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Abstract

:

In this work, the amorphous silicon carbide (a-SiC) with low cost and high extinction coefficient was used as the light absorption layer of solar cells, and the photonic crystal (PC) structure and defect structure were introduced. By optimizing the scatterer shape, structural parameters and defect types of photonic crystal, the absorption efficiency of the light absorption layer was further improved. The results show that the photonic crystal absorption layer with vacancy line defect is better than the perfect photonic crystal absorption layer. Meanwhile, the absorption efficiency of the photonic crystal absorption layer significantly improves in the case that the scatterer is an elliptical cylindrical air hole scatterer. When the incident light is in the wavelength range of 0.30~0.80 μm and the absorption layer height is 0.60 μm, the absorption efficiency of the absorption layer can reach 95.60%. Compared with the absorption layer without photonic crystal structure, the absorption layer is increased by 43.24%. At the same time, the absorption layer has little dependence on the incidence angle of sunlight. When the incidence angle is 65°, the absorption efficiency is still higher than 80%.
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1. Introduction


In recent years, the photovoltaic solar cells have rapidly developed [1,2,3,4], but there are following two factors that restrict their large-scale commercial production: the low absorption efficiency of the absorber layer, and the high production cost [5,6,7,8]. Among commercial solar cell products, the crystalline silicon solar cells are the earliest and most mature solar cells [9], but the highest photoelectric conversion efficiency of crystalline silicon solar cells is only 26.7% ± 0.5% [10]. Moreover, the thickness of the silicon layer in crystalline silicon solar cells is several hundred microns, and the cost of silicon materials is too high. Furthermore, a large number of by-products of silicon tetrachloride would be produced in the production process, leading to the potential hazard to safety [11,12]. The later copper indium gallium selenium thin-film solar cell has photoelectric conversion efficiency up to 22.6% at present [13]. However, the battery contains rare elements of indium and gallium, leading to the increasing production cost, and poor stability [14], which bring out the inferior battery performance. Therefore, the design and development of low-cost and high-efficiency photovoltaic solar cells has become a hot research topic.



The amorphous SiC is a kind of semiconductor material with low price and excellent optical performance. Derst [15] has found that the optical absorption of amorphous SiC in the photon energy region below the bandgap is much higher than that of its crystalline phase. Rahul Pandey [16] designed hydrogenated amorphous SiC (a-SiCX: H) to contact silicon solar cells after passivation, taking into account the photon effect and electronic effects. Such strategy can achieve efficient and reliable solar cells. In this work, the modified amorphous SiC is adopted, and the optical bandgap of the material is regulated by controlling the stoichiometric ratio of Si and C to realize the application of SiC in solar cells. The change in Si/C ratio has an impact on the chemical bonding inside the atoms, the refractive index of the film, the absorption coefficient, and so on. Liu et al. [17] controlled the size and distribution of silicon quantum dots in SiC film by changing the Si/C ratio and B doping concentration, in order to realize the control of photoelectric characteristics. Furthermore, Han et al. [18] have experimentally proved that the addition of microcrystalline silicon was helpful to reduce the attenuation effect of amorphous silicon, leading to the improvement of photocell stability. In addition, amorphous SiC can also improve the solar energy absorption efficiency and photoelectric conversion efficiency by changing the ratio of Si/C. Therefore, amorphous SiC materials have broad application prospects in the field of solar cells. At the same time, in order to further improve the light absorption efficiency of solar cells, the photonic crystal structure is introduced into the cell in this work. The photonic crystal structure is an artificial crystal structure, which is formed by periodically arranging two or more materials with different dielectric constants in space. Its main characteristic is the existence of photonic bandgap (PBG) in one or more directions [19]. The incident light within the bandgap cannot transmit inside the photonic crystal, thereby enhancing the interaction between the incident light and the material [20]. When the electromagnetic wave travels in a photonic crystal, it can be modulated by the presence of Bragg scattering, along with a band structure formation for electromagnetic wave energy. In this way, the generally known “photon bandgap” appears. The photon with energy in the range of the photonic bandgap cannot enter the crystal, which can achieve the control of the photon movement. The application of photonic crystal structure in the absorption layer of solar cells is becoming more and more extensive. Through utilizing the characteristic of photon bandgap, the shape and arrangement of the scattering elements are optimized to increase the propagation route of sunlight in photonic crystals and improve the absorption efficiency of solar cells [21]. Our research group has previously designed an ultra-thin gallium arsenide (GaAs) photonic crystal absorption layer with a thickness of 200 nm, which significantly improves the light absorption efficiency [22]. Ottermusch [23] designed a photonic crystal absorption layer and arranged hemispherical copper indium selenide (CuInSe2) scatterers on the absorption layer, which greatly improved the optical absorption rate [24].



The introduction of a defect structure in the perfect photonic crystal structure can change the original periodic structure [25]. The slow light [26] effect obtained by introducing a series of point defects or line defects greatly improves the absorbance of the absorption layer, thereby optimizing the absorption layer structure with higher photoelectric performance [27,28,29,30,31,32]. Therefore, the absorption layer with a photonic crystal structure is designed in this work. Furthermore, the parameters of the scatterer are analyzed and optimized. Finally, the optimal absorption layer structure is obtained.



In this paper, in order to overcome the low absorption efficiency and high production cost faced by the solar cells, photonic crystals are introduced into the solar absorption layer. Firstly, by optimizing the structural parameters of photonic crystals, the greatly improved light absorption efficiency is obtained for the absorption layer. In the following section, the different parameters of cylindrical, elliptical cylindrical, and elliptical tube scattering elements are simulated, and the optimal design of the solar cell absorption layer is obtained. Then, the defect structure [33] is further introduced and its influence on absorption efficiency is discussed. At last, the full analysis and summary are carried out, and the perspective is proposed for the future development direction.



The relevant schematic process of the simulation experiments in this work is shown in Figure 1.




2. The Design of the Absorption Layer


Since the solar energy radiation mainly concentrates in the visible light region and reaches the strongest value at the wavelength of 0.55 μm, the incident light wavelength range within 0.55 ± 0.25 μm is selected. Figure 2 shows the absorption of incident light with a wavelength of 0.3~0.8 μm using various common semiconductor materials. It can be found that the absorption efficiency of amorphous SiC material in this wavelength range is relatively high and stable. Therefore, the amorphous SiC is an ideal choice for the light absorption layer. The cost-effective GaAs is selected as the scattering element in the photonic crystal structure, which is designed into a cylindrical/elliptic cylindrical/elliptical tube type and arranged in the light absorption layer in a tetragonal lattice manner. Figure 3a,b is the refractive index distributions of amorphous SiC material and GaAs, respectively. Figure 4 is the schematic diagram of a-SiC absorption layer with the photonic crystal structure.




3. The Simulation of the Absorption Layer


In this work, the Rigorous Coupled Wave method Analysis [34] (RCWA) is used to simulate the absorption layer of the amorphous SiC photonic crystal structure. The parameters related to absorption efficiency including scatterer height H, lattice constant T, cylindrical scattering element diameter D, elliptical cylindrical scattering element long-wheelbase A, and short wheelbase B, long wheelbase of the inner ring of elliptic ring scattering element P, inner ring short wheelbase Q and outer ring long-wheelbase M, outer ring short wheelbase N were optimized to determine the optimal absorption layer structure.



3.1. Cylindrical Scattering Element


Figure 5 is the schematic diagram of cylindrical scattering element. When the scattering element is cylindrical, the simulation result of absorption efficiency based on the diameter D is shown in Figure 6. Figure 6a shows the dependence of the absorption efficiency of the absorption layer with air-hole scattering elements on the diameter D. Figure 6b shows the absorption efficiency of the absorption layer with GaAs columnar scattering elements as a function of diameter D.



As shown in Figure 6a,b, when the D is higher than 0.2 μm, the absorption efficiency of two-type scattering elements decreases with the increase of diameter D. The contacting area between incident light and photonic crystal absorption layer decreases with the increasing D in terms of the air hole scattering element. Furthermore, such interaction also weakens with the increase of D. When D > 1 μm, the interaction is quite small, leading to the sharply decreasing absorption efficiency. In order to further analyze the effect of different D values on the absorption efficiency, the results of Figure 6a,b are plotted in Table 1.



It can be seen from Table 1 that when the D is 0.1 μm, the light absorption layer of two-type scattering elements achieved the maximum absorption efficiency. Therefore, D = 0.1 μm is chosen as the optimal scatterer diameter under this condition.



Secondly, the simulation result of absorption efficiency based on the lattice constant T is shown in Figure 7. Figure 7a shows the dependence of the absorption efficiency of the absorption layer with air-hole scattering elements on lattice constant T. Figure 7b shows the absorption efficiency of the absorption layer with GaAs columnar scattering elements as a function of the lattice constant T.



It can be seen from Figure 7a,b that the absorption efficiency for absorption layers with different scatterer types increases with the increase of lattice constant T. When taking different lattice constants, the absorption efficiency value of the absorption layer is plotted in Table 2.



As can be seen from Table 2, the absorption efficiency of the absorption layer initially increases with the increase of T, and then gradually tends to be stable. After T > 1.8 μm, the absorption efficiency is almost unchanged. Therefore, T = 1.8 μm is selected as the optimal value of lattice constant at this time. Finally, the height H is optimized, and the corresponding simulation results are shown in Figure 8. Figure 8a shows the variation of absorption efficiency with height H in the case of air hole scatterers. Figure 8b shows the variation of absorption efficiency with height H in GaAs column scatterers.



It can be seen from Figure 8a,b that the absorption efficiency of the absorption layer with two different scattering element types increases with the increase of H. Similarly, the corresponding absorption efficiency at different H values is plotted in Table 3.



It can be seen from Table 3 that the absorption efficiency increases with the increase of H, but after H > 0.6 μm, the value tends to be stable. At the same time, it is considered that with the increase of height H, the carrier migration distance increases, resulting in the increase of recombination probability and the decrease of photovoltaic conversion efficiency of solar cells. Therefore, H = 0.6 μm is chosen as the optimal value of the scatterer height.




3.2. Elliptic Cylindrical Scattering Element


The elliptical cylindrical scattering element is optimized based on the cylindrical scattering element. The lattice constant T is set to be 1.8 μm, while the height H is set to be 0.6 μm. A new parameter E = 1−B/A is defined, where A represents the long-wheelbase of the elliptical cylindrical scattering element, B represents its short wheelbase, and E represents the shape of the elliptic cylindrical scatterer changing with the long and short wheelbase. In this work, the long wheelbase A is fixed to be 0.1 μm, and the short wheelbase B is adjusted by the change of the E. Figure 9 is a schematic diagram of an elliptical cylindrical scattering element. Figure 10a shows the change of the absorption rate of the absorption layer with the parameter E when the elliptical cylindrical scattering element is an air hole. Figure 10b shows the change of the absorptance of the absorption layer with the parameter E when the elliptical cylindrical scattering element is GaAs column.



As shown in Figure 10a,b, the absorption efficiency of the two different scattering element types increases with the increase of E. In this case, the flatter the elliptical cylindrical scattering element is, the higher the absorption efficiency of the absorption layer is obtained. When the E varies, the specific values of absorption efficiency are plotted in Table 4. It can be seen that the absorption efficiency of the absorption layer increases with the increase of E. When the parameter E = 0.5 is selected, the absorption efficiency of the absorption layer is the best. Thus, when A = 0.1 μm and B = 0.05 μm, the absorption efficiency of absorption layer with air hole type scattering element is 95.37%, while the absorption efficiency of absorption layer with GaAs elliptical type scattering element is 95.51%.




3.3. Elliptical Tube Scattering Element


In this section, the air ring scattering elements are arranged in the amorphous SiC absorption layer to simulate the absorption efficiency. The lattice constant T is set to be 1.8 μm, and the height H is set to be 0.6 μm. The parameters U, V is defined, where P represents the long wheelbase of the inner ellipse, B represents the short wheelbase of the inner ring, M represents the long wheelbase of the outer ring, and N represents the short wheelbase of the outer ring. Figure 11 is a schematic diagram of an elliptical tube scattering element. Initially, the parameters of the inner ring were fixed, where the long wheelbase of the inner ring P is set to be 0.1 μm, and the short wheelbase of the inner ring Q is set to be 0.05 μm. By changing the outer ring parameters, the outer ring parameters are multiplied related to the inner ring parameters, i.e., M = U × P, N = U × Q. The variation law of absorption efficiency with parameter U is simulated. Secondly, by fixing the outer ring parameters and changing the inner ring parameters, the inner ring parameters related to P = 0.1 μm, Q = 0.05 μm increases by V times, i.e., P = V × 0.1 μm, Q = V × 0.05 μm. The variation of absorption efficiency with parameter V is simulated. Figure 12a shows the changes of absorption efficiency with U. Figure 12b shows the changes of absorption efficiency with V.



It can be seen from Figure 12a that the absorption efficiency of the absorption layer decreases with the increase of the parameter U, that is, when the inner ring parameters of the elliptical tube scattering element remain unchanged, the absorption efficiency decreases as the outer ring parameters increase. It can be seen from Figure 12b that the absorption efficiency increases with the increase of the parameter V, that is, when the outer ring parameters of the elliptical tube scattering element do not change, the absorption efficiency increases as the inner ring parameters increase. When the parameters of U and V take different values, the specific values of absorption efficiency are plotted in Table 5 and Table 6.



The absorption efficiency of the absorption layer is related to the thickness of the ellipse ring. The thicker the ellipse ring is, the lower the absorption efficiency is obtained, while the thinner the ellipse ring is, the higher the absorption efficiency is obtained. When P = 0.1 μm, Q = 0.05 μm, M = 0.2 μm, and N = 0.1 μm, the absorption efficiency of the absorption layer with air ring scattering element is the highest, which is 95.70%.




3.4. Introduction of Defect State


In consideration of the practicability, the photonic crystal model of the amorphous SiC absorbing layer with elliptic cylindrical scatterers filled with air is used to design a better absorption layer structure. Based on the optimal parameters of the elliptical cylindrical scattering element absorption layer, the simulation analysis is carried out for different types of defect states.



3.4.1. Point Defect


The absorption layer structure of point defect photonic crystal is constructed by changing the size of the scatterer in the middle. The parameter K is defined so that the parameters of the intermediate scattering element change by K times compared with the parameters of other scattering elements. Figure 13a is a diagram of the point defect structure. Figure 13b shows the changes of absorption efficiency of the absorption layer with K.



In this work, we mainly study the point defects in which the parameters of the intermediate scattering element change by K times compared with the parameters of other scattering elements. It can be seen from Figure 13b that the absorption layer of photonic crystal with point defects decreases with the increase of K value, that is, the reduction of scatterer parameters A and B will increase the absorption efficiency, and the increase of the scatterer parameters A and B will reduce the absorption efficiency. Due to the limitation of the process precision, it is impossible to carry the simulation in terms of the smaller scattering element parameters. Therefore, it is not considered to change the parameters of the scattering element to optimize the absorption efficiency. The introduction of impurity scattering elements has limited improvement in absorption efficiency and will increase the difficulty of the process. At the same time, it is considered to optimize the structure of absorption layer by introducing vacant site defects into the photonic crystal structure. Figure 14 shows the arrangement modes of two different types of photonic crystals with vacant site defects.



The absorption efficiency of absorption layer with photonic crystal structure shown in Figure 14a is 95.45%, while the absorption efficiency for the structure shown in Figure 14b is 95.43%. The absorption efficiency of the complete photonic crystal absorption layer is 95.37%. It can be seen from the absorption efficiency that the absorption efficiency of the photonic crystal with vacancy point defect is higher than that of the perfect one.




3.4.2. Line Defect


This section focuses on the investigation of line defects and optimizes the structure of the absorption layer by introducing line defects into the photonic crystal. Figure 15 shows the arrangement of two different types of photonic crystals containing vacant bit line defects.



Through simulation calculation, it can be found that the absorption efficiency of the absorption layer with photonic crystal arrangement shown in Figure 15a is 95.43%, while the value of the absorption layer with photonic crystal arrangement shown in Figure 15b is 95.60%, which is also higher than that of the perfect photonic crystal absorption layer.






4. Result Analysis and Discussion


Firstly, the photonic crystal structure in the absorption layer is adopted, which can greatly improve the light absorption efficiency of the absorption layer. In the amorphous SiC absorption layer, the absorption efficiency of the elliptical cylindrical scattering element absorption layer is slightly higher than that of the cylindrical scattering element absorption layer. In addition, the absorption efficiency of the photonic crystal structure absorption layer with indium arsenide as the scattering element material is further simulated. Figure 16 shows the absorption of incident light at a wavelength of 0.3~0.8 μm for various absorption layers with different types of scattering elements and absorption layers without the photonic crystal structure. The absorption efficiency of InAs as the scattering element material of absorption layer is the best. However, the price of InAs is higher than that of GaAs, resulting in an increase in the production cost of solar cells. The absorption efficiency of the layer with air hole scatterers is almost the same as that of the layer with GaAs column scatterers. According to the calculation, the absorption efficiency of the absorption layer without photonic crystal structure is only 66.74%, while the value of the air hole scatterer reaches 95.37%, showing an increase of 42.9%. Therefore, the absorption layer of the photonic crystal structure in this case is the optimal absorption layer structure.



Secondly, compared with the cylindrical scattering element, the ring-shaped scattering element has a larger light contact area and wider broadband slow light, which can make the semiconductor material fully absorb light and obtain higher absorption efficiency. The elliptical tube scattering element has better slow light effect and better performance. However, the elliptical tube scattering element requires higher and more complicated manufacturing process. If necessary, this type of scattering element can be considered for the application of solar cells.



Thirdly, the absorption efficiency of the photonic crystal structure absorption layer equipped with elliptic cylindrical air hole scatterers with vacancy line defects is 95.60%. This is higher than the absorption efficiency of the absorption layer with perfect photonic crystal structure. The absorption efficiency is improved by 43.24% compared with the absorption layer without photonic crystal structure. At the same time, the angle adaptability of the absorption efficiency of the absorption layer under the optimal photonic crystal model is analyzed. Figure 17 shows the absorption efficiency of the absorption layer as a function of incident angle.



On the whole, the absorption efficiency of the absorption layer with photonic crystal arrangement is higher than that without photonic crystal arrangement. When the light is vertically incident, the absorption efficiency of the absorption layer with photonic crystal structure is much higher than that of the absorption layer without photonic crystal structure. It can be seen from Figure 17 that there is a relatively sharp decrease in absorption around 70° to 80°. The effective area of the light decreases with the increase of the incidence angle, leading to the decreasing absorption rate. As for the solar incidence angle and the solar radiation amount, the solar radiation amount tends to be constant in terms of the nearly vertical incidence. Furthermore, the larger the incidence angle is, the greater the rate of change appears, which is similar to the trigonometric function model. When the incident angle is about 75° to 90°, the absorption efficiency of the absorption layer with a perfect photonic crystal structure is slightly lower than that of the absorption layer without the photonic crystal structure. The effect of the photonic crystal structure decreases when the incident light increases almost parallel to the plane of the absorption layer. In addition, the wall thickness of the photonic crystals should be considered, when the light is vertical incident. Under this circumstance, the nearly vertical light will react with the wall, and the effective area of light decreases with the increase of the incident Angle. So, the relative absorption rate will be lower. However, it is not much lower than that without the photonic crystal structure. The total absorption rate of the absorption layer with photonic crystal structures is much more efficient than that without photonic crystals. During installation, the best-fixed inclination mode should be used to reduce maintenance costs and improve absorption efficiency.



The absorption layer with vacancy line defect has the best angle adaptability. In addition, the absorption efficiency of the absorption layer with the incident angle from 0 to 90° is higher than that of the absorption layer with perfect photonic crystal structure and the absorption layer without photonic crystal alignment. When the incident angle is in the range of 0~65°, the absorption efficiency is above 80%. This shows that the reasonable design of the defect type of the photonic crystal can not only improve the absorption efficiency of the absorption layer but also reduce the dependence of the absorption layer on the incident angle of light.



Fourth, the photonic bandgap and slow light effect of photonic crystals with defect structures can provide a powerful light trapping mechanism for thin-film solar cells. Photonic crystals have a unique light dispersion relationship and can be used to control light in various ways. When the light propagates through the photonic crystal, the photon is modulated by the periodic arrangement of the dielectric constant of the photonic crystal. The Bragg scattering occurs when light propagates in the photonic crystal, thus forming the band structure of the photonic crystal. The bandgap between two adjacent photonic band structures is called the photonic bandgap. When the light whose frequency falls in the forbidden band is incident on the photonic crystal, it will be strongly reflected by the photonic crystal, and it can hardly pass through the photonic crystal. The photonic forbidden band can prohibit photons in a certain direction from propagating in the photonic crystal within a certain frequency or wavelength range. The photonic bandgap is usually divided into two categories: complete photon bandgap and incomplete photon bandgap. The complete photonic bandgap is an omni-directional photonic bandgap, that is, photons in a specific frequency or wavelength range cannot propagate or polarize in all directions of the photonic crystal. Only three-dimensional photonic crystals have a complete photonic bandgap, but their practical applicability lags behind two-dimensional photonic crystals. Similarly, the incomplete photonic bandgap means that the photonic bandgap exists only in a specific direction. Changing the lattice parameters of the photonic crystal and the dielectric constant of the dielectric material can change the photonic bandgap of the photonic crystal. The reasonable use of its photonic bandgap can enhance the interaction between light and material, thereby increasing the absorption efficiency of the absorption layer.



In addition, the slow light effect in photonic crystals is mainly formed by the total reflection effect, anti-cross resonance effect, and Bragg resonance effect at the boundary of the Brillouin region provided by the photonic crystal bandgap. Essentially, photonic crystals are produced by the periodic arrangement of two or more materials with a different dielectric constant in space, and the structure will produce strong structural dispersion. When the material has a large enough normal dispersion rate, the group speed of light can be greatly reduced, i.e., the slow light effect. The slow light effect allows the photon to fully interact with the absorption layer material and improve the absorption efficiency of the absorption layer.



Fifthly, in the absorption layer of photonic crystal with vacancy defect structure, the density of photon state at the defect increases significantly. Meanwhile, in the photonic crystal with a defect structure, the photon is localized at the defect position, which is the photon local characteristic of the photonic crystal. Moreover, the defect structure can slow down the propagation speed of light and facilitate the absorption layer to absorb photons, producing more carriers, to increase the absorption efficiency of light and photoelectric conversion efficiency of the absorption layer.




5. Conclusions


In summary, the photonic crystal structure and defect structure of SiC was designed as the absorption layer of solar cells. The scattering elements of different shapes including elliptical tube scattering elements and different defect types were simulated and optimized. Moreover, an amorphous SiC solar cell absorber layer was designed with a two-dimensional photonic crystal structure with vacancy line defects. The photonic bandgap and slow light effect lead to the increased light propagation path and reduced carrier recombination probability. In this way, the light absorption efficiency of the absorption layer is greatly improved. This work provides an important direction for optimizing the absorption layer of new thin-film solar cells by adopting low-cost and high-efficiency photonic crystal structure.
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Figure 1. Schematic process of the simulation experiments. 






Figure 1. Schematic process of the simulation experiments.
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Figure 2. The absorption of the wavelength from 0.3 to 0.8 μm of various semiconductor materials. 
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Figure 3. The refractive index distributions of (a) a-SiC, and (b) GaAs. 
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Figure 4. The schematic diagram of a-SiC absorption layer with photonic crystal structure. 
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Figure 5. The schematic diagram of cylindrical scatterers. 
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Figure 6. (a) The dependance of absorption efficiency of absorption layer with air hole scatterers on the diameter D. (b) The dependance of absorption efficiency of the absorption layer with GaAs cylindrical scatterers on the diameter D. 
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Figure 7. (a) The dependance of the absorption efficiency of the scatterer in the air hole on the lattice constant T. (b) The dependance of absorption efficiency of GaAs column scatterers on the lattice constant T. 
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Figure 8. (a) The changes of absorption efficiency with air holes scatterers and height H. (b) The changes of absorption efficiency of GaAs cylindrical scatterers and height H. 
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Figure 9. The schematic diagram of elliptical cylindrical scatterers. 
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Figure 10. (a) The changes of absorption efficiency of the absorber with the elliptical cylindrical air hole scatterer and E. (b) The variation of absorption efficiency of the absorption layer of elliptic GaAs cylindrical scatterers and E. 
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Figure 11. The schematic diagram of elliptic tube scatterers. 
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Figure 12. (a) The changes of absorption efficiency with U. (b) The change of absorption efficiency with V. 
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Figure 13. (a) The point defect structure diagram. (b) The changes of absorption efficiency of the absorber layer with K. 
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Figure 14. The arrangement modes of two different types of photonic crystals with vacancy defects. 
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Figure 15. The arrangements of two different types of photonic crystals with vacancy line defects. 
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Figure 16. Comparison of absorption efficiency of air hole, GaAs column, InAs column and pure a-SiC absorption layer. 
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Figure 17. The changes of absorption efficiency of absorption layer with incident Angle. 
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Table 1. The relationship between absorption efficiency of absorption layer of two different scatterer types and D.
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	Parameter D
	Absorptivity of Air Hole
	Absorptivity of GaAs Column





	0.1 μm
	95.33%
	95.49%



	0.2 μm
	95.21%
	95.43%



	0.3 μm
	95.06%
	95.35%



	0.4 μm
	94.87%
	95.27%



	0.5 μm
	94.64%
	95.16%



	0.6 μm
	93.69%
	94.98%



	0.7 μm
	90.88%
	94.69%



	0.8 μm
	89.03%
	94.34%



	0.9 μm
	75.20%
	93.80%



	1.0 μm
	69.90%
	93.46%
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Table 2. The relationship between absorption efficiency of absorption layer with two different scatterer types and T.
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	Parameter T
	Absorptivity of Air Hole
	Absorptivity of GaAs Column





	0.2 μm
	76.84%
	93.79%



	0.4 μm
	94.77%
	95.22%



	0.6 μm
	95.06%
	95.35%



	0.8 μm
	95.17%
	95.41%



	1.0 μm
	95.23%
	95.44%



	1.2 μm
	95.27%
	95.46%



	1.4 μm
	95.29%
	95.47%



	1.6 μm
	95.31%
	95.48%



	1.8 μm
	95.33%
	95.49%



	2.0 μm
	95.34%
	95.49%
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Table 3. The relationship between absorption efficiency of absorption layers with two different types of scatterers and H.
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	Parameter H
	Absorptivity of Air Hole
	Absorptivity of GaAs Column





	0.1 μm
	58.61%
	59.67%



	0.2 μm
	76.39%
	76.94%



	0.3 μm
	85.13%
	85.49%



	0.4 μm
	90.16%
	90.42%



	0.5 μm
	93.29%
	93.49%



	0.6 μm
	95.33%
	95.49%



	0.7 μm
	96.69%
	96.82%



	0.8 μm
	97.63%
	97.74%



	0.9 μm
	98.23%
	98.37%



	1.0 μm
	98.75%
	98.82%
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Table 4. The relationship between absorption efficiency of absorption layers with two different types of scatterers and E.
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	Parameter E
	Absorptivity of Air Hole
	Absorptivity of GaAs Column





	0
	95.3255%
	95.4876%



	0.1
	95.3336%
	95.4902%



	0.2
	95.3427%
	95.4936%



	0.3
	95.3518%
	95.4970%



	0.4
	95.3609%
	95.5006%



	0.5
	95.3720%
	95.5058%



	0.6
	95.3847%
	95.5126%



	0.7
	95.3941%
	95.5179%



	0.8
	95.4112%
	95.5285%



	0.9
	95.4411%
	95.5474%



	1.0
	95.4737%
	95.7005%
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Table 5. The relationship between absorption efficiency of the absorption layer with elliptic ring scatterers and U.
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	Parameter U
	Parameter P (μm)
	Parameter Q (μm)
	Parameter M (μm)
	Parameter N (μm)
	Absorptivity





	2
	0.1
	0.05
	0.2
	0.10
	95.70%



	3
	0.1
	0.05
	0.3
	0.15
	95.68%



	4
	0.1
	0.05
	0.4
	0.20
	95.67%



	5
	0.1
	0.05
	0.5
	0.25
	94.78%



	6
	0.1
	0.05
	0.6
	0.30
	93.50%
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Table 6. The relationship between the absorption efficiency of the absorption layer with elliptic ring scatterers and V.
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	Parameter V
	Parameter P (μm)
	Parameter Q (μm)
	Parameter M (μm)
	Parameter N (μm)
	Absorptivity





	1
	0.1
	0.05
	0.6
	0.30
	93.50%



	2
	0.2
	0.10
	0.6
	0.30
	94.03%



	3
	0.3
	0.15
	0.6
	0.30
	94.76%



	4
	0.4
	0.20
	0.6
	0.30
	95.44%



	5
	0.5
	0.25
	0.6
	0.30
	95.49%
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