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Abstract

:

Since the introduction of Metal-Insulator-Metal (MIM) absorbers, most of the structures demonstrated a narrowband absorption response which is not suitable for potential applications in photovoltaic systems, as it requires higher energy to enhance its performance. Very little research is being conducted in this direction; to address this issue, we exhibit a broadband solar absorber designed using a concentric GST ring resonator placed upon a silicon dioxide substrate layer with chromium used as a ground plane. It was analyzed using the finite element method. The design is also optimized by using a nonlinear parametric optimization algorithm. Comparatively less work has been focused on solar absorbers designed with the help of GST material, and here we have compared the effect of two different phases of GST, i.e., amorphous (aGST) and crystalline (cGST); the results indicate the higher performance of aGST phase. Parametric optimization has been adapted to identify the optimal design to attain high performance at minimal resources. The absorption response is angle insensitive for 0 to 60 degrees, and at the same time for both TE and TM modes, the design provides identical results, indicating the polarization-insensitive properties. The electric field intensity changes at the six peak wavelengths are also demonstrated for the authentication of the high performance. Thus, the proposed concentric GST ring resonator solar absorber can present a higher solar energy absorption rate than other solar structure designs. This design can be applied for improving the performance of photovoltaic systems.
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1. Introduction


Nowadays, many appliances are used to ease our daily lives, but the power supplies for these appliances need to be considered, as they contribute significantly towards the major issues of climate change and global warming. To solve this problem, solar energy plays an important role [1]. Photonics defines the technology of light, and the main function of photonic technology is to encompass generating, manipulating, amplifying, guiding, and detecting light [2]. Moreover, it can be used in our phones, such as lasers, cameras, optical fibers, and screens. Optical tweezers and lighting are also used in cars, homes, TVs, and computers [3]. Photonic devices are used in the medical field and for a large generation of power in the industrial field [4]. Photonic devices play an important role in our daily lives; therefore, by studying photonic technology, we can improve many other science fields, such as optical, microwave, wireless communication, solar energy systems, and so on [5]. One of the main reasons to develop the solar energy system is to reduce the damage to our natural environment and stop the toxic gases produced by large industries [6]. The solar energy system intends to reduce the greenhouse effect we have been facing for the last decade [7]. Several numerical algorithms have also been employed for photovoltaic cell analysis [8,9].



Engineers have developed many techniques to improve the absorption rate of photovoltaic cells, including a multi-layer structure with several types of layers using various types of suitable materials [10]. Using a multi-layer structure provides better results than other structures and can produce better energy absorption output [11]. Before designing a good solar absorber, engineers need to consider the properties of the metamaterials that will be used in the developed solar absorbers [12,13,14,15,16]. The greater the number of solar absorber layers, the greater the absorption rate [17,18]. The number of solar absorber layers is directly proportional to the absorption rate. Nevertheless, the three-layer solar absorber type is the most popular because of its efficiency and cost [19]. According to Wang and co-authors, at a frequency between 20.59 GHz and 43.73 GHz, the metamaterial absorber can provide an absorption rate of over 83% and an absorption rate of 79.5% in full width. Moreover, a metamaterial absorber is ultra-thin at the center frequency and has only 10% of the wavelength [20]. John and co-authors found that under the visible region between 450 THz and 750 THz, a novel circular ring resonator solar energy absorber has a more suitable operating range in the polarization insensitive property for solar cells [21]. Zhao’s theory optimized that a three-layer coating solar absorber has an absorptance value of 0.97 at 2.5 μm [22]. Wu and co-author proposed an ultra-broadband solar absorber with an absorption above 90% ranging between 685 and 4071 nm by a split-ring resonator design [23]. The average absorption rate is above 94.3 between the wavelength range 600 and 4200 nm [24]. Yu observed that the absorption rate is over 90% by using surface plasmon resonance at 1759 nm [25]. Wanger and co-authors found that metallic chromium (Cr) and chromium oxide (Cr2O3) absorptance values are more than 90.0% by XRD, resulting in diffraction peaks [26]. To date, many materials have been employed for solar absorber designs for solar thermophotovoltaic (STPV) applications. Naveed et al. reported a MIM structure with a SiO2 insulator and nickel ground and resonator layer. The resonator was a combination of multiple hexagonal structures, and the authors achieved an overall absorption of 80% in the entire solar spectrum [27]. The authors also varied the metallic layers in the range of Al, Au, Cr, Ag, W, and Ni, and the highest performing material was Ni. Shafique and co-authors proposed a vanadium-nitride-inspired MIM absorber for STPV application and achieved >98% absorptance in UV and visible regions [28]. Kondaiah and investigators reported an Al2O3/TaC/Ti-based structure for a solar thermal absorber which is stable for 2 h at 500 °C [29]. A tungsten-nanowire-assisted MIM structure is presented for subwavelength domain with near perfect absorption in UV, and 85% in visible range is observed [30].



The available structures of solar absorbers either depict the single band or multiband response, which is not feasible for several solar energy harvesting related applications, and for this specific need, we require a broadband solar absorber that can absorb the solar energy under the whole solar spectrum. Hence, the objective of this study is to design a solar absorber which can absorb the solar energy over the whole solar spectrum from UV to MIR with large angular and polarization-independent characteristics. Furthermore, the objective is to obtain an optimal structure by applying parametric optimization and comparing the absorption response for various phases of GST. This work is among the few works which have utilized GST materials for a solar absorber structure and achieved the broadband absorption response, and here resides the novelty of this work. We examined the GST material for this study, which makes this work interesting, as previously, most of the GST-based works are reported in the IR band.



The proposed structure is designed with three layers, including a ground layer, the substrate layer, and the resonator to overcome the narrowband absorption response and achieve the broadband absorption response. We used the structure with a concentric ring designed to obtain a high absorption rate and good quality [31]. At the ground layer, we used Cr, and at the substrate layer, we used SiO2 and GST resonators, respectively. The proposed GST ring structure can provide a high absorption rate compared to other designs because of its concentric ring resonators [32]. In this paper, we are going to demonstrate the changes in absorption rates in the ultraviolet (UV) regions, visible (V) regions, and infrared (IR) regions. The electromagnetic spectrum in the ultraviolet region starts from 10 nm to 400 nm and is shorter than the visible region [33]. The visible region is the region that the electromagnetic spectrum in the range the human eye can see, and the wavelength range is between 380 and 700 nm [34]. The IR wavelength is longer than visible light, generally from around 1 mm [35]. The developed design will show the average absorption rates for the TE and TM modes. The TE mode is the propagation of the direction of the electric field traveled concerning the normal direction of a magnetic field [36]. The TM mode is the propagation of the direction of the magnetic field traveled concerning the normal direction of a magnetic field [37]. The section below discusses the design and parameters of construction, the results and discussion of the proposed design absorption rate, and the comparison of average absorption rates between the developed design and the formerly published works.




2. Methodology


This section discusses the design and modeling of the proposed structure. The materials used for designing the proposed structure, parameters, and the structure optimization process are discussed in detail. The optical properties of the utilized materials are discussed to demonstrate their advantage in the proposed structure. The structure is first designed by introducing every layer. The importance of those layers is demonstrated for obtaining the ultrawideband absorption. The structure optimization is then carried out to identify the best parameters to achieve the highest possible broadband absorption response with the help of the proposed structure. The ideal characteristics, including angular and polarization insensitivity, are investigated to demonstrate the absorber’s response similar to an ideal absorber. At last, the proposed absorber structure is compared with available designs to depict its high performance compared to those structures.



2.1. Design and Modeling


The design and modeling process of the proposed broadband solar absorber is described through a flowchart in Figure 1. Figure 2a shows the top view for the GST ring resonator. Figure 2b represents the 3D shape of the concentric GST ring resonator-based solar absorber. Figure 2c represents the front view for the GST ring resonator with the respective parameters such as the structure length L = 500 nm; the ground layer thickness, PB is 500 nm; the substrate layer thickness, PS is 600 nm; and the GST ring resonator thickness, PR is also 500 nm. Figure 2d shows the radius of the rings, respectively. The radius of the central circle R1 is 25 nm. The first ring radius R2 is 50 nm, the second ring radius R3 is 125 nm, and the third ring radius R4 is 200 nm. To investigate the concentric ring resonator design, we used COMSOL Multiphysics software [38]. The refractive index of Cr is 3.212 and the silicon dioxide SiO2 refractive index is 1.5175 [39]. The proposed design is developed with a SiO2 substrate layer over the Cr ground layer and a GST ring resonator is placed over the SiO2 layer. Figure 2e,f represent the refractive index output for aGST and cGST with real and imaginary parts, respectively. A SiO2 material as a substrate is chosen due to its dielectric properties [40,41]. Due to its remarkable optical properties and high melting point, chromium metal is selected as the ground layer [39].




2.2. Structure Optimization


The main importance and novelty of the proposed concentric ring resonator is its symmetrical shape, which in return gives the polarization insensitive response which is a necessity for a solar absorber. Furthermore, the material used to fabricate ring resonators is less compared to circular resonators, and it is also easy to fabricate with the help of photolithography. Figure 3a presents the process of optimizing a developed structure by simulating and checking the importance of each layer and how they contribute towards improving the absorption response step by step. First, we built a Cr ground layer. On the Cr ground layer, we placed a SiO2 layer, and we constructed the ring resonator over the SiO2 layer. Then, the second ring resonator, third ring resonator, and finally the one cylinder were constructed concentrically. Figure 3b–h represents the situations of absorptance, reflectance, and transmittance of the developed designs of Figure 3a. The average absorption rates of the various structures were calculated by the FEM method [42].



In Figure 3b, the average absorption rate of the Cr ground layer in UV, V, NIR, and MIR regions is presented. The absorption rates are 48.28%, 50.45%, 46.41%, and 45.76% in the mentioned ranges, respectively, with an overall absorption rate of 46.96%. Figure 3c examines the average absorption rate of the SiO2 substrate layer in UV, V, NIR, and MIR regions, and the absorption rates are 70.77%, 77.53%, 54.79%, and 53.83%, respectively, with the overall absorption rate of 58.16%. The absorption rate of the design comprised both the Cr ground layer and SiO2 substrate layer and is shown in Figure 3d. In this figure, the absorption rates are 68.24%, 78.66%, 60.77%, and 62.27% in UV, V, NIR, and MIR regions, respectively, and the overall average absorption rate is 63.48%. Then, we continued to develop the GST ring resonator with the first ring, and the absorption rate is shown in Figure 3e. In this figure, the average absorption rate is significantly higher than the previous structures with 98.52%, 98.47%, 96.92%, and 97.44% in UV, V, NIR, and NIR, respectively. The overall average absorption rate is also increased to 97.3%. The second ring resonator is then included, and the absorption rates are 98.49%, 98.43%, 96.18%, and 97.38% in UV, V, NIR, and MIR, respectively, and the overall absorption rate mentioned is 97.32%, as shown in Figure 3f. The absorption results of the third ring structure are presented in Figure 3g including 98.47%, 98.44%, 97.97%, and 97.58% in UV, V, NIR, and MIR regions, respectively, and the average overall rate is 97.35%. In Figure 3h, the overall design is developed, and the absorption results are 98.52%, 98.45%, 97.15%, and 97.45% in UV, V, NIR, and MIR regions, respectively. The overall average absorption rate is 97.36%, so the average absorption rate gets higher when we develop the new layers in the proposed design. One interesting trend that we observed is when we removed the ground plane, the transmittance started to increase, as we can observe in Figure 3c; this is since the ground layer transmits back the electromagnetic (EM) waves and in absence of this, the EM waves are reflected. The flowchart presented in Figure 4 describes the process of optimizing the structural parameters used for the proposed study.





3. Results and Discussion


In this part, the effect of various structural parameters and the phases of GST are investigated, with the corresponding results discussed in detail. Figure 5a shows the absorptance (A), reflectance (R), and transmittance (T) of the aGST concentric ring resonator solar absorber. For the wavelength range between 0.2 and 1.59 µm, the absorption rate is above 97% with a bandwidth of 1390 nm; the average absorption is 98.18% for this particular bandwidth. The absorption rate is also above 97% in the wavelength between 1.84 and 3 µm with a bandwidth of 1160 nm and a mean absorption of 97.14%. The overall wavelength ranges between 0.2 and 3 µm from UV to MIR and shows an absorption rate above 95% with a bandwidth of 2800 nm. We can assign six peak wavelengths (in micrometers) to show the unity absorption rate of the aGST ring resonator solar absorbers such as λ1 = 0.25, λ2 = 0.61, λ3 = 1.24, λ4 = 1.84, λ5 = 2.53, and λ6 = 2.91. Figure 5b presents the average absorptance, reflectance, and transmittance for the cGST concentric ring resonator solar absorber with the same parameters as aGST. We can see the decreased absorption rate and increased reflectance rate in the cGST compared to the aGST results. Therefore, the absorption rate in the ring resonator solar absorber using aGST is better than cGST.



Figure 5c shows the comparison data flow chart of the average absorption rate of aGST and cGST in UV, V, NIR, MIR, and overall ranges. In the data plot, the absorption rate of aGST is represented by the color green and cGST is represented by the color yellow. The average absorption rate in aGST is decreased compared to the cGST in the UV region; however, the average absorption rate in aGST is increased compared to the cGST consisting of V, NIR, MIR, and overall regions. In the UV region, the absorption rate of aGST is 96.33% and cGST is 96.99%, which is a very slight difference. In V, NIR, and MIR regions, the absorption rate of aGST is 94.48%, 94.51%, and 97.71%, respectively; on the other hand, the decreased absorption rate of cGST is 93.59%, 91.55%, and 95.95%, respectively. Therefore, we can observe that the overall average absorption rate in cGST is slightly decreased compared to the aGST in the data plot.



The proposed aGST concentric ring resonator solar absorber can be examined by the AM1.5 radiation systems mentioned in Figure 5d. In this figure, the AM1.5 section is in red, the absorption section under the solar radiation region is in yellow, and the regions of missed solar energy are in blue. By using Equation (1), we can obtain the numerical values of the absorption section and missed solar energy [43]. To develop the good efficiency and higher absorption rate of the proposed aGST concentric ring resonator solar absorber, we need to improve the absorbed solar energy under the solar radiation region and reduce the missed solar energy nearly to zero for all the ranges from ultraviolet to MIR regions [44]. To calculate the amount of solar energy radiated from the sun, we need to use the following AM1.5 equation [45].


   η A  =     ∫    λ  m i n      λ  m a x       1 − R  ω    .  I  A M 1.5    ω  . d ω     ∫    λ  m i n      λ  m a x      I  A M 1.5    ω  . d ω    



(1)







From the above equation, the ultra-broadband absorption rate under normal solar radiation conditions is assigned by A, IAM for an air mass 1.5 irradiances, and the reflectance of solar energy is denoted by R [46].



The difference between the conventional and proposed optimization technique is as follows:



There are two main methods for optimization used by researchers based on their behavior [47].



	
Linear Parametric Optimization



	
Nonlinear Parametric Optimization






As our response has behaved nonlinearly with wavelength, we have used the nonlinear parametric optimization technique for optimizing our structural parameters, such as GST concentric ring resonator thickness, substrate thickness, and Cr ground layer thickness.



We can analyze the absorption rate of the developed ultra-broadband GST ring resonator design by changing the numerous parameters of the GST resonator thickness, SiO2 substrate layer, and Cr ground layer as shown in Figure 6. The output of the absorption rate changes by increasing the GST resonator thickness from 500 nm to 1000 nm, shown in Figure 6a,b with the help of line plots as well as the fermi plot. At the first peak wavelength λ1, the average absorption rate increases from 96.48% to 97.79% by changing the aGST resonator thickness from 500 nm to 1000 nm. For the next three peak wavelengths λ2, λ3, and λ4, the absorption rate also increases from 91.01%, 88.88%, and 93.61% to 96.93%, 97.62%, and 97.47% when the aGST resonator thickness changes to between 500 nm and 1000 nm, respectively. The absorption rate of the last two peak wavelengths λ5 and λ6 decreases from 99.58% and 99.92% to 98.54% and 98.85%, respectively. So, the overall ranges of aGST resonator thickness from 500 nm to 1000 nm decreases from 95.47% to 94.05%, and also slightly decreases in the ultraviolet, violet, NIR, and MIR regions. The fermi plot of the absorption rate changes by the GST resonator thickness from 500 to 1000 nm is shown in Figure 6b.



The output of the absorption rates by the substrate thickness changes between 500 nm and 1000 nm at the six peak wavelength ranges between 0.2 and 3 µm is shown in Figure 6c,d, shown by the fermi plot. The increased average absorption rate of the substrate thickness from 500 nm to 1000 nm at the first four wavelengths λ1, λ2, λ3, and λ4 is 96.67%, 92.78%, 91.28%, and 98.32% from 96.48%, 91.01%, 88.88%, and 93.61%, respectively. The absorption rate of the substrate thickness decreased from 99.58% and 99.92% to 96.43% and 99.63% at the λ5 and λ6, respectively. When we increased the substrate thickness from 500 nm to 1000 nm, the overall absorption rate showed just a little change from 95.47% to 95.92%; this was also the same situation in the UV, V, NIR, and MIR regions.



When we increased the ground layer thickness between 500 nm and 900 nm at the six peak wavelength ranges between 0.2 and 3 µm, the output of the absorption rate changes is shown in Figure 6e, and the fermi plot is shown in Figure 6f. At the first peak wavelength λ1, the absorption rate is increased from 95.96% to 96.74% when the ground layer thickness changes between 100 nm and 500 nm. On the other hand, the absorption rates decreased from 94.88%, 91.04%, 93.27%, 98.46, and 97.14% to the absorption rates 92.55%, 90.36%, 91.68%, 96.35%, and 96.37%, respectively, when we changed the ground layer thickness from 100 nm to 500 nm at another five peak wavelengths λ2, λ3, λ4, λ5, and λ6. The overall absorption rate is equal to the absorption rate of 95.2%, and the absorption rates at the UV, V, NIR, and MIR regions are also equal at the increased ground layer thickness between 100 nm and 500 nm with the six peak wavelengths ranging between 0.2 and 3 µm. The fermi plot of the absorption rate changes when we increased the ground layer thickness from 100 nm to 500 nm is presented in Figure 6f.



To develop the ultra-broadband GST ring solar absorber with a good average absorption rate, we need to analyze some sections such as GST resonator, SiO2 substrate layer thickness, Cr ground layer thickness, and incidence angles in (TE) and (TM) modes by changing the structural parameters numerically [48]. The absorption rate of the concentric GST ring solar absorber in the TE mode with the angle of incidence changes from 0 to 60 degrees at the wavelength range from 0.2 to 3 µm is presented in Figure 7a and by the fermi plot in Figure 7b. The five peak wavelengths λ1, λ2, λ4, λ5, and λ6 (all except λ3) show decreased absorption rates from 95.96%, 93.24%, 89.97%, 96.99%, and 97.62% to 67.49%, 73.52%, 91.79%, 87.41%, and 84.71%, respectively.



Only one wavelength λ3 shows an increased absorption rate from 89.97% to 91.79%. The absorption rate of the concentric GST ring solar absorber in TE mode by the fermi plot is presented in Figure 7b. The average absorption rate of the concentric GST ring solar absorber in TM mode with the angle of incidence changes from 0 to 60 degrees at the wavelength range from 0.2 to 3 µm is shown in Figure 7c and by the fermi plot in Figure 7d. The results of the absorption rates in the TE mode also changed, as in the TM mode. In the TM mode, the output of five peak wavelengths λ1, λ2, λ4, λ5, and λ6 (all except λ3) show decreased absorption rates from 95.96%, 93.24%, 96.15%, 98.32%, and 98.53% to 67.49%, 73.52%, 82.77%, 89.43%, and 83.42%, respectively. Only one wavelength, also λ3, shows an increased absorption rate from 90.01% to 91.83%. The absorption rate of the concentric GST ring solar absorber in TM mode by the fermi plot is exhibited in Figure 7d. From the comparison of the TE and TM modes, we can see the overall absorption rates do not have many changes in percentages. For the TE mode, the overall absorption rate significantly decreased from 94.45% to 83.19%. For the TM mode, the overall absorption rate significantly also decreased from 94.78% to 83.31%. In the ultraviolet region for both TE and TM modes, the absorption rate decreased from 96.04% to 73.27%. In the TE mode, the absorption rate of V, NIR, and MIR decreased from 94.9%, 93.71%, and 96.28% to 85.8%, 83.89%, and 83.9%, respectively. Comparing the TE mode to the TM mode, the absorption rates in V, NIR, and MIR also decreased from 94.9%, 94.03%, and 96.99% to 86.08%, 83.59%, and 83.6%, respectively. Therefore, in both the TE mode and TM mode, the absorption rate is above 95% in the UV and MIR regions and above 90% in the V and NIR regions by changing the angle of incidences (degrees) from 0 to 60 with the wavelength range of 0.2–3 µm. In Table 1, we can express the absorption rate in percentages with the respective bandwidth by changing the angle insensitive in the UV, V, NIR, and MIR regions with a wavelength range of 0.2 to 3 µm. The proposed structure demonstrates an almost identical response for 0 to 60 degrees, after which the response gets affected and the absorption decreases after 60 degrees. This limitation can be avoided by creating a platform to place a solar absorber structure to avoid solar energy coming from more than 60 degrees of the incidence angle.



The situations of electric field intensity changes in the concentric ring aGST resonator for the six peak wavelengths in micrometers (µm) such as λ1 = 0.25, λ2 = 0.61, λ3 = 1.24, λ4 = 1.84, λ5 = 2.53, and λ6 = 2.91 are exhibited in Figure 8a–f, respectively. The amount of the electric field intensity is also important for developing the absorption rate of the GST ring resonators in UV, V, NIR, and MIR. The electric field intensity changes in the x-y and x-z planes are mentioned in Figure 8a,b. At the first peak wavelength λ1 = 0.25 µm, the amount of the electric field intensity is better at the inner part of the ring resonator and at the top of the absorber layer, as shown in Figure 8a in both the x-y and x-z planes, and the absorption rate is 96.74%. At the second peak wavelength λ2 = 0.61 µm, the amount of electric field intensity is better at the resonator rings compared to the other parts of the proposed broadband design, and the top absorber layer is presented in Figure 8b in both the x-y and x-z planes, and the absorption rate is 92.55%. At the wavelengths of λ3 = 1.24 µm and λ4 = 1.84 µm, the decreased amount of the electric field intensity to the other wavelengths of the proposed design is presented in Figure 8c,d in both the x-y and x-z planes, and the absorption rate is 90.36% and 91.68%, respectively. In Figure 8e,f, the amount of electric field intensity is significantly increased at the ring resonators and gives the higher absorption rate of 96.35% and 96.37% at the wavelengths of λ5 = 2.53 µm and λ6 = 2.91 µm in the UV, V, NIR, and MIR ranges, respectively. In Table 1, we have compared the proposed design’s absorption rate to the other published papers, and it can be found that the developed GST ring resonator design can provide better results than the other published paper’s results. Therefore, the proposed concentric GST ring resonator design can be used to develop many photonic devices with a higher absorption rate. The absorption characteristics depend on the electromagnetic field, as discussed in Figure 5 above. To better understand the best factors affecting absorption, we analyzed the significance of the angles of incidence (IAS) for both the TE and TM modes.




4. Conclusions


A MIM solar energy absorber has been simulated, designed, and theoretically proven and is achieving an optimal average absorption response of 96.52% in the visible region and a maximum absorptivity of 99.98%. Chromium metal is utilized as the ground layer because of its transmittance blocking properties; the substrate layer of SiO2 dielectric insulator is used since it provides lossless resonance characteristics, and the concentric ring resonator is made of GST, as it has good impedance matching characteristics. The proposed aGST ring resonator solar absorber represents a good absorption rate over the wavelength range from 0.2 to 3 µm. For the bandwidth range of 2550 nm, the solar absorption rate is located above 97% between the wavelength range 0.2 and 1.59 µm and 1.84 to 3 µm, and the average absorption rate is 98.18%, and 97.14%, respectively. The overall wavelength between 0.2 and 3 µm from UV to MIR regions shows an absorption rate above 95% with a bandwidth of 2800 nm. A broadband absorption response is achieved, which is the combination of multiple near-perfect absorption peaks that can be validated by the electric field distribution plots. We have developed a good quality structural design with a higher absorption rate with wide angle and polarization insensitiveness, a lower reflectance rate, and zero transmittance. This design can be applied for improving the performance of thermoelectric photovoltaic systems.
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Figure 1. Flowchart describing the design process of the proposed broadband solar absorber. 
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Figure 2. Structure of the concentric GST ring resonator-based solar absorber. (a) the top view for the ring resonator, (b) the 3D view for the solar absorber, (c) the front view for the solar absorber with the respective parameters, (d) top view with ring parameters, (e) real (n) and imaginary (k) parts of refractive index for aGST, (f) real (n) and imaginary (k) parts of refractive index for cGST. 
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Figure 3. (a) Construction for the GST ring resonator configuration process step by step, (b) absorptance (A), reflectance (R), and transmittance (T) lines for the Cr ground layer, (c) A, R, and T lines for the SiO2 layer, (d) A, R, and T lines of the construction of both the Cr ground layer and SiO2 layer, (e–h) A, R, and T lines by inserting the first GST ring resonator, second GST ring resonator, third GST ring resonator, and the cylinder constructed on the Cr ground layer, and SiO2 layer respectively. 
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Figure 4. Flowchart describing the process of structural parameter optimization. 
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Figure 5. (a) The absorption rate of aGST concentric ring resonator solar absorber between 0.2 and 3 µm, (b) The absorptance, transmittance, and reflectance of cGST, (c) The comparison data plot of absorption rate between aGST in green color and cGST in yellow color for UV, V, NIR, MIR, and overall ranges, (d) aGST absorption under solar radiation missed solar energy concerning AM1.5. 
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Figure 6. The proposed concentric GST ring resonator solar absorber’s absorption rate (a) absorption rate of concentric GST ring resonator solar absorber by increasing the GST ring structural height, PR, (b) absorption rate of concentric GST ring resonator solar absorber by increasing the GST ring structural height, PR demonstrated by fermi plot, (c) absorption rate of concentric GST ring resonator solar absorber by increasing the SiO2 substrate layer thickness, PS, (d) absorption rate of concentric GST ring resonator solar absorber by increasing the SiO2 substrate layer thickness, PS demonstrated by fermi plot, (e) absorption rate of concentric GST ring resonator solar absorber by increasing the Cr ground layer thickness, PB, (f) absorption rate of concentric GST ring resonator solar absorber by increasing the Cr ground layer thickness, PB, demonstrated by the color plot. 
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Figure 7. Concentric GST ring solar absorber’s absorption rates (a) the absorption rate changes of concentric GST ring solar absorber between 0 and 60 degrees in TE mode, (b) the absorption rate changes of concentric GST ring solar absorber between 0 and 60 degrees in TE mode demonstrated by the fermi plot, (c) the absorption rate changes of concentric GST ring solar absorber between 0 and 60 degrees in TM mode, (d) the absorption rate changes of concentric GST ring solar absorber between 0 and 60 degrees in TM mode demonstrated by the fermi plot. 
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Figure 8. The amount of electric field strength in x-y and x-z planes of GST ring resonators at six peak wavelengths in micrometers (µm). (a) λ1 = 0.25, (b) λ2 = 0.61, (c) λ3 = 1.24, (d) λ4 = 1.84, (e) λ5 = 2.53, and (f) λ6 = 2.91. 
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Table 1. Proposed Absorber’s Performance comparison with the available literature.
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	MIM

Absorber Design
	Overall Absorption Rate
	Bandwidth (Absorption > 95%)
	Bandwidth (Absorption > 97%)
	Angle Insensitive
	Polarization Insensitive





	Ni/SiO2/Ni inspired structure [27]
	More than 80%
	-
	1700 nm
	0° to 60°
	Yes



	Refractory metal VN based structure [28]
	-
	-
	>98% (500 nm)
	-
	Yes



	W/SiO2/W structure [30]
	85% (visible)
	-
	Near perfect in UV region
	0° to 60°
	Yes



	TiN & TiO2 disk arrays on SiO2 layer [49]
	More than 90%
	1110 (>90%)
	-
	0° to 40°
	Yes



	Ti/Silica/Ti double lattice structure [50]
	91.4%
	1007 (>90%)
	-
	0° to 45°
	-



	Multilayer structure of SiO2/Ti/SiO2/Ti (elliptical nanodisc of Ti) [51]
	93.26%
	1650 (>90%)
	-
	0° to 70°
	Yes



	All ceramic structure [52]
	More than 90%
	1310 (>90%)
	-
	0° to 60°
	Yes



	Phase change material based structure [53]
	More than 90%
	1000 (>90%)
	-
	-
	Yes



	TiO2/TiN resonator with SiO2 and TiN as a substrate and ground plane [54]
	More than 90%
	1264 (>90%)
	-
	0° to 45°
	-



	Proposed concentric GST ring inspired structure
	95.21%
	2800 nm
	2550 nm
	0° to 60°
	Yes
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