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Abstract: As solar energy is a low-cost and clean energy source, there has been a great deal of interest in how to harvest it. To
absorb solar energy efficiently, we have designed a broadband metamaterial absorber based on the principle of Fabry—Pérot (FP)
cavity and surface plasmon resonances (SPRs). We propose a broadband perfect absorber consisting of a four-layer structure of
silica-tungsten-silica-titanium (SiO,-W-SiO,-Ti) for the incident light wavelength range of 300-2500 nm. The structure achieves
perfect absorption of incident light in the wavelength range of 351.8—-2465.0 nm (absorption >90%), with an average absorption of
96.3%. The advantage of our proposed structure is that it combines the characteristics of both high and broadband absorption and
has a high overall absorption efficiency for solar radiation. It is also independent of polarization and insensitive to incident angle.
We investigated how absorption was affected by different structures, materials, geometrical parameters, and refractive indices for
different dielectric materials, and we explored the reasons for high absorption. This structure is refractory and ultra-thin, and it offers
a good trade-off between bandwidth and absorption. It therefore has premium application prospects and value.
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1. Introduction

As the global demand for energy has increased dramatically, burning of fossil fuels has led to many environmental problems, such
as the greenhouse effect. To minimize the serious consequences of global warming and keep the planet’s average surface temperature
from rising more than 2°C, the current direction of sustainable development is toward significantly increasing the share of renewable
energy in the global energy structure and doubling energy efficiency[1]. Solar energy is a premium and cheap renewable energy
source. Many studies have been carried out on the acquisition, storage, and use of solar energy[2-6], especially how to collect it.

Based on a survey of the last decade’s literature, we found that metamaterials have many extraordinary properties, because the

materials are human selected and their parameters are artificially designed. Metamaterials thus offer a wide range of application
scenarios for achieving various purposes through different designs — for example, thermal energy emission[7, 8], photodetection[9,
10], thermoelectric conversion[11, 12], and sensing[13, 14]. In addition, metamaterial absorbers can be very effective for solar
harvesting[15, 16].
Because noble metals can provide strong plasmonic resonance and optical coupling, many studies have used them as solar
absorbers[17-19]. However, the intrinsic absorption of noble metals means the overall bandwidth of such absorbers is narrow. Li et
al. proposed an 11-layer absorber whose optical properties could be tailored by manually changing the parameters of a periodic Au
array, but its absorption bandwidth was relatively narrow (400-700 nm)[17]. Also using gold, Qin et al. designed an absorber with
three absorption peaks to achieve broadband absorption in the 1000-2500 nm band. However, the absorber had insufficient
absorption in the visible light range, and the average absorption rate was less than 70%[18]. Ali Elrashidi and colleagues designed
a three-layer absorber composed of Ti, SiO2, and Ag after trying a variety of materials. This structure realized broadband absorption
of 1410 nm[19].

Because the intrinsic absorption of noble metals makes it difficult to achieve broadband absorption, and because of their scarcity,
high cost, and poor chemical and physical stability, researchers are paying less attention to precious metals and turning to other
types of materials, such as refractory metals. Liu et al. designed a titanium nitride (TiN) nano-resonator array and coated it on a
titania (TiO,) array; together, these provided multiple resonant modes for the entire structure. After a series of parameter
adjustments, an absorption bandwidth of 1110 nm was obtained[20]. Yu et al. designed a solar absorber with high thermal stability
using a refractory metal. The intrinsic absorption performance and plasmonic resonance of titanium provided 1264 nm broadband
absorption[21].
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Using silicon nitride as a dielectric material, Liu and other researchers piled four different sized layers of iron, from large to small,
obtaining four absorption peaks and achieving 1.4-11.4 um absorption (>60%). Although the bandwidth of this structure was large,
the average absorption rate was low[22]. Wu et al. used Ti and SiO, materials with good thermal stability and achieved broadband
absorption from 0.596 to 4.102 um. However, the structure had poor absorption performance for incident light in the visible region,
especially in the 500-750 nm wavelength range [23]. The aforementioned absorbers had either high absorption or broadband
absorption, but not both. We believe that the most effective absorption of sunlight can only be achieved if both broadband and high
absorption can be achieved. In designing our absorber, we avoided noble metals and chose tungsten and titanium, two metals with
excellent overall performance.

We propose an ultra-wideband perfect absorber for solar light based on the finite-difference time-domain (FDTD) method.
Previous researchers have demonstrated that actual experimental results are highly identical to those obtained using the FDTD
method[24, 25]. Therefore, it was feasible to probe the absorption efficiency of our proposed structure with this method. The whole
structure is centrosymmetric and axisymmetric, making it independent of polarization as well as insensitive to the incident angle.
The attenuation properties of tungsten and titanium mean they have a high imaginary refractive index. Combining the two metals
achieved high absorption and broadband absorption at the same time. Both materials also have high melting points, contributing to
the structure’s overall thermal stability. We can use electron beams to deposit the substrate of this absorber and employ lithography
and different etching processes to build cross-shaped resonators and triangular arrays. The structure can be prepared on a large scale
due to the absence of noble metal materials. In general, our proposed absorber has the advantages of simple structure, easy
preparation, good absorption performance, and thinness, so it holds promise for applications.

2. Model and parameter design of perfect solar absorber

We took full advantage of the absorber’s high absorption principle to improve the absorption efficiency and bandwidth. The cross
structure of tungsten and the four surrounding tungsten triangular cylinders easily provided powerful surface plasmon resonance.
The two layers below (SiO2and Ti) cooperated with tungsten to form a FP cavity, which further enhanced the absorption of incident
light in the visible to near-infrared bands. In addition, we attached a layer of SiO, to the tungsten array to enhance the plasmon
resonance, which augmented the absorption of incident light. The refractive index values for tungsten and titanium were obtained
from the CRC Handbook of Chemistry and Physics[26], and the refractive index of SiO, was set at 1.45[27]. We used FDTD
Solutions to verify our proposed structure. Periodic conditions were set in the X and Y directions, and PML boundary conditions
were set in the Z direction. The optimized material parameters were | = 410 nm, w = 90 nm, t = 150 nm, P = 700 nm, h; = 80 nm,


https://doi.org/10.20944/preprints202207.0060.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 5 July 2022 d0i:10.20944/preprints202207.0060.v1

30f3

hz =200 nm, hs = 60 nm, hs = 200 nm. A schematic diagram of the structure, as well as a top view and side view, are shown in Fig.
1.

Fig. 1. (a) Schematic diagram of the periodic structure. (b) Top view of the absorber with its parameters, where | =410 nm, w = 90 nm, t = 150 nm. (c) Side view of
the absorber with its parameters, where P = 700 nm, h; = 80 nm, h; = 60 nm, h, = h, = 200 nm.

3. Results and discussion
The formula used to calculate the absorption of the absorbing structure is A=1-R-T . We set the thickness of the titanium
substrate to 200 nm, which resulted in almost no electromagnetic waves penetrating the entire structure, so T =0, therefore A=1-R
. We thus calculated the absorption of the structure for incident light in the wavelength range of 300-2500 nm. As shown in Figure
2a, the absorption curve of this structure possessed three absorption peaks, located at 800, 1320, and 2120 nm, respectively. The
»~
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highest absorption value was located at the incident light wavelength of 1320 nm, with a maximum absorption of 99.4%. The perfect
absorption region of this structure (absorption >90%) covered almost the entire visible to near-infrared band, with a perfect
absorption band width of 2113.2 nm (from 351.8 to 2465.0 nm). Within this perfect absorption band, we calculated the average
absorption using the following formula, where 2, = 351.8 nm and 4, = 2465.0 nm:

A:J.:A(ﬂ)dﬂ/(ﬂl—ﬁq) (1)

We used the calculated average absorption to determine the energy absorption of this structure for solar scattering. The results are
shown in Fig. 2(b). The proposed structure had only a small energy loss in the visible and ultraviolet (UV) band and absorbed almost
all the sunlight in the other bands, indicating its good absorption performance.

We also explored how the absorptivity was affected by a planar structure, the absence of a top dielectric structure, and the use
of different materials. The structure with a SiO; top layer had a smoother absorption curve than one without, meaning the SiO, top
layer brought better solar coupling to the whole structure. As shown in Figure 2(c), the structure with a SiO; top layer had higher
absorption efficiency in the visible wavelength band. The presence of a SiO- dielectric made it easier for electromagnetic waves
with smaller wavelength values to be absorbed by the whole structure. Within the solar radiation spectrum, the visible band accounts
for most of the solar energy, so high absorption efficiency in the visible band must be ensured. Planar structures with similar
dimensions achieved only about 80% absorption when the wavelength of incident light was close to 500 nm. Comparison of the
absorption curves for the original model and the planar structure showed that the presence of an artificially designed cross-shaped
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resonator and a triangular array had a significant impact on the absorption bandwidth and peak. This was also supported by previous
experimental results: absorbers with special shapes (e.qg., disc) are more efficient than absorbers with stacked structures[22, 28].
Fig. 2(d) shows that the use of different materials caused the whole absorption curve to go up and down at different wavelengths
of incident light. The entire curve also underwent redshift or blueshift, depending on the materials. It is evident that although W, Ti,
Ni, and Cr all have a high imaginary refractive index, using tungsten and titanium for the top array and substrate, respectively,
optimized the structure’s absorption. This was because the cross-shaped resonator, triangular array, and substrate led to incomplete
overlap of the absorption bands. Using only one metal material resulted in a narrower overall absorption bandwidth and a lower
overall average absorption rate. Choosing different materials caused the entire absorption peak to appear in different regions, so

selecting other materials for the top array as well as the substrate maximized the absorption and yielded the widest bandwidth.
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Fig. 2. (a) Absorption curve of the original model. (b) Solar spectral intensity and absorption curve. (c) Absorption of original model, model without top SiO; layer,
and planar structure. (d) Absorption of original model and models using other metal materials.

To explain why this absorbing structure has broadband and efficient absorption, we scanned the electric and magnetic fields when
the incident light was vertically incident on this structure without polarization at specific wavelengths; the results are presented in
Figs. 3(a)-(i). Among these, we selected the specific wavelengths 800, 1320, and 2120 nm, corresponding to the three peaks in the
absorption curve. By scanning the electric field in the X-Y plane in Figs. 3(a)-(c), we found that as the incident light wavelength
increased, the electric field intensity at the boundary of the triangular array decreased and the electric field intensity at the edge of
the cross-shaped resonator increased. This was because the electric field was generated by localized surface plasmon resonance
(LSPR) under subwavelength conditions. The dimensions of the cross-shaped resonator were slightly larger than those of the
triangular array, and both were smaller than the incident light wavelength. Therefore, as the incident light wavelength increased, the
LSPR gradually increased around the central cross-shaped resonator and gradually decreased around the triangular array. By
scanning the electric field in the X-Z plane in Figs. 3(d)-(f), we found that a strong electric field was also excited in the SiO;
dielectric layer below the cross-shaped resonator; this was the result of the joint action of the propagating surface plasmon resonance
(PSPR) and the FP cavity.
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By observing the magnetic field distribution in the X-Z plane in Figs. 3(g)-(i), we also assessed the combination of PSPR, LSPR,
and the FP cavity. The magnetic field in the SiO; dielectric layer was generated from cooperation between the PSPR and the FP
cavity. Since the cross-shaped resonator and the triangular array were covered by lossless dielectric layers, a strong PSPR was
generated. In our design, adding lossless dielectric layers above and below the cross-shaped resonator and the triangular array
effectively provided high-quality SPRs[29]. Moreover, our chosen material (tungsten) has a large imaginary refractive index and
possesses strong intrinsic metal loss. Therefore, the dimensions of our design allowed the cross-shaped resonator and triangular
array to provide good absorption in a large wavelength range of incident light.

Fig. 3. (a)-(c): Electric field scanning in the X-Y plane. (d)-(f): Electric field scanning in the X-Z plane. (g)-(i): Magnetic field scanning in the X-Z plane.

In Figure 4, we explore what the cross-shaped resonator and the triangular array contributed to the absorption for the same
parameters. In the incident light wavelength range of 300-500 nm, the absorption curves of the original model, the structure without

@800nm @1320nm @2120nm

(h) )

a cross-shaped resonator, and the structure without a triangular array had similar shapes, and the average absorption of the original
model was the highest. The three absorption curves peaked successively at an incident wavelength of about 800 nm. We think the
combined effect of the triangular array and the cross-shaped resonator located the absorption peak of the complete structure in the
middle of the two, and the absorption of the complete structure was provided by the cross-shaped resonator and the triangular array
together. At an incident light wavelength of about 2000 nm, the absorption curve of the structure without a triangular array peaked,
while the absorption curve of the structure without a cross-shaped resonator slowly decreased. The combined effect of the two
resulted in an absorption peak when the wavelength of incident light was 2100 nm. Although this absorption peak was slightly lower
than the peak produced by the structure without the triangular array, it was broad, resulting in a bandwidth of perfect absorption
greater than 2000 nm. We conclude that combining a cross-shaped resonator and a triangular array can facilitate the effect of plasmon
resonance and the FP cavity, resulting in better absorption of sunlight.
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Fig. 4. Comparison of the absorption curves of the structure without a cross-shaped resonator, the structure without a triangular array, and the original model.

After analyzing the reasons for the structure’s good absorption, we know that the sizes of the cross-shaped resonator and triangular
array are closely related to its performance. To obtain the best microwave absorption performance, we performed a series of sweeps
of the cross-shaped resonator and triangular array.

Figure 5(a) shows the absorption performance of the resonator for different length and width conditions. As the resonator’s size
increased, there was a significant redshift of the absorption peak: when the length (I) and width (w) increased from 350 and 50 nm
to 470 and 130 nm, respectively, the wavelength value at the absorption peak increased from approximately 1850 to 2500 nm.
Conversely, as the size decreased, the absorption was higher when the wavelength of the incident light was smaller. Since energy
scattered by the sun is mainly concentrated in sunlight, whose wavelength ranges from 300 to 2500 nm, to achieve both high and
broadband absorption, we chose a compromise size: | = 410 nm and w = 90 nm. When we observed the effects on absorption caused
by changing the triangular array parameters (Fig. 5(b)), similar results were seen: the position of the absorption peak gradually
redshifted when the side length (t) increased from 110 to 190 nm. We chose t = 150 nm as the final parameter for working with the
cross-shaped resonator to achieve the best solar absorption performance.

Figure 5(c) shows that as the height of the cross-shaped resonator and triangular array increased, the width of the two absorption
peaks gradually increased, but when the height of the tungsten layer increased to a certain level, the width of the absorption peak
gradually stopped expanding, and the peak of the absorption peak decreased slightly. To achieve the best absorption effect, we chose
200 nm as the height of both, which yielded an absorption bandwidth above 2000 nm and good absorption in the visible and UV
regions (300-760 nm).
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Fig. 5. (a) Absorption of cross-shaped resonator with different lengths (1) and widths (w). (b) Absorption of triangular array with different side lengths (t). (c) Cross-
shaped resonator and triangular array height scan (h,).

To explore which material (magnesium fluoride (MgF-), SiO-, alumina (Al>Os), silicon nitride (SisN4), or TiO2) was the most
suitable lossless dielectric for this structure, we compared their absorption properties, as shown in Fig. 6(a). The materials’ refractive
indices were taken from the Handbook of Optical Constants of Solids[27]. We found that SiO,, a very common material, gave the
best solar absorption performance for the whole structure. We therefore chose to use it as the lossless dielectric material for this
structure.

Based on previous electric and magnetic field scans, we knew that to have good solar absorption performance, we needed to
excite the strongest plasmon resonance from the lossless dielectric layer under the cross-shaped resonator and the triangular array.
A proper dielectric thickness (hs) delicately combined the joint action of the FP cavity and PSPR to achieve the most effective
absorption. We swept the height of hz and highlighted the regions where the absorption was above 90%: in Figure 6(b), the more
the absorption exceeds 90%, the closer the color is to red, while the regions where the absorption is below 90% are uniformly blue
to highlight the parameters that optimized the absorption. As hz increased, the width of the high absorption region first gradually
increased and then decreased. We knew there were two wide absorption regions and a narrow absorption peak. As the thickness of
the lossless dielectric layer increased, the two broad absorption regions tended to gradually approach each other, and then gradually
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moved away after the closest distance. As the radiation intensity in the incident light wavelength range of 300-500 nm is relatively
high, we chose hs = 60 nm as the thickness of the dielectric layer to achieve perfect absorption.
Fig. 6. (a) Absorption of different dielectric materials: polyethylene, silica, quartz, vanadium dioxide, and alumina. (b) Thickness sweep of lossless dielectric layer.

To theoretically assess why our proposed structure has good solar absorption performance, we analyzed the structure using
effective medium theory and the impedance-matching principle, and used the following formula to calculate the structure’s

100

1.0 1.0

Absorption
=

02k <
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/ 2 2
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4)

1
Sy =95, = i 1
cos(nkd) —E(Z+§)sin(nkd)

In these formulas, S11, S22, S21, and Siz are all S parameters, where S11= R and Si2 = T = 0. In addition, n is the reflection index, k is
the wave vector, and d is the thickness of the designed structure. In free space, when the plane wave is transmitted to the surface
of the medium, the medium’s reflectivity is:

R=Z0"Zn 5)

Z,+2Z,

where Z; is the impedance of the free space and Zi, is the impedance of the incident material in contact with the free space. In
general, the real part of the impedance in free space is 1 and the imaginary part is 0. According to the impedance-matching principle,
when the impedance of the material is close to that of the free space, the reflection coefficient is very small. Since T and R are very
small and A=1-R-T , when A is close to 1, excellent absorption performance can be obtained for the whole structure. In Fig. 7,
we can see that in the region from visible to near infrared, the real part of the structure’s impedance is close to 1 and the imaginary
part is close to 0. Therefore, we believe this structure has good absorption efficiency in free space.
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Fig. 7 The impedance of the proposed structure.

When this absorber is actually put into use, the light will not always be vertically incident without polarization. We therefore
scanned the structure at different polarization angles and different incident angles. The results in Fig. 8(a) show there was little
change in the structure’s absorption with increasing polarization angle during the change from TE to TM polarization (0° to 90°).
This was because our proposed structure is not only axisymmetric but also centrosymmetric. The high degree of symmetry kept the
overall absorption stable under different conditions of polarized light incidence. Moreover, the absorber maintained perfect
absorption in the incident light wavelength range of 700-2050 nm, and high absorption (>80%) in the incident light wavelength
range of 300-2350 nm, with different and increasing incidence angles. We thus believe this structure would be able to absorb solar
energy efficiently in practical application scenarios.

Fig. 8. (a) Absorptivity at different incident angles. (b) Absorptivity at different polarization angles.

4. Conclusions
In this paper, we have proposed a solar absorber based on the FDTD method that can absorb solar energy across the visible and
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near-infrared regions. The width of the perfect absorption band reaches 2113.2 nm, within which the average absorption is 96.3%
and the maximum is 99.4%. Through theoretical analysis and electromagnetic field scanning, we explained why the structure is able
to achieve broadband absorption and compared the effect of different materials and dimensions on the overall absorption. Finally,
sweep diagrams of the polarization angle and incident angle showed that the structure is independent of the polarization angle and
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insensitive to the incident angle, allowing it to be used in practical application scenarios. With the increasing demand for renewable
energy, this absorber could play a major role in solar energy absorption, thermoelectric conversion, and many other applications.
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