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With the increasing of global energy requirements and environmental problems, the use of solar thermal energy has attracted widespread attention. The selective solar absorption coating is the most important part of a solar thermal conversion device. At present, most of the coatings work well in a vacuum at a high temperature, while not stably in the air environment. Based on the high-temperature resistant and infrared-reflective properties of ITO, a multilayer film of SiO2/Si3N4/SiO2/ITO/Cr has been designed as a selective solar absorber. The genetic algorithm is applied to optimize the material and thickness selection for each layer. The results show that the optimized multilayer film could achieve a high solar absorptance up to 90% while keeping a relatively low infrared emittance around 50% for temperature change between 600°C and 900°C. All the materials composing this film have been tested before to be chemically stable at a high temperature up to 900°C in the air environment. It is also adaptive to different incident angles from 0° to 60°. The finite-difference time-domain method was also adopted to plot the energy density distribution for different wavelengths, which provided the underlying mechanism for the selective emission spectrum. The findings in this study would provide valuable guidance to design a low-cost selective solar absorption coating without the need for vacuum generation.
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INTRODUCTION
Compared with traditional fossil energy, solar energy has the advantages of abundant stock, clean use, and direct development and utilization (Modi et al., 2017; Sansaniwal et al., 2018). The representative application of solar energy fields including solar water heating system, refrigeration, seawater desalination (Choi, 2017; Li et al., 2018), solar industrial heat (Geete, 2020; Kumar and Mylsamy, 2020) and concentrated thermal power generation (Cojocaru et al., 2020; Teffah and Zhang, 2017; Caccia et al., 2018; Wilberforce et al., 2019), which have formed an all-round utilization at low, medium and high temperatures. Especially, solar thermal electricity (STE) has become a driving force that cannot be ignored for “carbon peak” and “carbon neutrality”. There are still many urgent problems to be solved in the demonstration projects (Geete, 2020). The solar selective absorption coating (Seraphin, 1976; Craighead and Buhrman, 1977) is the cornerstone of solar photothermal utilization and the guarantee for efficient collection of solar energy to maintain good optical efficiency. Scientific researchers have conducted extensive research on selective absorption coatings (Cao et al., 2017; Gao et al., 2019). The materials for absorption coatings are mainly composite materials composed of transition metals such as Co, Ti, Cr, Ni, and their compounds. The structures mainly include intrinsic absorption type, surface texture type, multilayer gradient type, cermet composite type, etc. Each structure has some shortcomings, so the current coating structure is composed of a variety of structures. The typical solar spectrum selective absorption coating mainly has three layers, the base layer, the intermediate absorption layer (single layer or multi-layer composite structure) and the anti-reflection layer.
After decades of research, the absorption rate of the coating currently working in the medium and low-temperature environment can reach about 0.95, while the reflectivity is only 0.04, for which the comprehensive performance and stability have reached an ideal level (Baneshi et al., 2012; Grosjean et al., 2018; Long et al., 2019). A typical product is the super blue film-TiNOX produced by German Almeco Company (Almeco-TiNOX., 2013), which is based on SiO2-TiNxOy-Cu cermet coating with an absorption rate of 0.95 and reflectivity of 0.04 (100°C). Bayón et al. (Bayón et al., 2010) prepared Al/CuMnOx/SiO2 absorption coating by sol-gel extraction method, and the absorption rate of the coating is as high as 0.95. The absorption rate and reflectance of the large area (30 cm × 30 cm) coating are 0.935 and 0.04 respectively, and the film system has good thermal stability and humidity stability after heating at 250°C for 200 h.
However, with the promotion of solar high-temperature heat utilization, the working temperature of the coating has been greatly increased. According to Planck’s Law of black body radiation, the radiation heat loss of the coating itself has also increased significantly, resulting in a decrease in the thermal performance of the system. In order to reduce the self-emission heat loss, its emissivity should be reduced. In addition, when the coating works in a high-temperature environment, the comprised materials would be oxidized in air environment, resulting in worse performance in thermal stability, and be suggested to only work in a vacuum environment. For this reason, the cost of the coating working at high-temperature would be greatly raised. This problem may also exist for medium-temperature heat utilization, because the temperature of the concentrated solar absorber after photothermal conversion is usually much higher than that of the working medium (Wang et al., 2020a; Wang et al., 2020b), and the coating would still reach the high-temperature working temperature zone. Therefore, in the medium and high-temperature solar heat utilization, it is necessary to further improve the high-temperature stability of the coating and maintain low emissivity and high absorptivity.
In the coating industry, many studies have been carried out to enhance the high-temperature coating performance, but most of them stay in the vacuum environment. Wang et al. (Xinkang et al., 2008) prepared a double-layer gradient Mo-Al2O3 spectral coating on stainless steel (SS) substrate. Under the high-temperature vacuum environment of 350∼1,000°C, the absorption rate can reach 0.91∼0.93 and the thermal emissivity is 0.19∼0.27. After annealing the coating for 2∼5 h, the coating can still maintain good optical properties, but with the extension of annealing time and the increase of annealing temperature, the absorption coating has serious cracking and falling off, which indicates that the thermal stability of the coating needs to be improved. Wang et al. (Wang et al., 2017) proposed the alloying of W-NPs and Ti to inhibit the thermal diffusion of W atoms and the agglomeration of nanoparticles (NPs) in the cermet membrane, which significantly improved the thermal stability of the WTi-Al2O3 cermet membrane. Based on the WTi-Al2O3 cermet with good performance, a solar selective absorption coating with SS substrate / W infrared reflection layer / ultra-thin Al2O3 layer / WTi-Al2O3 HMVF (high metal volume fraction) layer / W-Al2O3 LMVF (low metal volume fraction) layer / Al2O3 anti-reflection layer structure is also developed. After annealing at 600°C in a vacuum for 840 h, it shows a high solar absorptivity of about 0.93 and a thermal emissivity as low as 0.1 at 500°C. A. Antonaia and S. Esposito et al. (Antonaia et al., 2010) fabricated the W/W-Al2O3/Al2O3 coating with stainless steel (SS) as the substrate from the magnetron sputtering technology, of which W, W-Al2O3 and Al2O3 was the infrared reflection, light absorption and anti-reflection layer, respectively. Under the high-temperature vacuum environment of 580°C, the light absorption rate of the coating reached 0.94 and the emissivity reached 0.04. Guo et al. (Guo, 2016) used the magnetron sputtering technology to deposit a layer of metal Mo as the light absorption layer of the absorption coating on the SS substrate, and continued to deposit a layer of Al2O3 as the anti-reflection layer. The light absorption rate of the coating at room temperature reached 0.90, and the thermal emissivity was only 0.08. After annealing in a high-temperature vacuum environment at 600°C, the absorption coating can still maintain good optical properties. Ma et al. (Ma, 2012) used electrochemical copper plating technology to prepare a Mo-Cu composite on the surface of nano Mo powder. The composite was used as the absorption layer, and then the Al2O3 and Mo-Cu composite powder were prepared to be suitable for plasma spraying micron-sized composite powder, and finally, a coating with a thickness of about 2.5 μm was sprayed on the pre-polished copper substrate by plasma spraying method. The thermal stability test results show that, when the annealing temperature is lower than 600°C, the light absorption rate (0.868) and thermal emissivity (0.347) of the coating has no obvious change, and it has good thermal stability at 900°C, but the optical performance itself still has great potential for improvement.
It can be concluded that the optical efficiency and thermal stability of a selective absorption coating are the most important properties for high-temperature applications. However, most of the coatings are still tested in the vacuum environment, and they will face a bigger challenge when applied in an air environment due to the possible oxidization and cracking. The present study aims at designing a coating with desired optical selectivity and chemical stability at high temperatures and in the air environment. Although the present work is a theoretical one, the materials composing the coating, which is a multilayer film, have already been experimentally tested to be chemically stable before for the conditions of high temperature and air environment. As a result, combined with the genetic algorithm and transfer matrix method, four kinds of common high-temperature resistant materials, i.e., SiO2, Si3N4, ITO, and Cr, are selected to compose a five-layer membrane. The designed multilayer structure has optimal spectral selectivity with a high solar absorptance and a relatively low infrared emittance at high-temperature ambient conditions. The proposed design method and obtained results in the present study could provide valuable guidance for the coating design of solar applications.
RESULTS AND DISCUSSION
Optimized Structural Design of Multilayer Films
Wang et al. (Wang et al., 2018) of Lawrence Berkeley National Laboratory designed a coating structure made of a three-layer film structure formed by alternating deposition of Cr, ITO, and SiO2, and the structure can maintain pretty good thermal stability for 120 h in high-temperature air up to 900°C. The absorption rate of the coating in the solar spectrum can reach above 0.9, but its emissivity in the infrared spectrum is also beyond 0.6. The overall performance still has a large room for improvement. The relatively high infrared reflectivity and outstanding thermal stabilitity in air of the material ITO provides us a baseline to design a selective solar absorber.
Figure 1 presents a schematic diagram of the multi-layer thin film structure proposed in present study. The coating is a multilayer film structure formed by the alternating deposition of Cr, ITO, SiO2, and Si3N4. The main function of Cr is to improve the solar absorption, and that of ITO is to provide high infrared reflectance. The additional dielectric layers are combined to achieve anti-reflection and spectrum selectivity. Figure 1B shows the black body radiation energy and the solar radiation curve. It can be seen from the figure that the black body radiation intensity is higher than the solar radiation intensity above 1.5 μm. Therefore, in order to take into account both the solar absorption and thermal emission, and to ensure the absorbed net energy as much as possible, the research goal is to reduce its emissivity above 1.5 μm. The calculated spectral reflectivities of the proposed five-layer film and the reference structure of three layers are presented in Figure 1C as well. The ideal spectral reflectivity curve indicates that it should have zero reflectivity below 1.5 μm and unity beyond 1.5 μm. Both the reference structure and optimized one could get pretty low reflectivity, which is generally below 0.2. However, the optimized structure has a better performance in the infrared range with a higher infrared reflectivity, especially in the wavelength range of 1.5–5 μm where most of the thermal emission is focused at a high temperature of 600 ∼ 900°C.
[image: Figure 1]FIGURE 1 | (A) Schematic diagram of the multilayer film structure formed by alternate deposition of Cr, ITO, SiO2, and Si3N4. (B) Solar and blackbody spectral radiation. (C) Spectral reflectance of the base structure, optimized and ideal one.
Effect of Incident Angle on Spectral Emissivity
The effect of incident angle on the spectral emissivity of the proposed multilayer film is also investigated. As shown in Figure 2, when the incident angle increases from 0 to 60°, the spectral emissivity cuve hardly changes, which is advantageous especially in energy related applications. As the incident angle increases above 60°, the spectral emissivity in the spectral range of 0.3∼1.5 μm only changes very slightly, while there is a relatively obvious increase of the spectral emissivity in the spectral range of 1.5∼5 μm. This is possibly due to large phase differences at a large incident angle.
[image: Figure 2]FIGURE 2 | The spectral emissivity of the proposed multilayer film as a function of incident angle.
Optimal Design of Thin Films Based on Genetic Algorithms
To obtain the best spectrum selectivity, the genetic algorithm (Shi et al., 2017) is used to optimize the overall parameters of the multilayer film. The optimization process includes determining the material used, the number of layers required, and the thickness of each layer. Figure 3 shows the optimization process combining the genetic algorithm and the framework of transfer matrix theory, which is applied to calculate the optical properties of a multilayer film. Following this genetic algorithm, it is necessary to define a value function of F (n, d) at first, which represents the residual between the emissivity spectrum of each case and the target spectrum, and the optimization goal is minimizing this function.
[image: image]
Where n represents the number of layers of the film, d represents the thickness of each layer of film, θ is the incident angle, λ is the wavelength, [image: image] is the directional emissivity and spectral emissivity of the multilayer film calculated by the transfer matrix method (Luque-Raigon et al., 2014), [image: image] is the target reflection spectrum, [image: image] is the weight of each band associated with each wavelength (Zhang et al., 2017). The weight setting is redefined here, because it needs to be modified before and after optimization according to the specific conditions required.
[image: Figure 3]FIGURE 3 | Flow chart for obtaining the latest optimized membrane structure using genetic algorithm.
The directional emissivity and spectral emissivity of the multilayer films were calculated by the transfer matrix method. At the beginning of the genetic algorithm optimization process, a total of 61 five layers film structures formed by the random arrangement of Cr, ITO, SiO2, and Si3N4 were generated, the emissivity of the thin film in the wavelength range of 0.3∼12 μm was calculated by transfer matrix method. Through genetic algorithm optimization, the nth generation is optimized on the basis of the calculated emission degree, and the n+1-th generation is obtained. In the (n+1) generation, the best 90% of the value function of the n generation is maintained. The convergence criterion is that the optimal emissivity curve of each generation does not change within 8 generations. After optimization calculation, the optimized multilayer film structure is obtained, and its parameters are shown in Table 1.
TABLE 1 | The material selection and thickness setup assigned for each layer of the proposed film after genetic algorithm optimization process.
[image: Table 1]In order to evaluate the overall performance of the proposed solar absorber before and after optimizaiton, the parameters of total solar absorptance α, thermal emittance ε and quality factor Q are defined as follows (Zhang et al., 2017):
[image: image]
Here λ1, λ2 are 0.3 and 5 μm, respectively. Esol(λ) is the spectral solar radiation, R(λ) is the spectral reflectivity of the film. The total thermal emittance is expressed as (Zhang et al., 2017):
[image: image]
where Eb (T, λ) is the spectral blackbody radiation at a wavelength λ and a temperature T. Moreover, the quality factor is calcuated as (Zhang et al., 2017):
[image: image]
The physical meaning of the quality factor represents the absorbed energy efficiency of the film, and the ultimate goal of the optimization process is to obtain a largest Q. Note that a high-temperature condition with 600°C–900°C is consided when comparing the performance of each film.
As shown in Figure 4, as the temperature rises, both the quality factors before and after optimization tend to decrease, which is because of the blueshift of the radiant energy of the film as its temperature increases. The shorter wavelength corresponds to a smaller reflectivity, which would increase the total thermal emittance and decrease the quality factor. However, the quality factor of the proposed film after optimization is always higher than that before optimization at the temperature range of 600°C∼900°C, and the relative improvement is 13∼23%, which is even larger at a higher temperature.
[image: Figure 4]FIGURE 4 | The quality factors of the coatings before and after optimization were compared at 600°C∼900°C.
Energy Density Distribution
In order to further understand the underlying mechanism for the spectrum selectivity of the proposed multilayer film, the energy density distributions at different wavelengths are obtained by using the finite difference time domain method (Meagher et al., 2020) to solve the Maxwell equations (Liu et al., 2016) in three-dimensional space. The contour plot of the Poynting vector distribution, which represents the energy transport, are shown in Figure 5 for wavelengths of 1 and 3.57 μm, which exactly correspond to the two wavelength ranges of 0.3∼1.5 μm and 1.5 ∼5 μm, respectively. It is worth noting that the substrate is at the lowest end, and the upper surface of the film is on the top. Due to the interference effect, some of the radiative energy is confined at specific layers. At the wavelength of 1 μm, there is still a large value transmitted to the substrate, which indicates that there is a large part of radiative energy transported into the substrate, which indicates a large energy absorption. For the wavelength of 3.57 μm, most of its energy is limited to the outer surface of the film, which brings a high reflectivity.
[image: Figure 5]FIGURE 5 | The Poynting vector distribution of the proposed multilayer film at different wavelengths of 1 and 3.57 µm.
CONCLUSION
In summary, a multilayer film of SiO2/Si3N4/SiO2/ITO/Cr is theoretically designed as a selective solar absorber in present study. All the materials composing the film are high-temperature resistant, giving the film great potential to be applied at ambient conditions. Combining the transfer matrix theory and genetic optimization algorithm, the proposed film could occupy an optimal selective emission/absorption with a high solar absorptance up to 90% while keeping a relatively low infrared emittance around 50% for temperature change between 600°C and 900°C. The effect of different incident angle is also explored, and it shows a pretty good consistence when the incident angle increases from 0 to 60 degrees. The energy distribution obtained from the FDTD simulation indicates that the reason for spectrum selectivity comes from the inteference effect between multiple layers. With a relatively simple structure and good spectral selectivity, the proposed selective solar absorber would find great value in solar enegy utilization at ambient conditions.
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