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[bookmark: _Hlk193994763]We propose a tungsten-based broadband resonator capable of achieving near-perfect solar absorption with suppressed radiative heat loss. Across the entire solar radiation spectrum, the absorber exhibits a spectrally integrated total solar absorptance of 95%. Taking into account the thermal emission under an operating temperature of 100°C, the photothermal conversion efficiency remains as high as 92%-93%. Using the Particle Swarm Optimization, the initial square-based structure is transformed into the adjacent and closely packed strip structures with multiple lengths to achieve enhanced solar absorption. The analysis uses finite-difference time-domain simulations, considering light polarization, incident angle, and structural defects. We proposed a new metamaterial structure with multiple strips that are more efficient, and has simpler geometric structures, such as compared to multilayer films, pyramids, or cone structures, which mostly exhibit substantial radiative heat losses. The structure is composed of a W/SiO₂/W (Metal-Insulator-Metal) configuration, with a surface nanostructure pattern composed of low-emissivity tungsten, with fabrication error-tolerant computational design. 
	
	
1. Introduction
In the last century, the rapid increase in energy consumption in human society has led to the excessive reliance on fossil fuels, resulting in air pollution and global warming, which have seriously altered and deteriorated the natural environment. Utilizing new and renewable energy sources is urgently required to achieve environmental sustainability. Compared to traditional energy sources, renewable energy is more environmentally friendly and is increasingly regarded as a promising solution for sustainable social development.1,2 Among various renewable energy technologies, solar photothermal heat conversion has gained significant global attention due to its abundance, sustainability, and environmental benefits.1 Additionally, its cost is not much compared to other renewable energy sources, making it a viable option for the future. 1,2
        In solar-heat absorber applications, selecting refractory materials is crucial for maintaining device stability and extending operational lifespan. These materials are defined by their ability to retain chemical stability at temperatures exceeding 2000°C and have been widely utilized in industrial furnaces, aerospace thermal protection systems, and semiconductor technologies.3 While metals have been explored for plasmonic applications, conventional noble metals suffer from high optical losses and low thermal stability, significantly limiting their effectiveness. As an alternative, refractory materials such as tungsten, molybdenum, and titanium nitride, conductive oxides exhibit plasmonic resonance in the visible to near-infrared range. Additionally, refractory hexaborides (LaB₆, CeB₆) and the intermetallic NiAl can serve as alternative refractory materials in high-temperature absorber stacks.27-29 Compared to conventional base metals, these materials demonstrate superior mechanical and chemical stability under high-temperature conditions.3,27-29 For plasmonic applications, the combination of metals and dielectrics is a commonly used material design approach, often incorporating nanoscale periodic structures in the metallic layer.4-9,11-17 One of the recently studied configurations involves tungsten (W) and silicon dioxide (SiO₂).4-7,9,10,15
      Many studies have focused on improving solar absorption efficiency, primarily through periodic structure designs in the tungsten layer. For example, square periodic structures have been shown to achieve high absorption in the visible to near-infrared (NIR) range4 ; square-ring and cross-shaped structures offer near-perfect absorption in the visible range but perform poorly in the NIR.5 Other designs, such as square holes filled with SiO₂, also show excellent performance6 , and circular or elliptical structures enhance further absorption. 7 Additionally, applying titanium nitride (TiN) and aluminum oxide (Al₂O₃) in square structures has proven more effective than triangular or disk-shaped designs.8 Multilayer metal/dielectric combinations can also enhance plasmonic resonance and further boost absorption. 9–13 Conical structures enable effective broadband absorption by allowing different wavelengths to interact with gradually scaled features14–15, and combining them with multilayer films can further enhance more absorption.16–17 Another study used metal particle configurations to design solar absorbers, which are easier to fabricate and outperform conventional nanostructures. This improvement results from the interaction between light and metal nanoparticles, where intense polarization occurs when the particle size is smaller than the skin depth.30
[bookmark: _Hlk193994728]       However, most of these previous works have not addressed low radiative heat loss or the low emissivity (Low-E) in longer wavelengths, which can lead to energy loss by heat reradiation. In this work, we incorporate these considerations and propose a new design strategy to suppress such losses and improve overall absorber performance. Here, we choose tungsten as the primary metal. The design approach was developed from a basic MIM-trilayer metamaterial structure with a square periodic pattern.4 This structure is then divided into strip-like segments with randomly varied lengths to serve as optimization parameters. As a result, the energy absorption of solar radiation for the optimized structure is significantly improved compared to the initial structure, such as a square periodic pattern. The finite-difference time-domain (FDTD) simulation results show that the optimized metamaterial absorbers can achieve a total solar absorptance as high as 95% while maintaining a low total thermal emittance of 3% and the photothermal conversion efficiency of 92%-93%.

2. Design and structural parameters of solar absorber
This study aims to enhance the absorption of solar radiation. Therefore, defining and analyzing the spectral range of solar radiation is essential. Solar light travels unobstructed in space, and it interacts with atmospheric components such as air molecules (CO2, water vapor, etc.) and dust upon entering Earth's atmosphere. These interactions cause a gradual reduction in energy as the sunlight reaches the Earth's surface. To quantify this effect, the concept of air mass (AM) is introduced. The air mass represents the relative thickness of the atmosphere that sunlight must traverse. A higher air mass value indicates a longer optical path and greater attenuation of solar radiation. The air mass is mathematically defined as AM = secθ, where θ is the solar zenith angle. When θ = 48.2°, the air mass is approximately 1.5, as illustrated in Fig. 1. In this study, we adopt the ASTM G-173 solar spectrum from the American Society for Testing and Materials (ASTM)18, as shown in Fig. 2. It can be observed that both AM0 and AM1.5G spectra predominantly fall within the 300–2500 nm wavelength range. Specifically, AM1.5G (Air Mass 1.5 Global) is widely used as a standard reference spectrum for evaluating terrestrial solar energy conversion systems. It represents the solar radiation received on a horizontal surface at the Earth's surface when the sun is positioned 48.2° from the zenith, corresponding to an air mass of 1.5. The “G” denotes that it includes both direct and diffuse sunlight, making it suitable for characterizing devices under typical outdoor conditions. Therefore, the solar spectrum used in this study is based on AM1.5G. However, in the mid-infrared region, the thermal emission due to blackbody radiation at 100°C becomes significant beyond 2500 nm. Consequently, the solar absorber targeted in this study corresponds to the dashed spectrum shown in Fig. 2. Therefore, we aim to optimize solar absorption within the 300–2500 nm wavelength range to the greatest extent possible. We subsequently evaluate the impact of thermal emission for wavelengths longer than 2500 nm.
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[bookmark: _Hlk193464008]Fig. 1   Schematic diagram of air mass.
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[bookmark: _Hlk193464406]Fig. 2   Solar spectrum diagram.

[bookmark: _Hlk209097006]Next, we select the metallic material for optimizing solar absorption within the 300–2500 nm wavelength range. To evaluate the optical performance of various candidates, we adopt Fresnel reflectance as the main selection criterion, following the approach demonstrated in previous work19. This method describes surface reflection loss based on the material’s refractive index (, which is the key factor governing light–matter interaction. Under normal incidence, the Fresnel reflectance  can be approximated as:

                                    (1)
Here,  and  are the real and imaginary parts of the complex refractive index . According to Eq. (1), these parameters jointly determine optical reflectance. While a moderate  helps reduce surface reflection, a higher  generally suggests a stronger material loss. However, in some noble metals like Au, despite large  values, their low  leads to high reflectance and low actual absorption. Therefore, the balance between  and  must be considered together when evaluating solar absorber performance. Figure 3(a) and 3(b) show the Fresnel reflectance spectra of selected metals, calculated using experimentally reported optical constants from literature. In the solar spectrum region (0.3–2.5 μm), tungsten (W) exhibits the lowest reflectance among the compared materials. In the longer wavelength range of 2.5–20 μm, although the differences in reflectance become less pronounced, W still maintains a relatively low reflectance level. Considering its broadband absorption potential and its excellent thermal stability as a refractory plasmonic material3, W is selected as the prototype absorber material in this study.
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[bookmark: _Hlk193541007][bookmark: _Hlk199776027]Fig. 3   Fresnel reflectance spectra of selected metals. (a) Solar-active region (0.3–2.5 μm); (b) Mid-infrared region (2.5–20 μm). Reflectance is calculated using the Fresnel formula (Eq. 1) based on experimentally reported optical constants from literature. Data sources: W, Al, Au, Ti – Palik 20; TiN – Beliaev et al. 21; Ta – Weaver et al. 22; Mo – Ordal et al. 23. Among these materials, W exhibits relatively low reflectance across both wavelength regions.

Based on the preceding analysis, tungsten (W) was selected as the metallic material used in the simulations. Fig. 4 presents the simulated results of three conceptual structural designs, where the blue solid line represents the solar spectrum (AM1.5G), the blue dashed line corresponds to blackbody radiation at 100 °C, and the orange solid line indicates the simulated absorptance. The absorptance 𝐴 was obtained from finite-difference time-domain (FDTD) simulations using the relation 𝐴 = 1 – 𝑅 − 𝑇, where 𝑅 and 𝑇 denote reflectance and transmittance, respectively. Fig. 4(a) shows a multilayer cone structure that combines tapered geometry with stacked multilayers. The simulation results indicate that this structure achieves nearly perfect absorption within the solar spectral range (300–2500 nm). However, it also exhibits significant absorption in the mid-infrared (MIR) region (2500–20000 nm), which may lead to additional thermal radiation loss. Moreover, this structure is a tall, three-dimensional design with a complex morphology, which poses fabrication challenges, requiring precise process control and advanced three-dimensional lithography/etching techniques (e.g., focused-ion-beam milling and colloidal-nanosphere lithography).¹⁵,¹⁶ Fig. 4(b) illustrates a random strip structure based on a metal–insulator–metal (MIM) configuration, where randomly arranged metallic strips are distributed over a two-dimensional plane. The simulation results show that although the solar absorptance is slightly lower than that of structure (a), the MIR absorption is significantly suppressed, effectively reducing undesirable thermal emission. More importantly, this structure represents a planar two-dimensional design concept that is relatively easy to fabricate and offers good manufacturability and scalability. Fig. 4(c) represents the conceptual goal structure, aiming to achieve ultra-high absorption within the solar spectral range (300–2500 nm) while maintaining minimal absorption or low emission (low-E) in the MIR region (2500–20000 nm), resembling the characteristics of the flat W film, thereby enabling efficient solar energy harvesting with suppressed thermal radiation. Based on the above comparison, this study adopts a design strategy inspired by structure (b), aiming to identify a structure with random two-dimensional geometric features that is also easy to fabricate. This approach not only balances optical absorption performance and practical manufacturability, but also provides a coherent framework that links the simulation analysis to experimental realization, ultimately achieving the desired objective of high solar absorptance (300–2500 nm) and low MIR absorptance (2500–20000 nm).

[image: ]
Fig. 4   Simulated absorptance of three structure ideas. Blue: AM1.5G spectrum (solid) and 100 °C blackbody (dashed). Orange: absorptance. 
(a) Multilayer cone—high solar, high MIR absorption; (b) Random strip—low MIR, low solar absorption; (c) Ideal—high solar (300–2500 nm), low MIR (2500–20000 nm).


       This study adopts a tungsten-based absorber targeting the 300–2500 nm spectrum, utilizing a metal-dielectric-metal (MIM) stacked structure as the initial design. This concept has been discussed in the literature review.4 As shown in Fig. 5, the design consists of a metal ground plane, a dielectric layer, and a resonant metallic nanostructure identical in material to the ground plane. The structural dimensions are P = 500 nm, b = 250 nm, h = 150 nm, and t = 60 nm. Silicon dioxide (SiO₂) is selected as the dielectric layer due to its low-loss and stable permittivity in the optical range, as well as its high melting point, which enhances thermal stability for absorber design.5


[image: ]
[bookmark: _Hlk193541028]Fig. 5   Metal-dielectric-metal (MIM) periodic square surface structure.

        
      Following the aforementioned square structure, the objective is to optimize the initial design shown in Fig. 6(a) into the structure presented in Fig. 6(b) in a three-dimensional (3D) schematic representation. Similarly, in a two-dimensional (2D) projection, this transformation is illustrated from Fig. 6(c) to Fig. 6(d). The starfish-like configuration was deliberately chosen because it combines geometric symmetry, which supports broadband absorption, with irregular edge features that can be systematically optimized. Compared with purely random or fractal patterns, the starfish design offers a balance between structural complexity and controllability, making it particularly suitable for PSO-based optimization. A closer examination of Fig. 6(c) reveals that the initial geometric configuration is first divided along one of the symmetry axes of the surface square structure. This division results in three adjacent strip-like segments. Each of these initial strip structures has a length of 125 nm and a width of 50 nm, with the lowest strip positioned precisely on the symmetry axis. While the width of each strip remains fixed at 50 nm, their respective lengths are redefined as optimization variables: w₁, w₂, and w₃. These three adjacent strips are rotated by 90 degrees around the central symmetry axis of the square unit, forming the newly optimized surface pattern. The optimization objective function is to maximize the total solar absorption, defined as , which represents the total solar irradiance absorbed by the structure :

                                 (2)
[bookmark: _Hlk194471000]        Here, ​ represents the absorptance at wavelength , while  denotes the AM1.5G solar irradiance intensity corresponding to wavelength . It allows us to identify an optimized structure that more closely aligns with the design of an ideal solar absorber. The optimization method employed in this study is Particle Swarm Optimization (PSO), a population-based stochastic optimization technique. In our implementation, the swarm size was set to 5 with a fixed budget of 1000 iterations; no early stopping or convergence tolerance was applied, and the optimizer ran for all 1000 iterations to assess convergence. PSO has been widely used in various fields, including nanophotonic design, where it has been applied to optimize structures for enhanced performance.24-26
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[bookmark: _Hlk193541099]Fig. 6   Transformation of the original square structure into a Strip-Combined Structure through optimization.


3. Results and discussion
Numerical simulations were performed using the finite-difference time-domain (FDTD) method (Lumerical FDTD Solutions, Ansys). The FDTD method was chosen because it can accurately capture broadband responses and complex periodic geometries. While RCWA is a standard tool for periodic gratings, it often requires a very large number of Fourier harmonics to converge for lossy metallic nanostructures with sharp edges, making FDTD a more efficient and reliable approach for our study. Perfectly matched layer (PML) boundaries were applied in all directions. A normally incident, linearly polarized plane-wave source was employed. An auto non-uniform mesh with a minimum step size of 2.5 nm was used in the nanostructure region to ensure convergence. Reflection and transmission spectra were recorded by frequency-domain power monitors, and absorptance was calculated as A=1−R−T. Optical constants of W and SiO2 were taken from Palik’s experimental datasets.20 Subsequently, the optimized variables w1, w2, and w3 are converged into 50 nm, 186 nm, and 50 nm, respectively. Fig. 7(a) illustrates the solar absorption performance of the initial square structure. It demonstrates a relatively high performance, achieving an overall total solar absorption () of 90.5%. However, there is still a noticeable lack of absorption in the wavelength ranges of 500–600 nm and 2000–2500 nm. After optimization, as shown in Figure 6(b), absorption in these wavelength regions is significantly improved, resulting in an enhanced total solar absorption () of 95%.	Comment by NAGAO Tadaaki: are
-->
are converged into 
[image: ][image: ]

[bookmark: _Hlk194503272]Fig. 7   Solar energy absorption performance before (a) and after (b) optimization. The blue dashed line represents the AM1.5G solar spectrum, the blue solid line represents the actual absorbed solar spectrum after considering the absorption rate, and the orange solid line represents the absorption rate spectrum.

To analyze the absorption variations of solar radiation in the wavelength ranges of 500–600 nm and 2000–2500 nm, we present the electric field distributions at two representative wavelengths: λ = 576 nm, where the solar irradiance is strong and the optimized structure achieves substantially higher energy absorption, and λ = 2124 nm, which also contributes to the solar spectrum and where the optimized structure shows improved solar energy absorption compared to the unoptimized case. According to the electric field distributions before and after optimization in Figs. 8 and 9, it is evident that the optimized structure significantly enhances the electric field intensity. Notably, in addition to the strong electric field at the outermost tips, the fine trenches surrounding the central region of the pattern also play a crucial role in enhancing the electric field intensity.
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[bookmark: _Hlk194503293][bookmark: _Hlk209189568]Fig. 8   Electric field distributions were obtained from FDTD simulations using near-field monitors under normally incident plane-wave excitation. Electric field distribution before (a) and after (b) optimization at a wavelength of 𝜆 = 576 nm, with the polarization direction of the simulated light parallel to the x-axis.
[image: ]
[bookmark: _Hlk194529247]Fig. 9   Electric field distributions were obtained from FDTD simulations using near-field monitors under normally incident plane-wave excitation. Electric field distribution before (a) and after (b) optimization at a wavelength of 𝜆 = 2124 nm, with the polarization direction of the simulated light parallel to the x-axis.

      We also conducted a discussion on the simulation of incident light angles. The absorption simulations mentioned earlier were all based on the assumption of normal incidence, meaning the incident angle was set to 0 degrees. As shown in Fig. 10, we simulated the variation of the α value for the optimized structure with incident angles ranging from 0 to 75 degrees. It can be observed that for incident angles between 0 and 30 degrees, the α value remains around 95%. When the incident angle increases to 45–60 degrees, the α value decreases to approximately 90%. Finally, at an incident angle of 75 degrees, the α value drops to around 75%.


[image: ]
[bookmark: _Hlk194533381]Fig. 10   Variation of the  value with respect to different incident light angles for the optimized structure.

As shown in Fig. 11, the solar absorption simulation is based on an optimized structure replicated with the same dimensions using freehand drawing. This approach considers potential edge roughness caused by fabrication processes. The simulation results show that the α value is 94.8%, which is only slightly lower than the original 95%, suggesting that edge roughness has minimal impact on absorption performance.  

[image: ]
[bookmark: _Hlk194533423]Fig. 11   Solar absorption simulation of an optimized structure replicated with the same dimensions using freehand drawing.
       
[bookmark: _Hlk211171245]Fig. 12 presents the influence of the vertical shape size of the optimized structure on the α value. Given the optimized structural proportions, an edge angle of 81 degrees just reaches the formation of a sharp tip. Therefore, the investigation ranges from the original vertical 90-degree angle to an 81-degree angle. Notably, a slightly tilted 89-degree angle results in a marginally higher α value than the vertical 90-degree angle. However, as the angle decreases from 89 degrees to 81 degrees, the α value gradually declines, reaching approximately 93%. This indicates that the impact of fabrication-induced corner variations on the α value is relatively limited, which means that our absorber design is also fabrication error-tolerant. Moreover, fabrication can follow a standard microfabrication route, comprising thin-film deposition to form the metal/dielectric stack, ultraviolet (UV) lithography to define the photoresist mask, and reactive-ion etching (RIE) to transfer the pattern into the top functional layer.8	Comment by NAGAO Tadaaki: “vertical shape” may be better than “corner shape”?


[image: ]
Fig. 12   Influence of the vertical shape size of the optimized structure on the  value. 
      
Next, we evaluate the effects of thermal emission. Assuming that our device operates at a steady temperature of 100°C under one-sun illumination (without special focusing), its optimized thermal emission performance is shown in Fig. 13.  First, we observe that at 100°C, blackbody radiation primarily spans the wavelength range of approximately 2.5 to 20 μm. According to Kirchhoff’s law of thermal radiation, the emissivity at a given wavelength is equal to the absorptivity at the same wavelength. From this, we can see that the absorptance in the 2.5–20 μm range remains around 5%. Consequently, the actual thermal emission is nearly negligible when multiplying this absorptance by the blackbody radiation at 100°C.

[image: ]
Fig. 13   Thermal emission performance of the optimized structure.

       Finally, we calculate the photothermal conversion efficiency discussed in this study. This efficiency, denoted as 𝜂, is defined as the fraction of the total incident solar radiation energy (within the 0.3–2.5 μm wavelength range) that is absorbed (within the same wavelength range), minus the thermal emission loss caused by blackbody radiation (within the 0.3–20 μm wavelength range):

              (3)

       where ​ is the absorptance at wavelength λ, and  represents the AM1.5G solar irradiance at wavelength λ. The emissivity  follows Kirchhoff’s law of thermal radiation, which states that . The term  denotes the blackbody radiation at the device’s operating temperature ​ and wavelength λ. We also can define the total thermal emittance term as  :

(4)

Table 1 compares the results of this study with other solar absorbers reported in recent years. Overall, the ,, and  values obtained in this study are competitive with, or in some cases comparable to, those reported previously. It should be noted that Ref. 30 achieved even higher experimental photothermal conversion efficiency, partly due to its nanoparticle-on-mirror design based on noble metal silver, which is inherently different from the starfish-type structure studied here based on refractory tungsten. While our approach is based on a relatively simple W/SiO2/W configuration optimized through PSO, many of the other studies in Table 1 adopt multilayer or more complex structures. Thus, the performance of our optimized structure remains notable considering its simplicity and distinct design principle.






Table 1    Comparison of solar absorbers
*: indicates values extracted from the cited reference and recalculated using Eq. (3) of this work for comparison.
	Type
	
	
	
	[bookmark: _Hlk209193851]
	Ref.

	W-palik/SiO2-palik/W-palik
Random struct
(Sim.)

	
	0.9500
	0.0317
	0.9207
	This study

	W/SiO2/W
Square structure
(Sim.)

	
	0.8872
	0.0297
	0.8601*	Comment by Jia-Han Li: It is said 0.864 after Eq. 5 in Ref. 4 Do you calucalte in other way?
\epsilon  in ref. 10, 13, 18 are correct?
	4

	(SiO2/W)*15
Multilayer structure
(Sim.)

	
	0.989
	-
	-
	9

	SiO2/Al2O3/W/Al2O3/W
Multilayer structure
(Exp.)

	
	0.8719
	0.0713
	0.8072*	Comment by Jia-Han Li: Do you calculate the number 0.8072 from 0.872 and 0.071 by yourself? Or do you cite this number 0.8072 from the ref. 10?
	10

	W/Al2O3/W/Al2O3/W
Square ring + Multilayer
(Sim.)

	
	0.9626
	-
	-
	12

	Si3N4/TiN/Si3N4/Ti/Si3N4/Ti
Ti and TiN multilayer ring structure
(Sim.)

	
	0.9896
	0.138
	0.8608*	Comment by Jia-Han Li: Do you calculate the number 0.8608 from 0.9896 and 0.138 by yourself? Or do you cite this number 0.8608 from the ref. 10?

	13

	SiO2/TiN NPs/Ag
Multilayer structure
(Exp.)
	
	0.94
	0.02
	0.92
	30



Conclusions
This study presents simulation results of a solar absorber optimized using a combined strip structure with multiple lengths. We demonstrate that this starfish-like structure achieves better absorption performance for solar radiation and low heat re-radiation than the conventional designs. The optimized geometry enhances the electric field intensity, which improves the absorption effect of the nanostructure. Additionally, we performed simulations to predict the impact of practical fabrication processes and fabrication errors on the absorber's performance. Overall, the optimized design shows notable and competitive performance compared to other solar absorbers reported in recent studies.
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