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Abstract: In recent years, solar energy has become popular because of its clean and renewable
properties. Meanwhile, two-dimensional materials have become a new favorite in scientific research
due to their unique physicochemical properties. Among them, monolayer molybdenum disulfide
(MoS2), as an outstanding representative of transition metal sulfides, is a hot research topic after
graphene. Therefore, we have conducted an in-depth theoretical study and design simulation using
the finite-difference method in time domain (FDTD) for a solar absorber based on the two-dimensional
material MoS2. In this paper, a broadband solar absorber and thermal emitter based on a single layer
of molybdenum disulfide is designed. It is shown that the broadband absorption of the absorber is
mainly due to the propagating plasma resonance on the metal surface of the patterned layer and the
localized surface plasma resonance excited in the adjacent patterned air cavity. The research results
show that the designed structure boasts an exceptional broadband performance, achieving an ultra-
wide spectral range spanning 2040 nm, with an overall absorption efficiency exceeding 90%. Notably,
it maintains an average absorption rate of 94.61% across its spectrum, and in a narrow bandwidth
centered at 303 nm, it demonstrates a near-unity absorption rate, surpassing 99%, underscoring its
remarkable absorptive capabilities. The weighted average absorption rate of the whole wavelength
range (280 nm–2500 nm) at AM1.5 is above 95.03%, and even at the extreme temperature of up to
1500 K, its heat radiation efficiency is high. Furthermore, the solar absorber in question exhibits
polarization insensitivity, ensuring its performance is not influenced by the orientation of incident
light. These advantages can enable our absorber to be widely used in solar thermal photovoltaics and
other fields and provide new ideas for broadband absorbers based on two-dimensional materials.

Keywords: ultra-wideband absorption; two-dimensional materials; molybdenum disulfide;
thermal emission

1. Introduction

In contemporary society, with the sharp increase in energy demand, the supply of
traditional fossil energy has been struggling to meet the needs of sustainable development,
prompting people to focus on a wider range of renewable energy fields [1–3]. Among
them, solar energy, as an emerging and clean form of renewable energy, has attracted
much attention. In order to cope with the challenge of energy shortage, researchers have
carried out in-depth and extensive research on various types of clean energy, including solar
energy [4–6]. However, despite extensive research on solar absorbers, there are still many
drawbacks. For example, the narrow width of the absorption band, the low absorption
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intensity, and the complex structure limit the application of absorbers in solar photovoltaic
and other fields. Therefore, it is important to explore a broadband absorber with good
oblique incidence characteristics and polarization angle independence as well as high
thermal radiation efficiency [7–9].

In addition, ultra-wideband absorbers constructed from refractory materials show
significant promise for applications where thermophotovoltaic devices are frequently
subjected to high-temperature extremes. These absorbers not only operate stably at high
temperatures, but also maintain excellent absorption stability, which lays a solid technical
foundation for efficient energy conversion in high-temperature environments. Therefore,
an in-depth exploration and optimization of the design strategy and preparation technology
of such absorbers is of great significance to accelerate the innovation and development of
solar energy and wider clean energy technologies. Titanium metal is known for its unique
physical properties, including core advantages such as high strength, excellent heat and
corrosion resistance, superior ductility, and relatively low density [10]. As a member of
the refractory metals, titanium has a high melting point of 1668 ◦C, displays excellent
thermal stability, and exhibits good antimagnetization properties in strong magnetic field
environments [11]. In absorber applications, titanium stands out not only for its excellent
stability, but also for its cost-effectiveness compared to precious metals such as gold (Au)
and silver (Ag). Of particular interest is the ability of titanium as a resonant material to
excite a broader bandwidth response in the infrared spectral region, a property that offers
the possibility of realizing highly efficient absorption in an ultra-broad band, thus greatly
broadening its potential for a wide range of practical applications.

Over the past few years, two-dimensional materials have garnered significant attention
within the scientific community, primarily due to their unparalleled physical and chemical
characteristics, such as high electron mobility, excellent heat resistance, and chemical
stability. Graphene [12,13], as a leader in the field of two-dimensional materials [14–17],
has attracted extensive research interest for its unique physical properties. Its ultra-thin
characteristics are particularly remarkable, with a thickness of only 0.34 nm, which is
almost equal to the diameter of a single carbon atom. As an allotrope composed of carbon
elements, in its monolayer state, the carbon atoms of graphene are closely combined with
three adjacent carbon atoms by SP hybridization, forming a unique planar hexagonal
honeycomb structure [18]. This structure endows graphene with excellent mechanical,
electrical, and thermal properties, which makes it show great potential in scientific research
and industrial applications. Many studies have confirmed that these excellent properties of
graphene provide a broad prospect for its application in many fields [19–22]. Graphene is
unique in its zero-band gap property, which enables electrons to transition from valence
band to conduction band at a very low energy state. However, it is the energy band
structure of graphene that has zero bandgap [23], so it has no adjustable semiconductor
conductivity at all, which limits the possibility of its further development [24].

Therefore, in contrast to pristine graphene, transition metal dichalcogenides (TMDCs)
are generally regarded as superior absorbing materials. This is due to the fact that graphene
possesses a zero bandgap, necessitating thermal excitation of electrons for conductivity,
a characteristic that significantly constrains its practical applicability. TMDCs exhibit a
tunable bandgap spanning from 1 to 2 eV, offering significant advantages in the fabrication
of absorbers. Key attributes that render TMDCs particularly suitable for the production
of solar absorbers include their remarkable stability, controllable thickness, and high
absorption efficiency. Their ultrathin (monolayer) nature endows them with a direct
bandgap within the visible spectrum, resulting in exceptional absorption capabilities.
Among two-dimensional materials, MoS2 stands out as a highly promising candidate for
functional photonic devices due to its notable current cutoff ratio and tunable optoelectronic
properties, as reported in [25,26]. Consequently, this study focuses on single-layer MoS2 as
a representative example for our investigation into two-dimensional materials.

Molybdenum disulfide (MoS2), a transition metal sulfide, has received a lot of atten-
tion in recent years for its potential applications in optoelectronics. The unique properties
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of MoS2, especially its broadband light absorption capability in the visible to near-infrared
region, make it an ideal material for solar absorbers [27]. Compared with other two-
dimensional materials, MoS2 has a direct bandgap, which gives it a significant advantage
in light absorption efficiency. In addition, the high electron mobility of MoS2 facilitates the
rapid transport of electrons under light excitation, which improves the response speed and
efficiency of optoelectronic devices. In terms of chemical stability, MoS2 is able to maintain
its performance under a wide range of environmental conditions, which is essential for
the fabrication of durable optoelectronic devices [28]. With the development of solution
processing techniques, the preparation of MoS2 thin films has become more economical
and scalable. Spin-coating techniques have been used to prepare homogeneous MoS2 films
and characterize them by variable angle spectroscopic ellipsometry. In addition, by using
the dimethylformamide/n-butylamine/2-aminoethanol solvent system, researchers have
been able to synthesize wafer-scale MoS2 thin films with controllable thickness using the
solution method. These advances not only improve the quality of MoS2 films, but also
pave the way for their integration in solar cells, photodetectors, and other optoelectronic
devices [29,30]. The bandgap of MoS2 can be tuned by chemical doping or strain engi-
neering, enabling precise control of the absorption spectrum. This tunability provides
great flexibility in designing optoelectronic devices with specific spectral responses. With
the further understanding of MoS2 material properties and the continuous advancement
of processing technologies, MoS2-based optoelectronic devices are expected to play an
important role in the future of sustainable energy and advanced electronics.

Currently, the state of absorbers in this domain is marred by numerous limitations:
some absorbers are too complicated to design and too bulky for actual manufacturing [31].
The working range of the absorber is too narrow, the absorption capacity is limited, and nu-
merous state-of-the-art absorbers utilize costly precious metals, particularly gold and silver,
resulting in significant production expenses. Additionally, there is ample scope for en-
hancing their thermal endurance to ensure optimal performance under various conditions.
Thus, in this paper, we propose a cost-effective solar absorber featuring straightforward
manufacturing processes, a broad absorption spectrum, and superior absorption efficiency
within the solar radiation spectrum. The solar energy absorber demonstrates remarkable
absorption capabilities across a broad spectral domain, particularly within the wavelength
interval spanning from 280 to 2320 nanometers (2040 nm in total), and its absorption effi-
ciency keeps above 90%, with an average absorption efficiency as high as 94.61%, which
fully proves its high-efficiency light energy absorption capacity. Therefore, our absorber
will provide some references for similar structures of other solar absorbers and has potential
for a wide range of applications such as solar thermal photovoltaic systems. Our work
also opens up new avenues for the application of two-dimensional materials in the field of
optoelectronics and energy conversion.

2. Results and Discussion

Figure 1 meticulously portrays the absorption characteristics of the structure through a
comprehensive chart. Specifically, the red trace delineates the absorption efficiency, whereas
the black trace signifies reflectivity, and the blue trace is indicative of transmittance. In
view of the sufficient thickness of the substrate Ti, we observed that the transmittance was
almost zero. Obviously, the solar energy absorber shows excellent absorption performance
in a wide spectral range, particularly within the spectral range spanning from 280 to
2320 nanometers (a total of 2040 nm), within which the absorber maintains an absorption
efficiency exceeding 90% with an average efficiency of 94.61%. Notably, it achieves a near-
perfect absorption rate of 99% specifically at a wavelength of 303 nm, which fully proves
its high-efficiency light energy absorption ability. Compared with other recent absorbents
based on molybdenum disulfide, our absorbent has obvious advantages in bandwidth and
average absorption rate, as shown in Table 1 [12,32–37].



Molecules 2024, 29, 4515 4 of 15

Molecules 2024, 29, x FOR PEER REVIEW 4 of 15 
 

 

other recent absorbents based on molybdenum disulfide, our absorbent has obvious ad-
vantages in bandwidth and average absorption rate, as shown in Table 1 [12,32–37]. 

In order to probe into the rationale behind the ultra-broadband and near-perfect ab-
sorption achieved in this paper, we chose three representative bands for the follow-up 
study of electric field distribution. These three bands are λ1 = 456 nm (in the visible re-
gion), λ2 = 916 nm (in the vicinity of the infrared spectral region) and λ3 = 1720 nm (also 
in the near-infrared region). Through this analysis, we expect to reveal the key factors and 
mechanisms to achieve efficient absorption. 

 
Figure 1. Depicts the spectral characteristics of absorption, reflectance, and transmittance, under 
plane incident light. 

A comprehensive comparison of the performance metrics of the absorber introduced 
in this study with those reported in prior research is presented in Table 1. The analysis 
shows that the perfect absorber designed by us has remarkable ultra-wide bandwidth 
characteristics, which obviously exceed other comparative absorbers, and its highest ab-
sorption rate is also better. In addition, although our solar energy absorber is not the high-
est in terms of average absorption efficiency, it still shows significant advantages in com-
prehensive performance of bandwidth and efficiency, which provides us with an ideal 
and practical choice. 

Table 1. Comparison with other literature. 

Essay 
Spectral Region Exhibiting an 

Absorption Rate Exceeding 90%. 

Average 
Absorption 
Efficiency 

Maximum 
Absorption Rate 

[32] 712 nm 97% 99.80% 
[12] <1000 nm 85% 97.00% 
[38] 1110 nm <90% 99.80% 
[34] 475 nm 94% 97% 
[35] 1547 nm 90% 98% 
[36] 1200 nm 91% \ 
[37] 1100 nm 99.6% 98.5% 

This text 2040 nm 94.61% 99.87% 

2.1. The Influence of Different Structures on the Results 
Initially, we delve into the consequences of integrating a single-layer molybdenum 

disulfide within the architecture. For illustrative purposes, we have modeled the structure 

Figure 1. Depicts the spectral characteristics of absorption, reflectance, and transmittance, under
plane incident light.

Table 1. Comparison with other literature.

Essay Spectral Region Exhibiting an
Absorption Rate Exceeding 90%

Average Absorption
Efficiency

Maximum
Absorption Rate

[32] 712 nm 97% 99.80%
[12] <1000 nm 85% 97.00%
[38] 1110 nm <90% 99.80%
[34] 475 nm 94% 97%
[35] 1547 nm 90% 98%
[36] 1200 nm 91% \
[37] 1100 nm 99.6% 98.5%

This text 2040 nm 94.61% 99.87%

In order to probe into the rationale behind the ultra-broadband and near-perfect
absorption achieved in this paper, we chose three representative bands for the follow-up
study of electric field distribution. These three bands are λ1 = 456 nm (in the visible region),
λ2 = 916 nm (in the vicinity of the infrared spectral region) and λ3 = 1720 nm (also in
the near-infrared region). Through this analysis, we expect to reveal the key factors and
mechanisms to achieve efficient absorption.

A comprehensive comparison of the performance metrics of the absorber introduced
in this study with those reported in prior research is presented in Table 1. The analysis
shows that the perfect absorber designed by us has remarkable ultra-wide bandwidth
characteristics, which obviously exceed other comparative absorbers, and its highest ab-
sorption rate is also better. In addition, although our solar energy absorber is not the
highest in terms of average absorption efficiency, it still shows significant advantages in
comprehensive performance of bandwidth and efficiency, which provides us with an ideal
and practical choice.

2.1. The Influence of Different Structures on the Results

Initially, we delve into the consequences of integrating a single-layer molybdenum
disulfide within the architecture. For illustrative purposes, we have modeled the structure
with and without a single layer of molybdenum disulphide and with the transformed 2D
material being graphene. For example, the absorption of light by monolayer graphene
is inherently low, about 2.3 per cent, due to its energy band structure [39]. Graphene
is a zero-bandgap material with an electronic structure similar to a Dirac cone, which
makes it less responsive to light in the visible and near-infrared bands, as shown in
Figure 2a. As evident from Figure 2a, the incorporation of this monolayer yields two notable
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benefits: a significant broadening of the operational bandwidth and an enhancement in the
absorption efficiency within the shorter wavelength region. Within Region I, the analysis
reveals that the absorption rate of the nanostructures falls below 90% across a relatively
extensive bandwidth, in the absence of a single layer of molybdenum disulfide. After
the introduction of single-layer molybdenum disulfide, it can be seen that due to its high
absorption rate in the near-ultraviolet band, the absorption efficiency within the shorter
wavelength spectrum undergoes a substantial augmentation, surpassing the 90% threshold.
Furthermore, Figure 2b, depicting a magnified section of Region II, evidences a marked
expansion in the bandwidth where the absorption rate surpasses 90%. Specifically, the
introduction of a single layer of MoS2 results in a broadening of this high-absorption region
by approximately 310 nanometers. In a word, the introduction of single-layer molybdenum
disulfide makes the Ti-SiO2 cuboid structure designed for superior absorption address
the challenge of insufficient absorption in the short-wavelength region, thereby effectively
broadening the operational bandwidth.
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structure; (b) Magnified section of Region I for closer inspection.

In the following research, we deeply discuss the influence of different geometric
patterns on the performance of the absorber. We replaced the original cuboid structure
with a cylindrical structure (B) and a circular column structure (C), respectively, and
calculated their absorption efficiency under the same lighting conditions. Through careful
analysis of the absorption spectrum in Figure 3a, our analysis indicates that the rectangular
parallelepiped configuration exhibits a marginally reduced absorption efficiency compared
to both cylindrical and circular cylindrical structures, within the spectral range spanning
from 400 nm in the visible light region to 1600 nm in the near-infrared, but it shows
significant advantages in the band over 1600 nm. Its wider bandwidth and higher overall
absorption rate of solar full spectrum grant the cuboid structure greater potential in wide-
band light absorption applications. Based on the above analysis, we finally chose the cuboid
structure as the micro-nano-structure of the absorber in order to achieve better performance.
This selection not only considers the evaluation of the absorber’s efficacy within the
visible light and near-infrared spectral bands, but also fully considers its comprehensive
performance in a wider band.

In addition, from the electric field distribution diagram shown in Figure 3b–d, we
can observe that the electric field is mainly concentrated on the geometric surface. This
phenomenon is mainly attributed to the excitation of PSPs (surface plasmon) on the surface
of the pattern layer [38,40,41]. PSPs are electromagnetic oscillations generated at the
metal-medium interface; this capability allows for the conversion of light energy into
thermal energy or alternative energy forms, thus achieving efficient light absorption [42–44].
Therefore, the intensified electric field distribution along the geometric surface underscores
the pivotal role played by PSPs in facilitating the light absorption process.
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electric field intensities of different micro-nano structures in the XOY plane within a period.

2.2. Physical Mechanism Analysis of High Absorption and Wide Bandwidth of Structure

To gain deeper insight into the underlying physical mechanisms that contribute to
the high absorption efficiency and extended bandwidth of the absorber, spanning from
the visible light to the near-infrared region, we have conducted calculations pertaining
to the electric field distributions at specific wavelengths: λ1 = 456 nm, λ2 = 916 nm,
and λ3 = 1720 nm, and compared them by drawing. Among them, Figure 4a–c shows
the electric field distribution in the XOY direction in the next period from λ1 to λ3, and
Figure 4d–f shows the electric field distribution in the XOZ direction in the two periods
from λ1 to λ3.

Integrating the analysis of the electric field distribution within both the X-Y and X-Z
planes, as shown in Figure 4a–f, with the increase in resonance wavelength, optical coupling
goes from the edge of the metal cuboid of the pattern layer to the air cavity formed by
the adjacent pattern layers, and it is obvious that excitation of surface plasmon resonance
occurs within the absorber [45,46]. When the wavelength is λ1 = 456 nm, observation of
Figure 4a reveals that the electric field is predominantly concentrated on the metallic upper
segment of the patterned layer. Therefore, the primary factor contributing to the perfect
absorption observed at wavelength λ1 is the excitation of surface plasmon polaritons (PSPs)
on the surface of the patterned layer.
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Figure 4. (a–c) are the electric field distributions of the XOY plane in one period at λ1, λ2, and λ3
wavelengths, respectively; (d–f) are the electric field distributions of two periodic XOZ planes at λ1,
λ2, and λ3 wavelengths, respectively.

Different from the excitation mechanism of PSPs, the excitation of LSPs does not need
specific momentum-matching conditions [47–49]. The underlying reason for this is that
the incident light’s wavelength far exceeds the characteristic dimensions of the metallic
structures, and these nanostructures can be regarded as a kind of focused source point,
which can produce diverse wave vector components, and then provide the necessary
momentum matching for LSPs in the excitation structure. More specifically, the excitation
intensity of local surface plasmon resonance (LSPs) is determined by the wavelength of the
incoming light, the size of nanoparticles or nanostructures and the inherent characteristics of
the materials [50]. Since the wavelength of incident light, λ2 = 916 nm, is much longer than
the period of the absorber, 400 nm, LSPs can be generated in the metal of the pattern layer.

Illustrated in Figure 4b,e, a strong electric field appears in the adjacent pattern layer
region. The electric field distribution shows that PSPs and LSPs are excited on the metal
surface of the pattern layer and in the adjacent pattern air cavity, respectively; concurrently,
the resonant wavelength of λ2 = 916 nm attains perfect absorption. At a wavelength of
λ3 = 1720 nm, the electric field distribution in the XOY direction is similar to that when
λ2 = 916 nm, as shown in Figure 4c, but different from 916 nm. An intense electric field
accumulates within the dielectric spacer, localized at the interface between the cuboid
structure and the MoS2 layer, and the electric field intensity of the top anti-reflection layer
silicon dioxide is weakened. Therefore, the perfect absorption observed in the 1720 nm
band stems from the excitation of localized surface plasmons (LSPs).

2.3. Weighted Average Absorption Rate and Radiation Performance Analysis

This paper delves into the absorption and radiation properties of the proposed struc-
ture, with the objective of evaluating its performance efficiency as both a solar absorber and
a thermal emitter. In this process, we use the global spectral equation under the condition
of AM 1.5 incident solar energy, which is specifically expressed as [51,52]:

ηA =

∫ λMax
λMin

A(ω)IAM1.5(ω)dω∫ λMax
λMin

IAM1.5(ω)dω
(1)

The equation of thermal emission efficiency (ηE) is [53]:
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ηE =

∫ λmax
λmin

ε(ω)·IBE(ω, T)dω∫ λmax
λmin

IBE(ω, T)dω
(2)

Herein, IBE(ω, T) signifies the intensity of radiation emitted by an ideal blackbody at a
given frequency ω and temperature T.

Under AM 1.5 illumination conditions, as exemplified in Figure 5a, the blue curve por-
trays the theoretical ideal absorption spectrum, whereas the red curve represents the actual
energy absorption achieved by the structure. The black area in the figure represents the
main area of energy loss, mainly concentrated in the visible light band. Nevertheless, on the
whole, the band absorption rate is maintained at a high level of 95.03%, while the loss rate is
controlled below 5%. Further, Figure 5b divulges the thermal emission properties exhibited
by the structure when subjected to a high temperature of 1500 Kelvin. The black line in
the figure represents the theoretical blackbody radiation curve and serves as a benchmark,
whereas the red area represents the actual thermal radiation emitted by the structure. It
can be observed from the figure that within the spectral range below 1800 nanometers, the
observed thermal radiation closely aligns with the theoretical blackbody radiation curve,
and only slight thermal radiation loss occurs in the band above 1800 nm. However, in the
whole band, the thermal radiation efficiency remains at a high level, reaching 95.96%.
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2.4. Effect of Varying Parameters on Absorption Outcomes

To validate the optimally chosen structural parameters within this design framework,
we conducted a methodical evaluation of the influence that various structural attributes
exert on absorption efficiency under the premise of ensuring that other parameters remain
unchanged [54,55]. Specifically, we discussed in detail the thickness H1 of top silicon
dioxide (SiO2), the thickness H2 of rectangular titanium (Ti) and its side length D, and the
period P of the whole structure. In this process, we did not take into account the parameter
changes in Ti and SiO2, because according to the previous analysis, the adjustment of these
parameters has no significant influence on absorption efficiency.

In Figure 6a–d, firstly, we deeply studied how the thickness H1 of the top SiO2 affects
the absorption spectrum. Especially in the ultraviolet and visible light bands, the SiO2 layer
plays a vital role [56,57]. Through careful observation, we found that with the side length
d gradually increasing from 20 nm to 60 nm, the absorption efficiency first showed an
upward trend, but then showed a downward trend. This discovery provides an important
clue for us to further understand the role of the SiO2 layer in light absorption. Based on
this discovery, we infer that the optimal side length of a rectangle should be close to 40 nm.
Then, we delved deeper into examining the effect of varying the thickness (H2) of the
rectangular titanium (Ti) layer on the absorption spectrum. As H2 was incremented from
100 nm to 300 nm, we discerned a trend in the evolution of the absorption efficiency. It is
particularly noteworthy that when the period p is set to 200 nm, we get the best absorption
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result, which not only has high absorption efficiency, but also has excellent absorption
bandwidth. This discovery provides an important reference for our subsequent experiments
and applications. As shown in Figure 6c, when the side length of a cuboid is increased
from 180 nm to 260 nm, we can observe that the shorter the side length of the cuboid is, an
enhanced absorption efficiency is observed within the short wavelength region spanning
from 280 to 1500 nanometers. However, with the increase in wavelength, the absorption
efficiency of the rectangular parallelepiped with longer side length is significantly enhanced
and the bandwidth is wider. On the whole, when D = 220 nm, the overall absorption rate
and bandwidth are better. Therefore, upon thorough analysis, we propose that a side
length of D = 220 nm offers optimal performance. Figure 6d illustrates the absorption
spectrum across the entire periodic variation, where it becomes evident that an increase in
the periodicity corresponds to an augmentation in the absorption rate within the spectral
range of 1000–1500 nanometers, but considering the overall absorption efficiency of short
wave and long wave, the absorber can only exert its maximum absorption potential when
P = 400 nm.
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2.5. Angle Sensitivity Analysis

Finally, in order to study the application potential of the structure, we studied the
angular sensitivity of the structure [58–60]. It is acknowledged that in practical scenarios,
natural light seldom strikes the solar absorber vertically, contrasting with the idealized
conditions. Consequently, it is crucial to investigate the influence of varying polarization
and incident angles on the performance of solar absorbers. As depicted in Figure 7, we have
conducted simulations to analyze the absorption spectrum, encompassing incident angles
and polarization angles ranging from 0◦ to 60◦, respectively. As evident from Figure 7a,
the designed absorber demonstrates remarkable performance within an incident angle
span of 0◦ to 60◦, exhibiting exceptional overall absorption efficiency. As the polarization
angle of the incident light progresses from 0◦ to 60◦, a marginal enhancement in visible
light absorption is observed, while the near-infrared region undergoes a slight attenuation,
particularly from 50%. Notably, the absorber sustains an absorption rate exceeding 90%
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across a broad wavelength spectrum extending up to 2040 nm. The results of this study
clearly show that the absorber we designed shows excellent insensitivity to incident angle.
As shown in Figure 7b, the spectral response remains stable even when the polarization
angle increases; this underscores the exceptional insensitivity of the structure towards
polarization variations, thereby reinforcing its robustness. The inherent high geometric
symmetry of the structure contributes to a consistently high absorption rate across the
entire wavelength spectrum, exhibiting minimal variation with alterations in polarization
angle [61,62]. This robustness to both oblique incidence and polarization insensitivity
significantly enhances the absorber’s performance, presenting substantial advantages for
practical applications.
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3. Modelling and Structural Parameters of the Micro-Nano Optical Devices

In this paper, we introduce a periodically arranged rectangular configuration consist-
ing of Ti-SiO2 layered structures, as shown in Figure 8a. The thickness of local structure is
denoted as H1, H2, H3, and H4 from top to bottom. The overall width of the absorber is
P = 400 nm, the bottom is made of titanium, and its thickness H4 = 300 nm. In this archi-
tecture, Ti functions as a reflective element, with its thickness (H4) set at 300 nanometers,
significantly exceeding the penetration depth of electromagnetic radiation. Consequently,
the transmission through this structure is effectively nullified, that is, T(ω) = 0 [63,64]. In
this work, the spectral absorption efficiency is defined as:

A(ω) = 1 − R(ω) − T(ω) (3)

Therefore, the absorption rate can be simplified as A(ω) = 1 − R(ω) [65,66], where R
(Ω) and T (Ω) respectively represent the spectral reflection and transmission under the
illumination of plane light. The second layer is dielectric silicon dioxide (SiO2) with a
thickness of H3 = 40 nm. In this paper, we propose a material as the supporting substrate
of MoS2, aiming at solving the challenge of depositing MoS2 directly on the titanium
layer. This support material is located under the dielectric material and above it is the
two-dimensional metamaterial MoS2. We set the thickness of MoS2 as 0.625 nm, which is
based on the standard thickness grown under most laboratory conditions, thus ensuring
the accuracy and repeatability of the research. This configuration not only optimizes the
growth environment of MoS2, but also lays a foundation for its performance in subsequent
applications. The microstructure of the surface layer is stacked by Ti-SiO2, and its height is
set to H1 = 40 nm and H2 = 200 nm. Non-precious metal (Ti) is chosen as the metal material
here, because Ti has high loss in visible light and near-infrared, which can effectively
broaden the absorption bandwidth, and the price is relatively cheap, which can reduce
the manufacturing cost. Among them, the dielectric constant data of Ti and SiO2 are cited
and applied based on the experimental results of Palik [67]. In numerical calculations and
simulations, the dielectric constant of molybdenum disulphide (MoS2) is a key parameter
that determines the material’s response properties to light. For the monolayer MoS2



Molecules 2024, 29, 4515 11 of 15

in the paper, we cite the data of Ermolaev et al. [68]. Its dielectric constant is usually
expressed in complex form, including real and imaginary parts, and can be expressed
as n = n′ + ik, where n′ is the real part of the dielectric function, which represents the
material’s polarization capacity, while k is the imaginary part, which is related to the
material’s absorption capacity.
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In the numerical simulation calculation, we use FDTD version 2020 solutions software
as an analysis tool. In this simulation, the setting of the light source is very important. We
selected the plane light source from 280 nm to 2500 nm and ensured the polarization of
light aligned along the X-axis by configuring the incident light to propagate vertically in
the negative Z-axis direction. To uphold the rigor and fidelity of our simulation, we applied
periodic boundary conditions in the x and y dimensions to simulate the infinite extended
periodic structure. Along the Z-axis, we choose the perfectly matched layer (PML) as the
boundary condition to effectively absorb and eliminate the possible reflected waves during
the simulation, thus ensuring the accuracy of the simulation results [69].

4. Conclusions

In this paper, we have achieved the successful design of an efficient broadband solar
absorber, leveraging the unique properties of MoS2 two-dimensional materials. Through
numerical calculation, our findings indicate that the absorption efficiency of the structure
surpasses 90% within a wavelength spectrum exceeding 2040 nm, and the absorption
rate can reach 99% or more in the wavelength range of 303 nm. It is noteworthy that an
optimal thickness of 0.625 nm for the MoS2 layer has been identified, and its absorption
bandwidth is significantly extended to 310 nm, which fully verifies the superiority of
two-dimensional materials in improving absorption performance. In addition, MoS2 not
only has excellent thermal stability, but also helps to reduce device size and improve
overall absorption efficiency. Under the condition of AM 1.5 spectrum, our structure shows
excellent weighted average absorption efficiency, reaching a high level of 95.03%. Even at
an extreme temperature as high as 1500 K, its thermal radiation efficiency can be maintained
at an excellent level of 95.96%. The structure demonstrates remarkable independence and
resilience towards variations in both the polarization angle and the incident angle of the
incoming light, and its performance remains stable even in the polarization angle range of
0 to 60. In summary, the high absorption efficiency and stability at extreme temperatures
of this MoS2-based broadband solar absorber we have designed make it ideal for solar
thermal photovoltaic systems that can convert solar energy directly into electricity, thereby
reducing dependence on fossil fuels and lowering greenhouse gas emissions. Additionally,
by using cost-effective titanium (Ti) in place of expensive precious metals, our technology
helps lower the economic barrier to solar technology, advancing its use in a wider range of
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applications. Our design also demonstrates insensitivity to the direction of polarization
of incident light, which increases its reliability in variable environments and opens up the
possibility of applying solar absorbing technologies in different geographical locations
and climates.

Author Contributions: Conceptualization, W.L., F.W., Z.Y., Y.T. and Q.Z.; data curation, W.L., F.W.,
Z.Y., Y.T. and Q.Z.; formal analysis, W.L. and Z.Y.; methodology, W.L., F.W., Z.Y., Y.T., Y.Y., P.W. and
Q.Z.; resources, W.L. and Q.Z.; software, W.L., F.W., Z.Y., Y.T., Y.Y., P.W. and Q.Z.; data curation,
W.L., F.W., Z.Y., Y.T., Y.Y. and P.W.; writing—original draft preparation, W.L., F.W. and Z.Y.; writing—
review and editing, W.L. and Z.Y. All authors have read and agreed to the published version of
the manuscript.

Funding: The authors are grateful to the support by National Natural Science Foundation of China
(No. 51606158, 11604311, 12074151); the funded by the Natural Science Foundation of Fujian Province
(2022J011102, 2022H0048); the Funded by the Guangxi Science and Technology Base and Talent
Special Project (No. AD21075009); the funded by the Sichuan Science and Technology Program
(No. 2021JDRC0022); the funded by the Research Project of Fashu Foundation (MFK23006); the funded
by the Open Fund of the Key Laboratory for Metallurgical Equipment and Control Technology of
Ministry of Education in Wuhan University of Science and Technology, China (No. MECOF2022B01;
MECOF2023B04); the funded by the Project supported by Guangxi Key Laboratory of Precision
Navigation Technology and Application, Guilin University of Electronic Technology (No. DH202321);
the funded by the Scientific Research Project of Huzhou College (2022HXKM07).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Publicly available datasets were analyzed in this study. These data can
be found here: [https://www.lumerical.com/] (accessed on 1 January 2020).

Conflicts of Interest: The authors declare no conflicts of interest.

References
1. Xiao, T.; Tu, S.; Liang, S.; Guo, R.; Tian, T.; Müller-Buschbaum, P. Solar cell-based hybrid energy harvesters towards sustainability.

Opto-Electron. Sci. 2023, 2, 230011. [CrossRef]
2. Li, C.; Du, W.; Huang, Y.; Zou, J.; Luo, L.; Sun, S.; Wang, Z. Photonic synapses with ultralow energy consumption for artificial

visual perception and brain storage. Opto-Electron. Adv. 2022, 5, 210069. [CrossRef]
3. Rugut, E.K.; Maluta, N.E.; Maphanga, R.R.; Mapasha, R.E.; Kirui, J.K. Structural, Mechanical, and Optoelectronic Properties of

CH3NH3PbI3 as a Photoactive Layer in Perovskite Solar Cell. Photonics 2024, 11, 372. [CrossRef]
4. Han, Q.C.; Liu, S.W.; Liu, Y.Y.; Jin, J.S.; Li, D.; Cheng, S.B.; Xiong, Y. Flexible counter electrodes with a composite carbon/metal

nanowire/polymer structure for use in dye-sensitized solar cells. Solar Energy 2020, 208, 469–479. [CrossRef]
5. Shioki, T.; Tsuji, R.; Oishi, K.; Fukumuro, N.; Ito, S. Designed Mesoporous Architecture by 10–100 nm TiO2 as Electron Transport

Materials in Carbon-Based Multiporous-Layered-Electrode Perovskite Solar Cells. Photonics 2024, 11, 236. [CrossRef]
6. Montagni, T.; Ávila, M.; Fernández, S.; Bonilla, S.; Cerdá, M.F. Cyanobacterial Pigments as Natural Photosensitizers for Dye-

Sensitized Solar Cells. Photochem 2024, 4, 388–403. [CrossRef]
7. Fu, R.; Chen, K.X.; Li, Z.L.; Yu, S.H.; Zheng, G.X. Metasurface-based nanoprinting: Principle, design and advances. Opto-Electron.

Sci. 2022, 1, 220011. [CrossRef]
8. Chen, Z.Y.; Cheng, S.B.; Zhang, H.F.; Yi, Z.; Tang, B.; Chen, J.; Zhang, J.G.; Tang, C.J. Ultra wideband absorption ab-sorber based

on Dirac semimetallic and graphene metamaterials. Phys. Lett. A 2024, 517, 129675. [CrossRef]
9. Zhu, J.; Xiong, J.Y. Logic operation and all-optical switch characteristics of graphene surface plasmons. Opt. Express 2023, 31,

36677. [CrossRef]
10. Xiong, H.; Deng, J.H.; Yang, Q.; Wang, X.; Zhang, H.Q. A metamaterial energy power detector based on electromag-netic energy

harvesting technology. ACS Appl. Electron. Mater. 2024, 6, 1204–1210. [CrossRef]
11. Wang, B.X.; Xu, C.; Duan, G.; Xu, W.; Pi, F. Review of Broadband Metamaterial Absorbers: From Principles, Design Strategies,

and Tunable Properties to Functional Applications. Adv. Funct. Mater. 2023, 33, 2213818. [CrossRef]
12. Lin, H.; Sturmberg, B.C.P.; Lin, K.-T.; Yang, Y.; Zheng, X.; Chong, T.K.; de Sterke, C.M.; Jia, B. A 90-nm-thick graphene metamaterial

for strong and extremely broadband absorption of unpolarized light. Nat. Photon. 2019, 13, 270–276. [CrossRef]
13. Jiang, B.; Hou, Y.; Wu, J.; Ma, Y.; Gan, X.; Zhao, J. In-fiber photoelectric device based on graphene-coated tilted fiber grating.

Opto-Electron. Sci. 2023, 2, 230012. [CrossRef]
14. Li, W.; Yi, Y.; Yang, H.; Cheng, S.; Yang, W.X.; Zhang, H.; Yi, Z.; Yi, Y.; Li, H. Active Tunable Terahertz Band-width Absorber Based

on single layer Graphene. Commun. Theor. Phys. 2023, 75, 045503. [CrossRef]

https://www.lumerical.com/
https://doi.org/10.29026/oes.2023.230011
https://doi.org/10.29026/oea.2022.210069
https://doi.org/10.3390/photonics11040372
https://doi.org/10.1016/j.solener.2020.07.094
https://doi.org/10.3390/photonics11030236
https://doi.org/10.3390/photochem4030024
https://doi.org/10.29026/oes.2022.220011
https://doi.org/10.1016/j.physleta.2024.129675
https://doi.org/10.1364/OE.501242
https://doi.org/10.1021/acsaelm.3c01578
https://doi.org/10.1002/adfm.202213818
https://doi.org/10.1038/s41566-019-0389-3
https://doi.org/10.29026/oes.2023.230012
https://doi.org/10.1088/1572-9494/acbe2d


Molecules 2024, 29, 4515 13 of 15

15. Liu, Y.; Hu, L.; Liu, M. Graphene and Vanadium Dioxide-Based Terahertz Absorber with Switchable Multifunctionality for Band
Selection Applications. Nanomaterials 2024, 14, 1200. [CrossRef]

16. Yan, S.Q.; Zuo, Y.; Xiao, S.S.; Oxenløwe, L.K.; Ding, Y.H. Graphene photodetector employing double slot structure with enhanced
responsivity and large bandwidth. Opto-Electron. Adv. 2022, 5, 210159. [CrossRef]

17. Gorgolis, G.; Kotsidi, M.; Messina, E.; Mazzurco Miritana, V.; Di Carlo, G.; Nhuch, E.L.; Martins Leal Schrekker, C.; Cuty, J.A.;
Schrekker, H.S.; Paterakis, G.; et al. Antifungal Hybrid Graphene–Transition-Metal Dichalcogenides Aerogels with an Ionic
Liquid Additive as Innovative Absorbers for Preventive Conservation of Cultural Heritage. Materials 2024, 17, 3174. [CrossRef]

18. Zeng, C.; Lu, H.; Mao, D.; Du, Y.; Hua, H.; Zhao, W.; Zhao, J. Graphene-empowered dynamic metasurfaces and metade-vices.
Opto-Electron. Adv. 2022, 5, 200098. [CrossRef]

19. Guan, H.; Hong, J.; Wang, X.; Jingyuan, M.; Zhang, Z.; Liang, A.; Han, X.; Dong, J.; Qiu, W.; Chen, Z.; et al. Broadband,
High-Sensitivity Graphene Photodetector Based on Ferroelectric Polarization of Lithium Niobate. Adv. Opt. Mater. 2021, 9,
2100245. [CrossRef]

20. Zhu, J.; Xiong, J.Y. Tunable terahertz graphene metamaterial optical switches and sensors based on plasma-induced transparency.
Measurement 2023, 220, 113302. [CrossRef]

21. Jin, S.; Zu, H.; Qian, W.; Luo, K.; Xiao, Y.; Song, R.; Xiong, B. A Quad-Band and Polarization-Insensitive Metamaterial Absorber
with a Low Profile Based on Graphene-Assembled Film. Materials 2023, 16, 4178. [CrossRef] [PubMed]

22. Cai, F.; Kou, Z. A Novel Triple-Band Terahertz Metamaterial Absorber Using a Stacked Structure of MoS2 and Graphene. Photonics
2023, 10, 643. [CrossRef]

23. Ma, J.; Wu, P.H.; Li, W.X.; Liang, S.R.; Shangguan, Q.Y.; Cheng, S.B.; Tian, Y.H.; Fu, J.Q.; Zhang, L.B. A five-peaks graphene
absorber with multiple adjustable and high sensitivity in the far infrared band. Diam. Relat. Mater. 2023, 136, 109960. [CrossRef]

24. Shao, M.R.; Ji, C.; Tan, J.B.; Du, B.Q.; Zhao, X.F.; Yu, J.; Man, B.; Xu, K.; Zhang, C.; Li, Z. Ferroelectrically modulate the Fermi level
of graphene oxide to enhance SERS response. Opto-Electron. Adv. 2023, 6, 230094. [CrossRef]

25. He, Z.; Guan, H.; Liang, X.; Chen, J.; Xie, M.; Luo, K.; An, R.; Ma, L.; Ma, F.; Yang, T.; et al. Broadband, polarization-sensitive, and
self-powered high-performance photodetection of hetero-integrated MoS2 on lithium niobate. Research 2023, 6, 0199. [CrossRef]
[PubMed]

26. Zhang, T.X.; Tao, C.; Ge, S.X.; Pan, D.W.; Li, B.; Huang, W.X.; Wang, W.; Chu, L.Y. Interfaces coupling defor-mation mechanisms
of liquid-liquid-liquid three-phase flow in a confined microchannel. Chem. Eng. J. 2022, 434, 134769. [CrossRef]

27. Li, K.-C.; Lu, M.-Y.; Nguyen, H.T.; Feng, S.-W.; Artemkina, S.B.; Fedorov, V.E.; Wang, H.-C. Intelligent Identification of MoS2
Nanostructures with Hyperspectral Imaging by 3D-CNN. Nanomaterials 2020, 10, 1161. [CrossRef]

28. Chen, S.; Li, B.; Dai, C.; Zhu, L.; Shen, Y.; Liu, F.; Deng, S.; Ming, F. Controlling Gold-Assisted Exfoliation of Large-Area MoS2
Monolayers with External Pressure. Nanomaterials 2024, 14, 1418. [CrossRef]

29. Wadhwa, R.; Agrawal, A.V.; Kumar, M. A strategic review of recent progress, prospects and challenges of MoS2-based photode-
tectors. J. Phys. D Appl. Phys. 2022, 55, 063002. [CrossRef]

30. Li, X.; Zhu, H. Two-dimensional MoS2: Properties, preparation, and applications. J. Mater. 2015, 1, 33–44. [CrossRef]
31. Yue, S.; Hou, M.; Wang, R.; Guo, H.; Hou, Y.; Li, M.; Zhang, Z.; Wang, Y.; Zhang, Z. Ultra-broadband metamaterial absorber from

ultraviolet to long-wave infrared based on CMOS-compatible materials. Opt. Express 2020, 28, 31844–31861. [CrossRef] [PubMed]
32. Lei, L.; Li, S.; Huang, H.; Tao, K.; Xu, P. Ultra-broadband absorber from visible to near-infrared using plasmonic metamaterial.

Opt. Express 2018, 26, 5686–5693. [CrossRef] [PubMed]
33. Zhong, H.; Liu, Z.; Tang, P.; Liu, X.; Tang, C. Thermal-stability resonators for visible light full-spectrum perfect absorbers. Sol.

Energy 2020, 208, 445–450. [CrossRef]
34. Lee, C.; Yan, H.; Brus, L.E.; Heinz, T.F.; Hone, J.; Ryu, S. Anomalous Lattice Vibrations of Single- and Few-Layer MoS2. ACS Nano

2010, 4, 2695–2700. [CrossRef]
35. Liu, Z.; Zhang, H.; Fu, G.; Liu, G.; Liu, X.; Yuan, W.; Xie, Z. Colloid templated semiconductor meta-surface for ultra-broadband

solar energy absorber. Sol. Energy 2020, 198, 194–201. [CrossRef]
36. Chen, M.; He, Y. Plasmonic nanostructures for broadband solar absorption based on the intrinsic absorption of metals. Sol. Energy

Mater. Sol. Cells 2018, 188, 156–163. [CrossRef]
37. Huo, D.; Zhang, J.; Wang, Y.; Wang, C.; Su, H.; Zhao, H. Broadband Perfect Absorber Based on TiN-Nanocone Metasurface.

Nanomaterials 2018, 8, 485. [CrossRef]
38. Xiong, H.; Ma, X.D.; Wang, B.X.; Zhang, H.Q. Design and analysis of an electromagnetic energy conversion device. Sens. Actuators

A Phys. 2024, 366, 114972. [CrossRef]
39. Late, D.J.; Liu, B.; Matte, H.R.; Dravid, V.P.; Rao, C.N.R. Hysteresis in single-layer MoS2 field effect transistors. ACS Nano 2012, 6,

5635–5641. [CrossRef]
40. Liang, S.R.; Cheng, S.B.; Zhang, H.F.; Yang, W.X.; Yi, Z.; Zeng, Q.D.; Tang, B.; Wu, P.; Ahmad, S.; Sun, T.; et al. Structural color

tunable intelligent mid-infrared thermal control emitter. Ceram. Int. 2024, 50, 23611–23620. [CrossRef]

https://doi.org/10.3390/nano14141200
https://doi.org/10.29026/oea.2022.210159
https://doi.org/10.3390/ma17133174
https://doi.org/10.29026/oea.2022.200098
https://doi.org/10.1002/adom.202100245
https://doi.org/10.1016/j.measurement.2023.113302
https://doi.org/10.3390/ma16114178
https://www.ncbi.nlm.nih.gov/pubmed/37297312
https://doi.org/10.3390/photonics10060643
https://doi.org/10.1016/j.diamond.2023.109960
https://doi.org/10.29026/oea.2023.230094
https://doi.org/10.34133/research.0199
https://www.ncbi.nlm.nih.gov/pubmed/37484499
https://doi.org/10.1016/j.cej.2022.134769
https://doi.org/10.3390/nano10061161
https://doi.org/10.3390/nano14171418
https://doi.org/10.1088/1361-6463/ac2d60
https://doi.org/10.1016/j.jmat.2015.03.003
https://doi.org/10.1364/OE.403551
https://www.ncbi.nlm.nih.gov/pubmed/33115149
https://doi.org/10.1364/OE.26.005686
https://www.ncbi.nlm.nih.gov/pubmed/29529770
https://doi.org/10.1016/j.solener.2020.08.026
https://doi.org/10.1021/nn1003937
https://doi.org/10.1016/j.solener.2020.01.066
https://doi.org/10.1016/j.solmat.2018.09.003
https://doi.org/10.3390/nano8070485
https://doi.org/10.1016/j.sna.2023.114972
https://doi.org/10.1021/nn301572c
https://doi.org/10.1016/j.ceramint.2024.04.085


Molecules 2024, 29, 4515 14 of 15

41. Gao, H.; Fan, X.H.; Wang, Y.X.; Liu, Y.C.; Wang, X.G.; Xu, K.; Deng, L.; Deng, C.; Zeng, C.; Li, T.; et al. Multi-foci metalens for
spectra and polarization ellipticity recognition and reconstruction. Opto-Electron. Sci. 2023, 2, 220026. [CrossRef]

42. Cheng, S.B.; Li, W.X.; Zhang, H.F.; Akhtar, M.N.; Yi, Z.; Zeng, Q.D.; Ma, C.; Sun, T.Y.; Wu, P.H.; Ahmad, S. High sen-sitivity five
band tunable metamaterial absorption device based on block like Dirac semimetals. Opt. Commun. 2024, 569, 130816. [CrossRef]

43. Li, W.; Cheng, S.; Zhang, H.; Yi, Z.; Tang, B.; Ma, C.; Wu, P.; Zeng, Q.; Raza, R. Multi-functional metasurface: Ul-tra-
wideband/multi-band absorption switching by adjusting guided mode resonance and local surface plasmon resonance effects.
Commun. Theor. Phys. 2024, 76, 065701. [CrossRef]

44. Zhang, Y.; Pu, M.; Jin, J.; Lu, X.; Guo, Y.; Cai, J.; Zhang, F.; Ha, Y.; He, Q.; Xu, M.; et al. Crosstalk-free achromatic full Stokes
imaging polarimetry metasurface enabled by polarization-dependent phase optimization. Opto-Electron. Adv. 2022, 5, 220058.
[CrossRef]

45. Wang, J.; Qin, X.; Zhao, Q.; Duan, G.; Wang, B.-X. Five-Band Tunable Terahertz Metamaterial Absorber Using Two Sets of
Different-Sized Graphene-Based Copper-Coin-like Resonators. Photonics 2024, 11, 225. [CrossRef]

46. Zhao, H.; Wang, X.K.; Liu, S.T.; Zhang, Y. Highly efficient vectorial field manipulation using a transmitted tri-layer metasurface in
the terahertz band. Opto-Electron. Adv. 2023, 6, 220012. [CrossRef]

47. Li, W.X.; Liu, Y.H.; Ling, L.; Sheng, Z.X.; Cheng, S.B.; Yi, Z.; Wu, P.H.; Zeng, Q.D.; Tang, B.; Ahmad, S. The tunable absorber
films of grating structure of AlCuFe quasicrystal with high Q and refractive index sensitivity. Surf. Interfaces 2024, 48, 104248.
[CrossRef]

48. Deng, J.H.; Xiong, H.; Yang, Q.; Wang, B.X.; Zhang, H.Q. Metasurface-based Microwave Power Detector for Polari-zation Angle
Detection. IEEE Sens. J. 2023, 23, 22459–22465. [CrossRef]

49. Gigli, C.; Leo, G. All-dielectric χ2 metasurfaces: Recent progress. Opto-Electron. Adv. 2022, 5, 210093. [CrossRef]
50. Liang, S.; Xu, F.; Yang, H.; Cheng, S.; Yang, W.; Yi, Z.; Song, Q.; Wu, P.; Chen, J.; Tang, C. Ultra long infrared met-amaterial

absorber with high absorption and broad band based on nano cross surrounding. Opt. Laser Technol. 2023, 158, 108789. [CrossRef]
51. Zhang, Y.; Yi, Y.; Li, W.; Liang, S.; Ma, J.; Cheng, S.; Yang, W.; Yi, Y. High Absorptivity and Ultra-Wideband So-lar Absorber Based

on Ti-Al2O3 Cross Elliptical Disk Arrays. Coatings 2023, 13, 531. [CrossRef]
52. Sang, T.; Mi, Q.; Yang, C.Y.; Zhang, X.H.; Wang, Y.K.; Ren, Y.Z.; Xu, T. Achieving asymmetry parameter-insensitive resonant

modes through relative shift–induced quasi-bound states in the continuum. Nanophotonics 2024, 13, 1369–1377. [CrossRef]
53. Wu, L.; Yang, L.L.; Zhu, X.W.; Cai, B.; Cheng, Y.Z. Ultra-broadband and wide-angle plasmonic absorber based on all-dielectric

gallium arsenide pyramid nanostructure for full solar radiation spectrum range. Int. J. Therm. Sci. 2024, 201, 109043. [CrossRef]
54. Yue, Z.; Li, J.T.; Li, J.; Zheng, C.L.; Liu, J.Y.; Lin, L.; Guo, L.; Liu, W. Terahertz metasurface zone plates with arbitrary polari-zations

to a fixed polarization conversion. Opto-Electron. Sci. 2022, 1, 210014. [CrossRef]
55. Luo, J. Dynamical behavior analysis and soliton solutions of the generalized Whitham–Broer–Kaup–Boussineq–Kupershmidt

equations. Results Phys. 2024, 60, 107667. [CrossRef]
56. Li, W.X.; Zhao, W.C.; Cheng, S.B.; Yang, W.X.; Yi, Z.; Li, G.F.; Zeng, L.C.; Li, H.L.; Wu, P.H.; Cai, S.S. Terahertz Se-lec-tive Active

Electromagnetic Absorption Film Based on Single-layer Graphene. Surf. Interfaces 2023, 40, 103042. [CrossRef]
57. Xie, Y.D.; Liu, Z.M.; Zhou, F.Q.; Luo, X.; Gong, Y.M.; Cheng, Z.Q.; You, Y. Tunable nonreciprocal metasurfaces based on nonlinear

quasi-Bound state in the Continuum. Opt. Lett. 2024, 49, 3520–3523. [CrossRef]
58. Cao, T.; Lian, M.; Chen, X.Y.; Mao, L.B.; Liu, K.; Jia, J.; Su, W.; Ren, H.; Zhang, S.; Xu, Y.; et al. Multi-cycle reconfigurable THz

extraordinary optical trans-mis-sion using chalcogenide metamaterials. Opto-Electron. Sci. 2022, 1, 210010. [CrossRef]
59. Li, W.X.; Liu, M.S.; Cheng, S.B.; Zhang, H.F.; Yang, W.X.; Yi, Z.; Zeng, Q.D.; Tang, B.; Ahmad, S.; Sun, T.Y. Po-lar-ization

independent tunable bandwidth absorber based on single-layer graphene. Diam. Relat. Mater. 2024, 142, 110793. [CrossRef]
60. Ha, Y.L.; Luo, Y.; Pu, M.B.; Zhang, F.; He, Q.; Jin, J.; Xu, M.; Guo, Y.; Li, X.; Ma, X.; et al. Physics-data-driven intelligent

optimization for large-aperture metalenses. Opto-Electron. Adv. 2023, 6, 230133. [CrossRef]
61. Shangguan, Q.; Zhao, Y.; Song, Z.; Wang, J.; Yang, H.; Chen, J.; Liu, C.; Cheng, S.; Yang, W.; Yi, Z. High sensitivity active adjusable

graphene absorber for refractive index sensing applications. Diam. Relat. Mater. 2022, 128, 109273. [CrossRef]
62. Sreekanth, K.V.; Alapan, Y.; ElKabbash, M.; Wen, A.M.; Ilker, E.; Hinczewski, M.; Gurkan, U.A.; Steinmetz, N.F.; Strangi, G.

Enhancing the angular sensitivity of plasmonic sensors using hyperbolic metamaterials. Adv. Opt. Mater. 2016, 4, 1767–1772.
[CrossRef] [PubMed]

63. Deng, X.; Shui, T.; Yang, W.X. Inelastic two-wave mixing induced high-efficiency transfer of optical vortices. Opt. Express 2024, 32,
16611–16628. [CrossRef] [PubMed]

64. Fan, J.X.; Li, Z.L.; Xue, Z.Q.; Xing, H.Y.; Lu, D.; Xu, G.; Gu, J.; Han, J.; Cong, L. Hybrid bound states in the continuum in terahertz
metasurfaces. Opto-Electron. Sci. 2023, 2, 230006. [CrossRef]

65. Luo, J.; Zhang, J.H.; Gao, S.S. Design of Multi-Band Bandstop Filters Based on Mixed Electric and Magnetic Coupling Resonators.
Electronics 2024, 13, 1552. [CrossRef]

66. Li, W.X.; Zhao, W.C.; Cheng, S.B.; Zhang, H.F.; Yi, Z.; Sun, T.Y.; Wu, P.H.; Zeng, Q.D.; Raza, R. Tunable Metamaterial Absorption
Device based on Fabry–Perot Resonance as Temperature and Refractive Index Sensing. Opt. Lasers Eng. 2024, 181, 108368.
[CrossRef]

67. Palik, E.D. Handbook of Optical Constants of Solids I–III; Academic Press: Orlando, FL, USA, 1998.

https://doi.org/10.29026/oes.2023.220026
https://doi.org/10.1016/j.optcom.2024.130816
https://doi.org/10.1088/1572-9494/ad3b8f
https://doi.org/10.29026/oea.2022.220058
https://doi.org/10.3390/photonics11030225
https://doi.org/10.29026/oea.2023.220012
https://doi.org/10.1016/j.surfin.2024.104248
https://doi.org/10.1109/JSEN.2023.3306462
https://doi.org/10.29026/oea.2022.210093
https://doi.org/10.1016/j.optlastec.2022.108789
https://doi.org/10.3390/coatings13030531
https://doi.org/10.1515/nanoph-2023-0673
https://doi.org/10.1016/j.ijthermalsci.2024.109043
https://doi.org/10.29026/oes.2022.210014
https://doi.org/10.1016/j.rinp.2024.107667
https://doi.org/10.1016/j.surfin.2023.103042
https://doi.org/10.1364/OL.525662
https://doi.org/10.29026/oes.2022.210010
https://doi.org/10.1016/j.diamond.2024.110793
https://doi.org/10.29026/oea.2023.230133
https://doi.org/10.1016/j.diamond.2022.109273
https://doi.org/10.1002/adom.201600448
https://www.ncbi.nlm.nih.gov/pubmed/28649484
https://doi.org/10.1364/OE.516310
https://www.ncbi.nlm.nih.gov/pubmed/38858863
https://doi.org/10.29026/oes.2023.230006
https://doi.org/10.3390/electronics13081552
https://doi.org/10.1016/j.optlaseng.2024.108368


Molecules 2024, 29, 4515 15 of 15

68. Ermolaev, G.A.; Stebunov, Y.V.; Vyshnevyy, A.A.; Tatarkin, D.E.; Yakubovsky, D.I.; Novikov, S.M.; Baranov, D.G.; Shegai, T.;
Nikitin, A.Y.; Arsenin, A.V.; et al. Broadband Optical Properties of Monolayer and Bulk MoS2. Npj 2D Mater. Appl. 2020, 4, 21.
[CrossRef]

69. Liang, S.R.; Xu, F.; Li, W.X.; Yang, W.X.; Cheng, S.B.; Yang, H.; Chen, J.; Yi, Z.; Jiang, P.P. Tunable smart mid infrared thermal
control emitter based on phase change material VO2 thin film. Appl. Therm. Eng. 2023, 232, 121074. [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/10.1038/s41699-020-0155-x
https://doi.org/10.1016/j.applthermaleng.2023.121074

	Introduction 
	Results and Discussion 
	The Influence of Different Structures on the Results 
	Physical Mechanism Analysis of High Absorption and Wide Bandwidth of Structure 
	Weighted Average Absorption Rate and Radiation Performance Analysis 
	Effect of Varying Parameters on Absorption Outcomes 
	Angle Sensitivity Analysis 

	Modelling and Structural Parameters of the Micro-Nano Optical Devices 
	Conclusions 
	References

