reflection phase. This architecture enables flexible and independent modulation of the
complex (amplitude and phase) EM wave scattering, which is not readily achievable
with either material alone. The graphene–VO2 hybrid MS therefore provides a practical
pathway toward multifunctional, reconfigurable THz metasurfaces capable of dynamic
and independent reflection phase and magnitude modulation, which is highly desirable for
emerging 6G communication and sensing applications [25]. Normal incidence is considered
in all theoretical studies, for the sake of simplicity, but polarization-dependent performance
under oblique illumination is also numerically evaluated.

The remainder of this paper is organized as follows: Section 2 presents a systematic
design methodology of the proposed RMS, highlighting the unit cell architecture, material
dispersion models, equivalent circuit/transmission line model (ECM/TLM), and full-
wave EM simulations. Section 3 reports and compares the results obtained from three
investigated configurations. Section 4 provides a detailed discussion and comparison of the
results to the current state-of-the-art. Finally, Section 5 concludes the paper by summarizing
the main findings.

2. Design of the Unit Cell

2.1. Unit Cell Architecture

A three-dimensional schematic of the proposed MS array and the unit cell structure
are shown in Figure 1a and Figure 1b, respectively, with periodic extension along the x and
y directions. This unit cell adopts a multilayer architecture consisting of five stacked layers
arranged sequentially from top to bottom: The top layer is VO2 which is investigated in two
configurations, as a uniform bulk slab and as a patterned square patch occupying a large
fraction of the unit cell area [29,30]. VO2 (PCM) is toggled between transparent and metallic
state. Thus, without being highly absorptive itself, metallic VO2 can form an absorption
resonance inside the unit cell (where the low losses of graphene can be exploited) which
eventually controls the magnitude of the reflected wave; this control is effectuated by tuning
the σVO2 via heating. Next, an oxide (SiO2) dielectric layer is introduced beneath the VO2

layer, to provide electrical isolation and reduce the coupling between the reconfigurable
materials; in the THz, SiO2 is described by a relative permittivity εr = 3.88 (refractive index
is 1.97), assumed dispersionless. A graphene monolayer is incorporated below the dielectric
oxide spacer; graphene is modeled either as an infinite sheet or in square-patterned patches,
with zero thickness in both cases.High-quality graphene predominantly controls the phase
of the impinging THz wave, owing to its largely reactive surface impedance. Graphene
also has some losses (resistive impedance) which can be considered as parasitic for the
phase-manipulation, i.e., they are not strong enough to create an absorption resonance by
themselves.Consequently, by electrically tuning graphene’s μc, we control only the phase
of the reflected wave. The graphene layer is supported by a silicon substrate with a relative
permittivity εr = 11.8 (dispersionless), which enhances field confinement and mechanical
robustness in the multilayer structure [31]. Finally, the back of the cell is terminated with a
continuous gold mirror, modeled as a perfect electric conductor, to suppress transmission
and enable reflective mode operation [32,33]. The combination of these two qualities,
brought by graphene and VO2, highlight the potential of this hybrid unit cell design in
achieving independent modulation in phase and magnitude.
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Figure 1. The reconfigurable hybrid MS architecture. (a) Example of a 5 × 5 cell array. (b) Unit cell
schematic with material and dimension annotations.

2.2. Material Dispersion Models

Graphene is modeled as a zero-thickness transparent impedance sheet, e.g., with
a custom “tabulated surface impedance” (TSI) material in CST Microwave Studio; its
corresponding complex surface conductivity σs is given by Kubo formulas [34]. Graphene’s
surface conductivity generally has intraband and interband contributions, but the intraband
term is dominant in the THz regime; so, the interband term (which is dominant in the near-
infrared and visible spectrum) can be neglected [35,36]. According to the Kubo formulas,
the complex σs depends on the interacting EM wave frequency (ω), lattice temperature (T),
chemical potential (μc), and relaxation time (τ), i.e., σs = σs(ω, T, μc, τ). In this work, we
exploit the dependence on μc by assuming it can be externally controlled, e.g., by electrical
gating or biasing. The relaxation time is related to the carrier mobility (μmob), which
quantifies the purity of the graphene sample [37], i.e., its losses. With these assumptions,
the graphene THz surface conductivity is expressed as

σs ≈ σintra = j
2q2KBT

πh̄2(ω + jτ−1)
ln
[

2 cosh
(

EF
2KBT

)]
, (1)

where h̄ = h/(2π) is the reduced Planck constant, KB is the Boltzmann constant, and
τ = (μcμmob)/(qv2

f ), i.e., it depends on the chemical potential. We consider a fixed Fermi

velocity v f = 106 m/s and a fixed μmob = 20,000 cm2 V−1 s−1; q is the electron charge. For
μc � KBT, i.e., for highly doped graphene at room temperature T = 300 K, it holds that
μc ≈ EF and that the surface conductivity can be further simplified into the Drude-like
spectra as

σs(ω; μc, τ) = j
q2μc

πh̄(ω + jτ−1)
, (2)

which highlights its μc-dependent dispersive properties.
For the VO2 THz dispersion, we used the Drude formula

εr(ω; σVO2, γ) = ε∞ − ω2
p(σVO2)

ω2 + jγω
, (3)

where ω is the EM wave frequency, ε∞ is the high-frequency relative dielectric permittivity,
ωp is the plasma frequency, and γ = 5.75 × 1013 rad/s is the collision frequency that
dictates the losses. As implied by Equation (3), the plasma frequency depends on its heat-
tunable bulk conductivity and can be approximated as ω2

p = ω2
p(σVO2) = (σVO2 /σref)ω

2
p,ref

with reference bulk conductivity σref = 3 × 105 S/m and reference plasma frequency
ωp,ref = 1.4 × 1015 rad/s. Importantly, the bulk conductivity of VO2 in the metallic state
is four orders of magnitude higher than its conductivity in the insulator (dielectric) state.
In this work, we set the two σVO2 extremes, for dielectric and metallic states, as 20 S/m
and 200,000 S/m, respectively. Furthermore, we assume this bulk conductivity can be
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continuously varied between the insulator and metallic states, e.g., by temperature control,
to consider its behavior in the intermediate states.

Note that the heating-mediated phase transition in VO2 is non-volatile and is intended
to be used at slow rates (not in fully dynamic scenarios), i.e., as a ‘toggle’ switch between
absorptive and wavefront-shaping RMS functionalities; the former can be used in wireless
sensing (e.g., if graphene patches are seen as planar integrated plasmonic antennas or
photodiodes), while the latter is used in wireless communications (beam steering to extend
non-line-of-sight coverage).

2.3. Transmission Line Modeling

A transmission line model (TLM) is be used to approximately quantify the reflection
coefficient spectra when the MS cell of Figure 1b is illuminated by a plane wave. The unit
cell cross-section side view and the corresponding TLM are shown in Figure 2 for two
configurations of the VO2 layer. The purpose is to calculate the input impedance Zin at the
top side, i.e., at the exposed surface where THz light impinges normally on the surface.
Importantly, the model must use only the wave frequency, geometric dimensions, and
material properties of the unit cell, in closed-form expressions, so that we can compute the
spectra without conducting full-wave simulations. To compute Zin, we can start from the
bottom of the TLM, i.e., from the reflective mirror, and move to the top, using transmission
line theory [37–39].
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Figure 2. Unit–cell cross section and corresponding transmission line model (TLM) for the case
where the VO2 material is (a) unpatterned, i.e., a slab, or (b) patterned into wide patches. The shunt
admittances Ygra and YVO2 of the patch arrays can be computed by equivalent circuit models (ECM).

Starting from the bottom, the gold ground plane is considered a short circuit. Then,
the silicon substrate slab with thickness tSi is modeled as a transmission line (TL) segment
of that same length, of characteristic impedance Z0,Si and of phase constant βSi. For normal
incidence, it holds that Z0,Si = η0/√εr,Si and βSi = k0

√
εr,Si, where η0 ≈ 377 Ω is the vac-

uum wave impedance and k0 = 2π/λ0 is the vacuum wavenumber. The input impedance
of this TL segment, marked as Z3 in Figure 2, is given by the grounded TL equation

Z3 = jZ0,Si tan(βSitSi). (4)

Continuing, the impedance Z2 is the parallel combination of the surface impedance
of the graphene layer (Zgra = 1/Ygra) and the input impedance of the previous layer, Z3,
computed as

Z2 =
ZgraZ3

Zgra + Z3
. (5)

When the graphene sheet is infinite, then Zgra = 1/σs, i.e., its surface conductivity suffices.
When the sheet is patterned, e.g., in wide patches with narrow gaps, the surface impedance
of this array has an extra a capacitive (reactive) term which can be computed by an
equivalent circuit model (ECM), presented in the following subsection.
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Then, since the top SiO2 substrate is also a uniform slab, it can be similarly modeled
as a TL segment of length tSiO2 ‘loaded’ by Z2; the input impedance at the slab’s top port,
marked as Z1 in Figure 2, is given by the impedance transformation equation (ITE)

Z1 = Z0,ox
Z2 + jZ0,ox tan(βoxtox)

Z0,ox + jZ2 tan(βoxtox)
. (6)

Note that for a short-circuit load, i.e., Z2 = 0, the ITE is equivalent to Equation (4).
Finally, on the top of the cell, the VO2 slab of thickness tVO2 depicted in Figure 2a is

modeled as a thin TL segment, similar to the modeling of the two dielectric substrates; the
difference here is that the characteristic impedance and phase constant of the transmission
line are Drude-dispersive as the relative permittivity of the VO2 slab depends on ω according
to Equation (3). The total input impedance Zin of the MS unit cell is computed by an ITE,
now using Z1 as the ’load’,

Zin = ZVO2

Z1 + jZVO2 tan(βVO2 tVO2)

ZVO2 + jZ1 tan(βVO2 tVO2)
, (7)

where tan(βVO2 tVO2) ≈ βVO2 tVO2 for very thin layers. Alternatively, if the VO2 layer is pat-
terned in deeply subwavelength-thickness square patches, i.e., similar to the graphene sheet,
an ECM can be used to compute the equivalent surface impedance of this VO2 patch array
which shunts Z1 to compute Zin, instead of using the ITE; see the following subsection.

Having computed Zin and assuming normal THz wave incidence from the air-exposed
side of the unit cell (Z0 = η0), the co-polarized complex-valued reflection coefficient (Γ) at
the input port where the THz light impinges is given by

Γ =
Zin − Z0

Zin + Z0
. (8)

2.4. Equivalent Circuit Model for Surface Impedance of Capacitive Patch Arrays

The ultra-thin graphene wide-patch array sandwiched between two dielectric sub-
strates with permittivities εr1 and εr2 can be approximated with a surface impedance Zgra

given by [29,30]. The surface impedance consists of two parts in series, Zgra = Zsc + Zgrid:
The first term mainly depends on the surface conductivity of the graphene patch material,
and the second term represents the equivalent surface impedance of the periodic capacitive
patch array, which can be computed analytically as [30]

Zgrid = −j
neff
2α

, (9)

where α is the so-called ‘grid parameter’, which relates the tangential electric field at the
MS plane to the induced surface current density on the periodic patch array. Physically,
it quantifies the strength of electric coupling between adjacent metallic elements and
therefore governs the capacitive behavior of the grid when the inter-element gaps are much
smaller than the unit-cell period [30,40]. According to the classical Kontorovich–Tretyakov
grid theory, for an electrically dense periodic array of metallic patches or strips, the grid
parameter α is given in this case as [30,41],

α =
keffwp

π
ln
{

csc
[

π(wc − wp)

2wp

]}
. (10)
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In this manner, the final ECM-computed surface impedance of the graphene capacitive
patch array is

Zgra = Zsc + Zgrid =
1
σs

wc

wp
− j

ηeff
2

π

keffwp
ln−1

{
csc
[

π(wc − wp)

2wp

]}
. (11)

where σs is the dispersive surface conductivity according to Equation (2) above, ηeff is the
wave impedance in the equivalent bulk medium in which the graphene patch is embedded
[with relative effective permittivity εr,eff = (εr1 + εr2)/2], wp is the width of the graphene
patch, and wc is the period of the unit cell. Furthermore, keff = k0

√
εr,eff is the wave number

of the incident wave in the equivalent medium. In the case of the graphene patch array in
the unit cell of Figure 1b, it holds εr,eff = (εr,Si + εr,ox)/2.

Now, concerning VO2 when patterned in wide patches: We can model it as a shunt
load equivalent to how graphene is modeled in Equation (11). In this case, the complex
surface complex conductivity is expressed according to [42,43] as

σVO2 = j[εr(ω)− 1]ωε0tVO2 (12)

in units of Siemens. The surface impedance of the capacitive VO2 patch array is given by
Equation (11) after replacing σs → σVO2 and computing keff and ηeff with the corresponding
εr,eff = (1+ εr,ox)/2, as the VO2 patches are between air and silicon dioxide. Obviously, the
width of the VO2 patches can be different from the width of the graphene patches, but both
must be small in all cases. The cell side view and the corresponding TLM for this case are
shown in Figure 2b, and the reflection coefficient at the input port at the top is determined
in the same way as outlined earlier.

2.5. Full-Wave Simulation

We employ the CST Microwave Studio simulation software [44] to numerically in-
vestigate the EM response of the proposed MS unit cell, assuming infinite periodic repeti-
tion. The simulation is carried out using the frequency domain solver with tetrahedron
mesh, which provides high accuracy for steady-state spectral, phase and absorption anal-
yses [44,45]. The optimized geometric dimensions of the unit cell are shown in Table 1,
which are the same throughout the following sections, unless otherwise stated. The unit
cell periodic boundary conditions are applied along the x- and y-directions. We excite the
structure at the upper Floquet port under normal plane wave incidence along the z-axis.
An open boundary condition is assigned at the excitation top boundary (zmax), where the
reflection is to be computed, and the bottom boundary (zmin) is modeled as a perfect electric
conductor (PEC) to emulate the gold backplane [44,46]; use of realistic materials (such as
gold) has a minimal impact on the response. The temperature-dependent phase transition
behavior of VO2 is incorporated in the simulation by varying its bulk electric conductivity
σ from 20 S/m to 200,000 S/m, which transitions from the insulator to metallic state [5];
this change affects the plasma frequency, and the final dispersive permittivity used in
the simulations is implemented by a Drude model. Also, the graphene layer is modeled
with a TSI with surface conductivity values taken by the Kubo formula (intraband); such
a zero-thickness impedance sheet properly captures its two-dimensional nature without
introducing artificial thickness, which is negligible compared to THz wavelengths, that
should be meshed, increasing computational burden. The graphene surface impedance,
which is highly reactive at THz wavelengths (imaginary part of σs is non-negligible), is
tuned simply by varying the chemical potential μc, typically between 0.1 (near-pristine
graphene) and 1 eV. This approach reduces the computational cost while preserving the
essential electromagnetic behavior of the graphene-wave interaction [22,47,48].
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Table 1. Geometric parameters of the metasurface unit cell (in μm).

wc tAu tSi tSiO2
tVO2 wp,gra wp,VO2

30 1.2 20 15 0.1 27 27

3. Results

In this section, we present and compare the unit cell response results by ECM/TLM
modeling and by full-wave simulations. The analytical ECM/TLM provides a good starting
tool for pre-selecting the geometric dimensions before an optimization with full-wave
simulations at the unit cell is performed. We consider normal illumination; however, the
ECM and TLM can both be extended to oblique incidence, according to [29,30], to study
the polarization sensitivity of the device.

3.1. VO2-Only Configuration for Reflection Amplitude Modulation

We first investigate the EM response of the MS when graphene is absent, considering
the unit cell consisting of VO2 on top of the oxide/Si substrate backed by the gold ground
plane. We assume the bulk conductivity of VO2 can be continuously tuned between the
dielectric and metallic phases, e.g., by heating.

We start with the unpatterned VO2 slab case, which can be modeled by a simple
TLM. The slab thicknesses are varied to 0.1 μm, 1 μm, 2 μm, and 5 μm to investigate its
influence on THz reflection [49]. The input impedance Zin and the reflection coefficient
Γ are subsequently computed as discussed in the methodology section by setting σs = 0.
The equivalent circuit is shown in Figure 3a, where the unpatterned VO2, oxide, and Si
slabs are cascaded as TL segments, while the gold mirror corresponds to a short-circuit
termination [29,30,43].
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Figure 3. Unit–cell cross section and transmission line model (TLM) for the case where the VO2

material is (a) unpatterned, i.e., a slab, or (b) patterned into wide patches. Graphene has been
removed in both cases.

The corresponding reflection amplitude spectra are presented in Figure 4a, where
we vary the VO2 bulk conductivity. These spectra clearly show the Fabry–Pérot resonant
behavior of the stratified medium backed by a PEC ground. For low σVO2 , below 200 S/m,
the structure behaves as a loss-low dielectric slab, exhibiting minimal resonance with a
reflection coefficient close to unity, indicating weak electromagnetic coupling. This is con-
sistent with the insulator phase of VO2, where the interaction with incident THz radiation
is dominated by dielectric reflections [5,50]. As the conductivity increases towards the in-
termediate and metallic phases, deeper and sharper resonance dips appear at nearly 1 THz
periodicity (free-spectral range, FSR), which is consistent with Fabry–Pérot standing-wave
resonances [50,51]. Figure 4b presents a comparison between the analytical ECM/TLM and
the full-wave CST simulation for the metallic VO2 state; as expected, for the unpatterned
slab unit cell configuration, the agreement is exact.
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Figure 4. (a) Reflection amplitude tuning by changing the top VO2 slab bulk conductivity, in S/m, in
the unit cell. (b) Comparison between full-wave simulation and transmission line model, for the fully
metallic case, σVO2 = 200,000 S/m.

Figure 5 studies the effect of the thickness of the unpatterned VO2 slab on the reflection
spectra as it is increased from 0.1 μm to 5 μm. For small thickness (0.1 μm), the structure
supports discrete resonance frequencies, with relatively broad absorption minima within
each frequency band. In this thin-film regime, the effective optical path length is short,
leading to weak multiple reflections and reduced field confinement within the cavity. As a
result, the supported resonances are fewer in number less sharply and weakly defined in
frequency. As the VO2 thickness increases progressively up to 5 μm, the optical thickness of
the multilayer stack increases substantially, enhancing internal reflections between the VO2

layer and the metallic ground plane. This enhances field confinement and the excitation
of higher-order longitudinal cavity modes, leading to multiple sharp absorption dips and
a decrease in the spacing between adjacent resonances. This behavior is typical of Fabry–
Pérot cavity dynamics, where the resonance condition is governed by the round-trip phase
condition imposed by the geometry of the cavity. Specifically, the free spectral range (FSR)
of a Fabry–Pérot cavity is inversely proportional to the effective optical length, such that
increasing the VO2 thickness reduces the FSR. As a result, a larger number of resonant
modes can be accommodated within the same spectral window. Moreover, the increased
thickness enhances impedance modulation and loss accumulation within the VO2 layer,
further deepening the absorption minima. These combined effects explain the transition
from sparse, broadband absorption features at small thicknesses to more dense and higher
Q-factor resonances at larger thicknesses [52].

Next, we examine the unit cell configuration shown in Figure 3b, in which the VO2

layer is now patterned in patches with a width equal to 90% of the unit-cell width (pe-
riod). In this case, the VO2 is represented by a parallel admittance, whose value is
given by the ECM. The resulting reflection amplitude and phase spectra are presented in
Figure 6a and Figure 6b, respectively [29,30,53,54]. Compared with the unpatterned slab
configuration, the VO2 patch configuration generally exhibits higher reflection levels, which
are seen as shallower resonance dips in the reflection spectrum. This behavior arises due
to the fact that patterning reduces the effective volume of the lossy material participating
in the light-matter interaction. As a result, both ohmic dissipation and plasmonic losses
associated with induced surface currents are reduced, which alters the surface impedance,
so less incident power is absorbed and more is reflected. In addition, the edge capaci-
tance from the patch gaps also modify the resonant condition compared with the uniform
slab case. These effects shift the resonance condition and weaken absorption by reducing
current continuity. This further contributes to the shallower reflection minima which is
observed in the patch configuration. The corresponding reflection phase unveils that the
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VO2 patch configuration produces minimal phase change when the conductivity is swept
from dielectric to metallic state. This combination makes the patch geometry particularly
suitable for applications where a high reflected amplitude is desired, with comparatively
less emphasis on wide phase tunability. The decoupling of amplitude and phase responses
makes the patch geometry particularly attractive for applications requiring large reflection
amplitude combined with wide phase tunability, such as reconfigurable reflect-arrays,
beam steering, and wavefront shaping metasurfaces [54–56].
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Figure 5. Analytical TLM reflection amplitude spectra for four different VO2 slab thicknesses as
the bulk conductivity is changed; in all four panels, the different colored curves correspond to
different σVO2 values, given in the legends of panels b and d. (a) tVO2 = 0.1 μm, (b) tVO2 = 1 μm,
(c) tVO2 = 2 μm, (d) tVO2 = 5 μm.
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Comparison between the ECM/TLM and full-wave simulations also reveals excellent
agreement as shown in Figure 7. The ECM/TLM accurately reproduces the resonance
frequencies as well as the overall dispersion trends of both the reflection magnitude and
phase across the considered spectral range. Only minor discrepancies are observed in
the depth of the amplitude minima as frequency increases, which can be attributed to
higher-order modes and edge-induced fringing fields that are inherently captured in the
full-wave simulations but approximated in the analytical formulation. Nevertheless, the
very good agreement near the first resonance validates the proposed ECM/TLM approach
and confirms its robustness and reliability for accurately estimating the resonance frequency
and Q-factor of the VO2-patch unit cell.
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Figure 7. Comparison of reflection spectra, (a) magnitude and (b) phase, between full-wave CST
simulation and the ECM/TLM, for the unit cell of Figure 3b, where VO2 is patterned in patches and
σVO2 = 200 S/m.

3.2. Graphene-Only Configuration for Reflection Phase Modulation

In this subsection we consider the unit cell configuration of Figure 8 in which the
graphene is present, sandwiched between the Si and SiO2 layers, while the top VO2 layer
is removed. For this more well-studied configuration, e.g., [37,54], we examine both the
reflection magnitude and phase responses obtained from our analytical ECM/TLM and
full-wave simulations.
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Figure 8. Unit-cell cross section and transmission line model for the case where the graphene
monolayer is (a) unpatterned, i.e., an infinite sheet, or (b) patterned in square patches. VO2 has been
removed in both cases.

Starting from the unpatterned graphene sheet configuration, the results are presented
in Figure 9. The reflection amplitude spectra obtained from the analytical ECM/TCM
and the CST full-wave simulations show very good overall agreement near the first res-
onance, around 1 THz, confirming the validity of the analytical approach in this region.
Both approaches capture the main resonance frequency and the high-frequency reflective
behavior of the structure. The small discrepancies in the magnitude and the progressive
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mismatch of the phase can be attributed to material dispersion (difference in CST and
our own version of the Kubo formula), and the more realistic treatment of graphene and
dielectric interfaces, which are not fully captured by the simplified assumptions of the
analytical model [9,35]. Overall, the comparison demonstrates that the analytical model
reliably predicts the qualitative first-resonance electromagnetic response of the multilayer
structure, while CST provides further accuracy. The reflection-phase results also show the
same resonant dispersive behavior with phase flips at the resonance frequencies. The slight
difference is expected because the CST includes realistic losses and full wave interactions.
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Figure 9. Reflection (a) magnitude and (b) phase spectra in the infinite graphene monolayer unit
cell configuration; comparison between ECM/TLM and full-wave simulation for graphene chemical
potential at 0.1 eV.

Next, the graphene layer is assumed to be patterned in square patches of width
90% that of the unit cell. The reflection amplitude spectra from the sheet and patch case
are compared in Figure 10 and one can observe that the graphene patch gives higher
reflection amplitude [36,57]. That is because reducing the graphene coverage decreases
the interaction between the incident wave and the conductive surface. The continuous
sheet supports stronger surface currents and higher ohmic and plasmonic dissipation,
producing a deeper resonance and lower |Γ|. In contrast, the patch introduces current
confinement and additional capacitive discontinuities, which weaken the effective coupling
to the incident field and increase the surface-impedance mismatch. As a result, the patch
absorbs less energy and reflects more, leading to a shallower reflection dip compared with
the uniform sheet.
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Figure 10. Reflection amplitude for graphene sheet and patch configurations, both assumed at low
chemical potential, μc = 0.1 eV.
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The reconfigurable reflection-phase results shown in Figure 11 demonstrate strong
and broadband tunability as the graphene chemical potential is varied from 0.1 eV to
1.0 eV. The maximum phase tuning is achieved near 1.2 THz and exceeds 240◦. Increasing
μc shifts the resonance features to higher frequencies. This behavior arises from the
change in graphene’s complex-valued surface conductivity and its impact on the effective
impedance of the multilayer structure can be understood through the ECM. The smooth
phase evolution and relatively large reflection magnitude confirm the suitability of the
design for THz wave phase-modulated metasurfaces, even without the contribution of VO2.
More meticulous optimization of the dimensions (dielectric material and/or thickness) and
graphene patch shape and placement might further improve the performance.
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Figure 11. Full-wave simulated reflection (a) magnitude and (b) unwrapped phase spectra as the
chemical potential is varied from 0.1 eV to 1 eV, in the graphene-patch configuration without VO2.

3.3. Hybrid Graphene/VO2 Configuration for Independent Reflection Phase and
Amplitude Modulation

In this section, graphene and VO2 patches are simultaneously present to investigate
the potential of such hybrid configurations for the independent control of the reflection
amplitude and phase, enabled by the combined tuning mechanisms: changing graphene μc

(phase tunability) and/or VO2 bulk conductivity (amplitude modulation).
In Figure 12a we present the reflection magnitude spectra when the VO2 conductivity

is varied from its insulating state to the metallic state, while the graphene chemical potential
is fixed at 0.5 eV. We observe the reflection amplitude modulation particularly around
the resonance near 1.2 THz. As the conductivity of VO2 increases, both the depth and
the spectral position of the reflection minima vary significantly, demonstrating strong
amplitude tunability of the MS. At the resonance position, the reflection magnitude is
almost −30 dB, indicating near-perfect impedance matching and high absorption induced
by the metallic state of VO2. In contrast, when VO2 is in the insulating state, the reflection
magnitude is considerably higher, corresponding to a weakly lossy and predominantly
reflective regime. This wide dynamic range in |Γ| highlights the effectiveness of VO2

as an active amplitude-modulation element in the proposed metasurface design. Also,
maintaining the graphene chemical potential at 0.5 eV results in only marginal changes
in the reflection amplitude, confirming that graphene has a minimal impact on amplitude
modulation under these conditions. One can observe that there exists a critical σVO2 at
which full absorption is achieved, in this case 2.5 × 104 S/m. Further increasing σVO2

reduces the absorption and induces a shift of the resonance frequency. This behavior
highlights an intrinsic limitation of the present design: that the tuning of graphene and
VO2 on the EM response—namely the amplitude and phase—are not fully decoupled for
one frequency. In particular, variations of σVO2 could lead to more complete coverage
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of the magnitude and phase, as shown below, but possibly not at the same frequency.
This behavior is consistent with the predominantly reactive response of graphene in the
THz regime, where it primarily influences the phase rather than introducing significant
dissipative losses.
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Figure 12. Hybrid graphene/VO2 unit cell simulated reflection (a) magnitude spectra as σVO2 is
varied with fixed μc = 0.5 eV and (b) phase spectra as μc is varied with fixed σVO2 = 20 S/m.

In Figure 12b, we present the reflection phase spectra of the hybrid MS unit cell as
graphene μc is varied from 0.1 eV to 1.0 eV while the VO2 patch array (thickness 0.1 μm)
is fixed in its insulating state, i.e., at σVO2 = 20 S/m. As μc increases, the resonance
frequency blue-shifts, as indicated by the ∠Γ = 0 crossing. This behavior originates from
the tunable surface conductivity of graphene, which alters the effective surface impedance
of the metasurface and, consequently, the phase of the reflected wave. The wide and
continuous phase evolution across the considered range of μc confirms the strong capability
of graphene to enable dynamic phase modulation in the proposed unit cell. The maximal
reflection phase coverage of 245◦ at 1.2 THz, when μc = 0.1 → 1 eV, is almost enough to
create a 2-bit (4-state) digital holographic metasurface.

To showcase the full tunability map of the complex reflection coefficient at the hybrid
unit–cell, in Figure 13 we present |Γ| and ∠Γ as a function of both μc tuning (horizontal axis)
and σVO2 tuning (vertical axis) at a fixed operating frequency of 1.2 THz. The magnitude
heatmap in panel Figure 13a shows that there exists one specific combination of control
parameters μc and σVO2 that leads to perfect absorption (|Γ| < −20 dB). On the bright
side, tuning any of the two control parameters can lead to absorption modulation of
over 15 dB. For instance, for a |Γ| = −20 → −5 dB modulation, one could either toggle
μc = 0.1 → 0.5 eV (at fixed σVO2 ≈ 104 S/m) or toggle σVO2 = 104 → 105 S/m (at fixed
μc = 0.5 eV).

The phase heatmap in Figure 13b clearly reveals a monotonic and nearly uniform
phase variation covering 245◦ along the μc axis for σVO2 up to 3500 S/m; low σVO2 values
are preferable for holographic phase control as |Γ| does not fluctuate much as μc is swept.
Now, the absence of noticeable phase variation along the σVO2 axis indicates that, in its
insulating state, VO2 has a negligible influence on the phase response at this frequency.
This demonstrates that the phase modulation mechanism is effectively decoupled from
VO2 and is predominantly governed by graphene. Consequently, graphene serves as the
phase-tuning element, while VO2 is reserved for independent amplitude (i.e., absorption)
control in the hybrid metasurface designs. This decoupled behavior is highly advantageous
as it enables independent and flexible control of phase and magnitude within a single MS.
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Figure 13. Hybrid graphene/VO2 unit cell simulated reflection (a) magnitude and (b) phase heatmaps
at 1.2 THz as both σVO2 and μc are varied.

Concluding the hybrid graphene/VO2 unit cell performance analysis, in Figure 14 we
evaluate the {σVO2 , μc}-reconfigurable reflection at 1.2 THz under oblique 30◦ incidence,
in both TE and TM planes. The CST simulated results show only slight degradation in
performance, i.e., higher overall absorption (more evident in TM polarization) and a small
reduction in ∠Γ-coverage. These indicate that the proposed RMS unit cell performance is
robust under oblique illumination in both polarization planes.
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Figure 14. Hybrid graphene/VO2 unit cell simulated reflection (a,b) magnitude and (c,d) phase
heatmaps at 1.2 THz as both σVO2 and μc are varied, under oblique 30◦ incidence in both (a,c) TE and
(b,d) TM planes.
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4. Discussion and Comparison

As presented in the Introduction, the independent control of the phase and the magni-
tude of the scattered THz wave is desired to implement high-performing multifunctional
and reconfigurable metasurfaces (RMS), enabling wavefront shaping and sensing appli-
cations within a single platform. In this section, we present similar RMS designs and
associated functionalities, with a special emphasis on the material platforms employed
here, i.e., graphene and VO2, and the involved technological complexity.

In [58], the authors used VO2 to achieve near-perfect absorption and reflection by
switching conductivity between metallic and dielectric states. In [59], VO2 is used to exhibit
dual functionalities of broadband absorption and reflective beam steering by switching
from metallic state to insulator state. In [60], the authors used VO2 together with patterned
metallic resonators to achieve both broadband and triple narrowband absorption in a
simple 3-layer configuration by switching between the metal state and insulator state,
respectively [61]. In [62], graphene is used to achieve the same effect as in [60] by control-
ling the chemical potential of graphene in a 4-layer design consisting of metal-dielectric-
graphene-dielectric architecture from bottom to top. In [37], graphene was employed to
achieve nearly 100% reflection and absorption by reconfiguring the MS response via the
chemical potential of graphene; the 3-layer structure of graphene and silicon over a mirror
was analyzed using both equivalent circuits and simulation; the Authors also achieved both
anomalous reflection and wavefront modulation by controlling a group of unit cells. Phase-
modulated RMS was studied in [63], where a graphene-based MS gave rise to more than
330◦ phase modulation in the mid-infrared spectrum. Also, in [64], the authors achieved
efficiently tunable reflective MS consisting of a dielectric substrate sandwiched between a
hollow Z-shaped graphene structure and a ground plane. The phase tuning was achieved
by adjusting the rotation angle of the graphene. In [65], the authors achieved phase shift of
180◦ by changing the Fermi level based on a graphene hybrid MS. In 2018 [66], the authors
achieved an efficient control of both amplitude (>50 dB) and phase control (>90◦) in the
microwave frequencies at 11.8 GHz using a hybrid combination of graphene capacitively
coupled with a split ring resonator (SRR) for radar absorbing materials. In [64], the authors
used multi-layer varactor diodes loaded on metallic patches to achieve full control of phase
and amplitude response. The metasurface operated at 6 GHz. In 2023 [67], the dual ampli-
tude and phase tuning was achieved similarly by an arrangement of two varactor diodes
on the top and a lumped resistor on the bottom layer at a frequency band of 4 to 9 GHz. In
2024 [43], the authors proposed an equivalent circuit approach for independent phase and
amplitude control based on a Floquet modal expansion method [68,69] in the mmWave
frequency band. The amplitude control layer consisted of two monolayer graphene and
an electrolyte layer between them, and the phase control layer consisted of two metallic
patches connected by an ideal varactor diode and a ground dielectric slab.

Both graphene and VO2 are used in [70,71] for polarization conversion, triple band,
and dual band absorption. Also, in [72], the authors used integration of a metal patch,
graphene, and VO2 to design a programmable coding MS in the THz band capable of
switching between dynamic beam steering and dual-band absorber. In [25], a multifunc-
tional absorber based on graphene and VO2 with band selection capability was designed
and analyzed. Broadband absorption exceeding 90% was achieved when VO2 was set as
metal and graphene chemical potential was tuned. Similarly, the authors achieved double
narrowband absorption with VO2 in insulator mode and setting graphene μc at specific
values. Similarly, broadband and narrowband near-perfect absorption and transmission
tuning using both graphene and VO2 was studied in [56,73,74].
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Having reviewed the existing literature, it is evident that substantial potential remains
in the use of hybrid graphene–VO2 metasurfaces. Most reported studies employ graphene
and VO2 either individually or in hybrid forms, but primarily for amplitude-modulated
applications. Thus, relatively limited investigation was devoted to phase modulation
and independent control, which are essential for enabling more advanced smart radio
environments [75,76]. In Table 2, we compare the unit cell design and methodology outlined
in the present work to some of the similar papers found in the literature to showcase its
comparative advantage in independent and wide control of reflection phase and magnitude.

Table 2. Performance comparison of this work with previously reported graphene- and/or VO2-based
MS unit cell designs.

Ref.
Material Number of Operating Modeling Functionality Functionality

Used Layers Frequency Method (Amplitude/Phase) Description

[60] VO2–Metal 3 THz Simulation Amplitude Triple Band/ Broadband
Absorption

[37] Graphene 3 THz Simulation/ECM Amplitude/Phase Reflection/Absorption
Phase Gradient MS.

[64] Metal Patches 5 GHz Simulation/ECM Amplitude/Phase Simultaneous
Phase/Amplitude at GHz

[65] Graphene–Metal 3 THz Simulation Phase Maximum phase
shift 170◦

[72] Metal-Graphene-VO2 3 THz Simulation/ECM Amplitude/Phase Phase gradient Coded MS
Absorption/Beam steering

[18] VO2-Photosensitive
Silicon 7 THz Simulation Amplitude/Phase

Broadband
Absorption/Polarization

Conversion

This work VO2–Graphene 5 THz Simulation/ECM Amplitude/Phase
Reflection/Absorption

Independent control
−28 dB, 245◦ at 1.2 THz

5. Summary and Outlook

In this work, we incorporated graphene and VO2 materials in a simple multi-layer
hybrid metasurface unit cell to achieve independent (decoupled) reflection amplitude and
phase modulation of incident THz beams. The tuning of the phase, spanning over 245◦,
was achieved by changing the chemical potential of graphene patches sandwiched between
an oxide and a silicon layer; the tuning of the amplitude, from approximately −3 dB to
near-perfect absorption, was achieved by changing the bulk conductivity of an overlying
array of VO2 patches.

The proposed configuration resulted in a hybrid unit cell with minimal technological
complexity, which was initially designed using intuitive and efficient all-analytical meth-
ods. The designs were validated and subsequently optimized using full-wave numerical
simulations at the unit-cell level, showing good agreement with the model in the target
zone, around 1.2 THz. The tuning range and performance can possibly be enhanced, or
translated in central frequency, by further optimization.

As future research steps, we envision the study of non-local response (accounting for
inter-cell coupling in heterogeneous RMS configurations), finite-aperture diffraction, and
the multiphysical aspects of the required electro-thermo-optic controls.
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Abstract

Quasi-bound states in the continuum (quasi-BICs) in all-dielectric metasurfaces support
high-Q resonances that are highly sensitive to structural symmetry and radiative cou-
pling. Most previous studies have focused on static configurations on rigid substrates,
whereas the behavior of quasi-BIC modes in the presence of low-index polymer supports
remains less explored. In this work, we present a numerical investigation of quasi-BIC
resonances in a silicon nanodimer metasurface on a polydimethylsiloxane (PDMS) sub-
strate by systematically analyzing the effects of in-plane asymmetry, light incident angle
and substrate thickness variation on their spectral position and quality factor. The results
demonstrate pronounced tuning of the resonance wavelength and linewidth while pre-
serving the characteristic high-Q behavior of quasi-BIC modes. This study establishes
PDMS-supported silicon nanodimers as a viable platform for quasi-BIC metasurfaces and
provides guidelines for future mechanically or chemically reconfigurable infrared devices
based on polymer substrates.

Keywords: quasi-bound states in the continuum; dielectric metasurfaces; high-Q resonance;
Si nanodimers; angle-dependent optical response

1. Introduction

Bound states in the continuum (BICs) and their leaky counterparts, quasi-bound states
in the continuum (quasi-BICs), have emerged as a powerful route to trap and manipulate
light in compact photonic structures [1–3]. In contrast to conventional cavity modes that are
isolated from the radiation continuum by a bandgap or total internal reflection, BICs reside
inside the continuum of propagating modes yet remain perfectly confined due to symmetry
mismatch or destructive interference, ideally exhibiting infinite radiative lifetimes [1,2,4]. In
realistic structures, fabrication imperfections or intentional perturbations relax this perfect
confinement and give rise to quasi-BICs with finite but very large quality factors and ultra-
narrow spectral linewidths, which are more relevant for experiments and devices [5,6].
The ability of BICs and quasi-BICs to support strong field enhancement in subwavelength
volumes has motivated extensive work in photonic crystal slabs, resonant metasurfaces,
and polaritonic nanoresonators [2,3,7,8].

Because of these properties, BIC-based platforms have been exploited across a broad
range of applications. In passive systems, quasi-BIC resonances underpin narrow-band
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absorbers and thermal emitters [9], highly sensitive refractive index and biochemical
sensors [10], and waveguides or beam-shaping elements that use the topological nature
of BIC polarization vortices [2]. In plasmonic and phonon polaritonic systems, mirror-
coupled and polariton-based BIC or quasi-BIC metasurfaces have enabled tunable perfect
absorption and compact, narrow-band mid-infrared thermal emitters with significantly
enhanced Q-factors compared to earlier metasurface designs [11,12]. More broadly, recent
reviews have emphasized that BIC-enabled light confinement, sharp Fano resonances, and
far-field polarization control are now core tools for lasing, nonlinear frequency conversion,
sensing, and wavefront engineering [4,7,10].

Most of these demonstrations, however, rely on rigid substrates such as quartz, silicon-
on-insulator, sapphire, or CaF2 [13–16]. Such platforms are ideal for maintaining the
delicate geometric and symmetry conditions required for high-Q quasi-BICs, but they
inherently yield static devices that cannot easily conform to curved surfaces or undergo
large mechanical deformations. Even in active or reconfigurable implementations—using
electro-optic modulation in BaTiO3 [5], thermo-optic tuning, or mirror-coupled plasmonic
absorbers with engineered loss and gap sizes—the underlying substrates remain mechan-
ically rigid. As a result, the tuning mechanisms are typically based on refractive index
modulation, carrier injection, or local phase-change materials rather than large-amplitude
elastic deformation.

In parallel, there has been rapidly growing interest in tunable metasurfaces, particu-
larly for terahertz and infrared sensing. These platforms are often realized by patterning
metallic resonators on reconfigurable polymer or elastomer substrates, taking advantage of
their low refractive index, mechanical compliance, and low cost [17–22]. However, many
of these flexible metasurfaces rely on conventional resonances with moderate Q-factors
because radiation loss and material absorption limit the achievable linewidths. The recent
demonstration of bending sensing based on quasi-BIC resonances in a flexible terahertz
metallic metasurface shows that BIC physics can indeed be combined with mechanical
deformation, but it also highlights that most BIC-enabled flexible sensors to date operate
in the THz regime and employ lossy metallic elements [17,23]. At the same time, recent
reviews stress that tunability and integration with novel materials remain major challenges
and opportunities for next-generation BIC photonics [4,24].

Motivated by these developments, it is natural to ask how high-Q quasi-BIC metasur-
faces behave when they are placed on such low-index polymer substrates, and to what
extent the substrate properties themselves can shape their resonant response. Building on
this concept, we numerically investigate a silicon double-ellipse metasurface on a PDMS
substrate in the mid-infrared (3–6 μm) spectral range, where both silicon and PDMS exhibit
relatively low absorption for thin structure. Our results show that PDMS-supported silicon
nanodimer metasurfaces can sustain quasi-BICs with Q-factors on the order of 103 while
exhibiting sensitivity to angle and substrate thickness. We hope these results can provide
design guidelines for future mechanically or chemically reconfigurable infrared devices
based on polymer substrate platforms suitable for next-generation optical sensing and
wearable devices.

2. Design and Simulation Methods

The optical response of the quasi-BIC metasurface was investigated numerically using
the Wave Optics Module of COMSOL Multiphysics 6.2. A single unit cell of a periodic array
of silicon (Si) nanodimers supported by a substrate was modeled, as schematically shown
in Figure 1. The lateral dimensions of the unit cell were set to Px = 4.2 μm, Py = 2.9 μm.
The substrate is a polydimethylsiloxane (PDMS) slab with thickness tsub = 1 μm, covered
by an upper air region of thickness tair = 6 μm. Two identical silicon (Si) elliptical cylinders
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of height hSi = 0.2 μm were placed on top of the PDMS substrate. Each ellipse had in-plane
semi-axes Dx = 1.2 μm (along the x-direction) and Dy = 2.2 μm (along the y-direction) and
was rotated by an angle α = 20◦ with respect to the vertical axis. The half center-to-center
distance between the two ellipses was set to d = 1.05 μm along the x-direction. The
refractive indices of Si and PDMS were taken from data in the mid-infrared region [25,26].
The refractive index of the air superstrate was set to n = 1.0.

Figure 1. Schematic of the silicon nanodimer metasurface on a PDMS substrate. (a) Perspective view of
the periodic array of two elliptical silicon resonators on a PDMS layer. (b) Top view of a single unit cell.

To represent an infinite metasurface, Floquet periodic boundary conditions were
applied to the lateral boundaries of the unit cell along the x and y directions. A normally
incident plane wave was launched from the top port, with the electric field polarized along
the x-axis, while the bottom port absorbed the transmitted field. The reflection spectra were
investigated by sweeping the free-space wavelength from 3000 to 6000 nm. A tetrahedral
mesh was employed throughout the computational domain, with local refinement around
the Si–air and Si–PDMS interfaces.

3. Results and Discussion

We first examine how the in-plane symmetry of the silicon nanodimer controls the
appearance of the high-Q resonance at normal incidence. Figure 2a shows the symmetric
configuration in which the two ellipses are parallel to each other and aligned with the
vertical axis (α = 0◦) so that the unit cell possesses a mirror plane perpendicular to the
incident electric field. In this case, the reflectance spectrum axis (α = 0◦ trace in Figure 2b)
exhibited a resonance centered at λ = 3.68μm. This feature originated from a bright
mode lattice-guided resonance supported by the periodic Si metasurface and PDMS slab.
The mode coupled efficiently to the external radiation field and was therefore observed
in the reflectance spectrum. No additional narrow resonances were observed in this
configuration, indicating that any BICs present in the structure are completely decoupled
from the normally incident plane wave in this limit.

When the in-plane mirror symmetry was broken by rotating the two ellipses by a
finite angle α with respect to the vertical axis, a new narrow spectral feature emerges
in the 5.1–5.3 μm range, as seen in the reflectance map of Figure 2b. The lattice-guided
resonance at λ = 3.68μm remains almost dispersionless with respect to α. This behavior
indicates that this lattice-guided resonance is governed by vertical waveguiding and lattice
periodicity rather than by the dimer orientation. In contrast, the high-Q resonance is absent
at α = 0◦, and appears for any nonzero rotation angle, with its linewidth increasing as α
grows. This resonance is completely absent in the symmetric configuration and appears
only after the in-plane symmetry is perturbed, strongly suggesting that it originates from a
symmetry-protected BIC that is dark at α = 0◦ and becomes radiative when α �= 0◦. In other
words, the rotation of the ellipses lifts the symmetry mismatch between the bound mode
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and the outgoing plane wave, converting the ideal BIC into a high-Q quasi-BIC whose
radiative coupling can be controlled by the degree of asymmetry.

 

Figure 2. (a) Top-view schematics of the symmetric dimer configuration with two parallel ellipses
(α = 0◦) and the rotated dimer in which the ellipses are tilted by an angle α with respect to the vertical
axis, the green arrows indicate the rotation direction of the ellipses (b) Simulated reflectance as a
function of wavelength and rotation angle α at normal incidence. (c) Extracted quality factors of the
q-BIC as a function of 1/(sin α)2.

To quantify this dependence, we extracted the quality factor of the high-Q resonance
from one-dimensional cuts of the reflectance spectrum at each rotation angle and plotted it
as a function of 1/(sin α)2 in Figure 2c. The data points follow an approximately linear trend
over the explored range, consistent with the theoretical scaling Q ∝ 1/(sin α)2 predicted
for symmetry-protected quasi-BICs in perturbed periodic structures [27]. This scaling
confirms that the narrow resonance indeed originates from a symmetry-protected BIC
of the α = 0◦ metasurface whose radiative leakage is controlled by the dimer rotation
angle. From now on, unless otherwise noted, we fix the rotation angle to α = 20◦ as
a representative asymmetry value that yields a high-Q quasi-BIC with a less sensitive
linewidth to fabrication imperfections.

To clarify the nature of the two resonances identified in Figure 2, we decomposed
the multipole contributions of the Si dimer to analyze the physical mechanism of the two
resonance modes. The induced electric current density in the Si dimer were calculated,
from which the multipole moments were obtained following the formulation in Ref. [28]:

pα = − 1
iω

{
∫

d3rJωα j0(kr) +
k2

2

∫
d3r[3(r·Jω)rα − r2Jωα ]

j2(kr)

(kr)2 } (1)
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3
2

∫
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where pα, mα, Qe
αβ, Qm

αβ are the electric dipole, magnetic dipole, electric quadrupole, and
magnetic quadrupole, respectively. α,β = x, y, z are the Cartesian component indices, r is
position vector inside the dimer, Jω is the induced current density at angular frequency ω,
δαβ is the Kronecker delta, k is the wave number in the surrounding medium, and j1(kr) is
the spherical Bessel function with order 1. For the multipole decomposition, we integrate
induced current density over the combined volume of two silicon ellipses. The origin of
the coordinate system is placed at the geometric center of the dimer (midpoint between the
ellipse centers and at the mid-height of the silicon layer); z is normal to the substrate, x lies
along the dimer axis (center-to-center line), and y is the in-plane transverse direction.

The multipole spectra in Figure 3a show that, for the resonance at λ = 3.68 μm, the
response is overwhelmingly dominated by the electric dipole (ED) contribution, while the
magnetic dipole (MD), electric quadrupole (EQ), and magnetic quadrupole (MQ) terms
remain an order of magnitude smaller across the entire linewidth. The ED dominance
directly implies that the radiation into the far field is governed by a bright dipolar channel.

Figure 3. (a) Multipole contributions of the lattice-guided resonance at λ = 3.68 μm. (b) xz-plane
and (c) yz-plane cross-sectional electric field distribution at the same wavelength. (d) Multipole
contributions of the symmetry-protected quasi-BIC at λ = 5.25 μm. (e) xz-plane and (f) yz-plane
cross-sectional electric field distribution at the same wavelength. In panels (b,c,e,f), the black outlines
indicate the boundaries of the Si ellipses and the relevant material interfaces (air/Si/PDMS) shown
for visual guidance.

The field maps in Figure 3b,c are consistent with this interpretation. In the xz plane
(Figure 3b), the electric field intensity is only moderately enhanced near the dimer and decays
gradually into the PDMS substrate, forming a standing-wave pattern characteristic of a leaky
guided mode of the Si–PDMS slab. The field is not tightly confined to the resonators, which
explains the relatively strong radiation leakage inferred from the dominant ED contribution.
In the yz plane (Figure 3c), the in-plane electric field distribution shows that the electric field is
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concentrated near the edges of the Si ellipses and extends laterally along the x direction across
the unit cell. Altogether, these features identify the λ = 3.68 μm resonance as a conventional
electric-dipole-type lattice-guided resonance with relatively low Q.

In contrast, the high-Q resonance at λ = 5.25 μm exhibited a different multipolar
signature, as shown in Figure 3d. Here the MD and EQ contributions are strongly enhanced
and exhibit very sharp, high-amplitude peaks, whereas the ED contribution is strongly
suppressed and remains comparatively small. This redistribution of scattering power from
the ED channel into magnetic and higher-order multipoles indicates that the electric dipole
radiation of the unit cell is largely canceled by destructive interference between different
current distributions inside the dimer. As a result, the mode couples only weakly to the
external radiation continuum and attains a much higher Q-factor.

The field profiles in Figure 3e,f further support this picture. In the xz plane cross-
section (Figure 3e), the electric field is strongly localized around the Si ellipses, with intense
lobes that decay rapidly away from the resonators, indicating that most of the energy is
confined within a subwavelength volume near the high-index inclusions. In the yz plane
(Figure 3f), there is a highly symmetric field distribution across the dimer geometry. While
intense “hotspots” exceeding 13 × 107 V/m are localized within the high-index material,
the field also extends into the surrounding medium as evanescent “tails”.

To examine the angular dependence of the q-BIC supported by the metasurface, we
investigated its evolution as a function of the incident angle. Figure 4a showed the re-
flectance as a function of wavelength and incident angle for the rotated dimer configuration
(±α = 20◦) at fixed PDMS thickness tsub = 1 μm. The bright, nearly horizontal band around
λ = 3.68 μm corresponds to the lattice-guided resonance already discussed previously; its
resonance position is almost insensitive to the incident angle because it is mainly governed
by lattice periodicity and vertical waveguiding. In contrast, the high-Q features in the
4.7–5.4 μm range form a set of dispersive branches, indicating the presence of angularly
dispersive modes whose coupling to free space is strongly angle dependent.

To analyze these high-Q modes more clearly, Figure 4b presents a magnified view of the
circled region. Two distinct branches can be identified. The upper branch, labeled s-q-BIC,
originates at normal incidence and shifts with the change in incident angle. This branch is
the angular continuation of the symmetry-protected quasi-BIC discussed in Figures 2 and 3:
at incident angle 0◦ the mode is weakly coupled to the radiation continuum due to the
quasi-BIC symmetry, and as the angle increases it remains predominantly localized in the
nanodimer. The lower branch, which we refer to as a high-Q resonance branch, emerges
at a smaller wavelength and exhibits a strong angular dispersion. Its trajectory suggests
hybridization between the nanodimer resonance and a guided mode of the Si–PDMS stack:
as the incident angle increases, the in-plane wavevector component matches with the
guided spectrum, leading to a pronounced variation in radiative loss.

The corresponding quality factors, extracted from one-dimensional cuts of the re-
flectance spectrum, are plotted in Figure 4c for both branches. For the symmetry-protected
quasi-BIC (magenta curve), the Q factor starts at Q = 973 at normal incidence and gradu-
ally increases to Q = 2041 as the angle approaches 15◦. This trend indicates that oblique
incidence further reduces the mode overlap with the available radiation channels in the
surrounding media, leading to slightly lower radiative leakage. In contrast, the high-Q
resonance branch (blue curve) exhibits a non-monotonic behavior: the Q factor starts at Q
= 4383 at the angle 1◦, and then drops rapidly as the angle is increased further. Beyond
the angle 6◦, the mode becomes strongly leaky, and its Q factor falls to much lower values,
Q = 801 at 6.5◦ and Q = 142 at 7◦. We interpret this lower branch as a guided-resonance-
assisted high-Q mode whose radiation loss is minimized only in a finite angular window.
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Figure 4. (a) Simulated reflectance as a function of wavelength and angle of incidence for the rotated
dimer metasurface (α = 20◦) at fixed PDMS thickness tsub = 1 μm. (b) Enlarged view of the high-Q
region circled in (a). (c) Extracted quality factor Q of the symmetry-protected-quasi-BIC (s-q-BIC)
(magenta) and high Q-resonance (blue) as a function of incident angle. (d) Electric field distribution
corresponding to four marked points in (b): A, B, C and D. In panels (d), the black outlines indicate
the boundaries of the Si ellipses and the relevant material interfaces (air/Si/PDMS) shown for
visual guidance.

The near-field distributions at representative points A–D along the two branches are
shown in Figure 4d. Point A lies on the s-q-BIC branch at incident angle 2◦. Both the xz-
and yz-plane cross-sections reveal intense, nearly uniform fields around the Si ellipses,
consistent with the dimer-localized mode we interpreted in Figure 3d–f. Point B is chosen
on the high-Q resonance branch at incident angle 2◦. Here the field remains strongly
concentrated around the ellipses but develops additional lobes, but still maintains high
destructive interference in the far field. At point C, taken at incident angle 6.5◦ along
the same branch, the guided mode contribution in the resonance become more dominant:
the field becomes more delocalized in the vertical direction, and the contrast between the
ellipses and the background is reduced, reflecting the increased radiative leakage and
reduced Q factor. Finally, point D (at incident angle 7◦) samples the vicinity where the
high-Q branch approaches a nearby guided mode; the field pattern shows strong energy in
the background and only moderate enhancement in the ellipses, characteristic of a leaky
guided resonance.

To gain further insight into how the polymer substrate influences both the spectral
position and radiation loss of the resonances, we investigate the dependence on PDMS
thickness tsub, shown in Figure 5, in more detail. The reflectance map in Figure 5a con-
tains two clearly distinguishable bands. The lower, tilted band around λ ≈ 3.4–3.8 μm
corresponds to a leaky guided-mode lattice resonance of the Si–PDMS slab. Its wavelength
increases almost linearly with PDMS thickness. As the PDMS layer becomes thicker, the
optical path length grows and the resonance condition is satisfied at longer wavelengths.
The field of this mode, as seen in Figure 3b,c, spans the entire slab thickness and extends
into the surrounding media; the Si metasurface provides the lateral periodicity required to
couple this guided mode to free-space radiation.
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Figure 5. (a) Simulated reflectance as a function of wavelength and PDMS thickness at normal
incidence for the rotated dimer metasurface. (b) Extracted quality factor Q of the symmetry-protected
quasi-BIC as a function of PDMS thickness.

In contrast, the upper band in Figure 5a, located in the range 4.8–5.4 μm, is associ-
ated with the symmetry-protected quasi-BIC. In the absence of the PDMS slab (or for an
infinitely thick, homogeneous background), the eigenfrequency of this mode would be
governed almost exclusively by the in-plane geometry of the nanodimer and the incident
angle. Introducing a finite-thickness PDMS layer, however, creates a vertically asymmetric
environment consisting of air/Si/PDMS interfaces. As PDMS thickness varies, the vertical
standing-wave pattern in the substrate shifts relative to the dimer array, which modifies
both the effective index experienced by the quasi-BIC and its phase relation to the contin-
uum of radiating slab modes. This leads to a slightly more pronounced dispersion of the
quasi-BIC branch with thickness: the mode frequency tracks not only the intrinsic dimer
resonance but also its hybridization with the continuum spectrum of slab-guided modes
supported by the Si–PDMS stack.

The thickness dependence of the quality factor in Figure 5b provides a direct view of
how this hybridization controls radiative loss. For very thin PDMS layers (200–500 nm), the
field associated with the quasi-BIC has a substantial overlap with the lower interface and
leaks efficiently into the continuum of substrate modes, resulting in moderate Q values of
487 to 610. As the PDMS thickness increases into the 800–1300 nm range, a larger fraction of
the energy is concentrated around the high-index Si regions, while the field at the bottom
interface is reduced. In this regime the coupling coefficient between the quasi-BIC and
the radiative channels in the substrate decreases, and out-of-plane leakage is suppressed.
Consequently, the quality factor increases and reaches values up to Q = 1003, indicating
that the system approaches an optimal compromise between strong field confinement in the
dimer and limited access to radiation continua. For even thicker substrates (≥1500 nm), the
Q factor saturates and even exhibits a slight decline. Physically, further increasing PDMS
thickness can introduce additional guided modes that approach the quasi-BIC frequency
from below. Once these modes become nearly phase-matched, the quasi-BIC can hybridize
with them and acquire additional leakage channels. The existence of a broad thickness
window over which the Q factor is high therefore reflects a balance between vertical
confinement (which improves with thickness) and avoided crossings or hybridization with
leaky slab modes (which become more prominent at large PDMS thickness).

Taken together, these results show that the quasi-BIC is sensitive to the PDMS thickness
change. The polymer layer does not simply act as a passive support; its thickness directly
controls the vertical modal structure and, through that, the interference between quasi-
BIC radiation and guided mode channels. This sensitivity suggests that modest changes
in effective thickness—whether from fabrication tolerances, mechanical deformation, or
index changes that alter the vertical mode profile—can be used to tune both the resonance
wavelength and Q factor of quasi-BIC modes in dielectric metasurfaces.
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4. Conclusions

In this work, we numerically investigated quasi-bound states in the continuum in a
silicon elliptical-dimer metasurface on a PDMS substrate in the mid-infrared. By using
the relative rotation angle between the ellipses as a single asymmetry parameter, we
confirmed the characteristic Q ∝ 1/(sin α)2 scaling of a symmetry-protected quasi-BIC
and distinguished it from a lower-Q guided-mode lattice resonance that is mainly set by
the Si–PDMS slab. Multipole analysis showed that the lattice resonance at λ = 3.68 μm is
electric dipole dominated with fields extended through the slab, whereas the quasi-BIC
at λ = 5.25 μm is governed by magnetic and higher-order multipoles with fields strongly
confined in the Si dimers. Angle-resolved and thickness-dependent spectra revealed that
the quasi-BIC maintains high Q-factors over a range of incidence angles and is sensitive
to PDMS thickness, with an optimal thickness window where Q factor approaches 103.
These results establish PDMS-supported silicon nanodimers as a viable platform for high-Q
mid-infrared metasurfaces and provide guidelines for future flexible or reconfigurable
photonic devices.
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