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Abstract

:

We have theoretically demonstrated an efficient way to improve the optical properties of an anti-reflection coating (ARC) and an intermediate reflective layer (IRL) to enhance tandem solar cell efficiency by localizing the incident photons’ energy on a suitable sub-cell. The optimum designed ARC from a one-dimensional ternary photonic crystal, consisting of a layer of silicon oxynitride (  S i O N  ), was immersed between two layers of (SiO2); thicknesses were chosen to be 98 nm, 48 nm, and 8 nm, respectively. The numerical results show the interesting transmission properties of the anti-reflection coating on the viable and near IR spectrum. The IRL was designed from one-dimensional binary photonic crystals and the constituent materials are Bi4Ge3O12 and μc-SiOx: H with refractive indexes was 2.05, and 2.8, respectively. The numbers of periods were set to 10. Thicknesses: d1 = 62 nm and d2 = 40 nm created a photonic bandgap (PBG) in the range of [420 nm: 540 nm]. By increasing the second material thickness to 55 nm, and 73 nm, the PBG shifted to longer wavelengths: [520 nm: 630 nm], and [620 nm: 730 nm], respectively. Thus, by stacking the three remaining structures, the PBG widened and extended from 400 nm to 730 nm. The current theoretical and simulation methods are based on the fundamentals of the transfer matrix method and finite difference time domain method.
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1. Introduction


Many experts from all around the world have recently focused their attention on the solar cell industry’s low efficiency. The probability of absorption could offer the ability to understand the limitations of solar cell efficiency [1,2,3,4]. As a result, enhancing solar cell efficiency is highly dependent on identifying energy losses and being able to minimize them [5,6]. Thus, to compute the loss of energy, we divided incident electromagnetic waves (photons) energy into three parts, with respect to the energy gap of the active layer of the cell. Beginning with longer wavelengths (lower energy) for photons with energy lower than the energy gap (Eg) of the cell, these photons were transmitted to the back contact of the cell without any generation. Then, for the incident photons with energy equal to Eg of the absorber layer, electron-hole pairs were generated without any energy losses. Finally, for the third part of incident photons with energy greater than Eg of the absorber, photons generated electron-hole pairs, and the excess energy was converted to lattice vibration (phonons), which is considered as power dissipation in the form of thermal energy. In particular, the electrons occupy the energy levels at the conduction band bottom, wherein, the holes are situated at the top of the valence band, respectively [7,8]. Therefore, the non-absorbed photons and thermal energy were the two major losses that affected negatively on the efficiency of the cell. Moreover, other parameters, such as incomplete absorption due to the finite thickness, the total reflection from the top surface, shading, the recombination, and the metal electrode coverage were present [9]. Therefore, there are several methods to eliminate the remaining shortcomings in conversion efficiency, such as inserting an anti-reflection coating (ARC) and designing a multi-energy gap cell (tandem cell), and back reflector [10,11,12].



A tandem solar cell is considered a multi-junction cell with different energy gaps, with a higher energy gap at the top and a lower energy gap at the bottom. They have recently attracted significant attention due to their high conversion power over a wide energy spectrum; however, owing to their high manufacturing costs, they are not widely used in the commercial market. On the other hand, the use of the two junctions of tandem solar cells is widespread due to their high efficiency concerning cost. In this case, an intermediate reflective layer (IRL) is inserted between the high energy gap (top cell) and the lower energy gap (bottom cell) [13,14], acting as a filter between the two subcells. However, it must justify the following conditions: high reflectance in the spectrum region of low absorption of the top cell, strong conductivity to avoid ohmic losses, and high transmission in the spectral region of insignificant absorption of the bottom cell. Thus, IRL is also responsible for photon management, which results from the delivery of photons to different layers based on their quantum energy. In other words, the IRL localizes the photon in the suitable cell. In addition, the total reflection from the top surface causes limited efficiency, as the reflectance of the silicon solar cell reaches 37% from the total incident electromagnetic waves due to the high dielectric contrast between the air and silicon [7,15]. Therefore, to overcome this defect, we inserted a planner ARC on the surface of the cell to reduce the incident power dissipation due to reflection.



Hence, we aimed to limit the power dissipations in the tandem solar cell using artificial materials called photonic crystals [16,17,18,19,20,21] or photonic bandgap materials. Photonic crystals (PCs) are periodic and artificial structures with periodic modulates (dielectric constants) and are employed in different applications due to their unique properties [22,23,24,25]. PCs have received great attention in recent years due to their unique properties such as the presence of the so-called photonic bandgap (PBG). Therefore, due to their low cost and wide range of applications, PCs may play a key role in improving tandem solar cell efficiency, particularly in one-dimensional photonic crystals (1DPCs).



Antireflective coatings and surface texturization have traditionally been used to improve bulk silicon solar cells [26,27,28,29]. Several PCs have been created to reduce silicon surface reflectance for solar cell applications [30]. In the literature survey, the typical reflection of the standard bulk silicon solar cell is 16%; these measurements were made on a conventional silicon solar cell that had been texturized with inverted pyramids, using a chemical technique at the National Renewable Energy Center (CENER) without any antireflection coating [31]. Moreover, by adding an ARC for solar cells, we observed the reflectance of a bulk silicon solar cell, texturized with inverted pyramids by a common industrial technique. The designed one-dimensional PCs with three different types: rectangular, triangular, and circular shapes were studied in [32]. As a result, a remarkable enhancement in reducing cell reflectance was achieved as the following: The best structure was discovered to be a triangular PC with pitch and height dimensions of 460 nm and 323 nm, respectively. Thus, the average reflectance of a Si solar cell with ARC, in the form of a triangular PC, in the range of wavelength from 400 nm to 1100 nm, is reduced from 35.88 percent to 10.6 percent. Moreover, the best rectangular and circular ARC from 1D- PCs reduces the reflectance to 15.9 and 17.13 percent, respectively. The power dissipation by reflection remains the best method and the structures of triangular, rectangular, and circular ARC are costly in manufacturing. Furthermore, alternative morphologies, such as the 3D bionic Si photocathode with    T i  O 2  / M o  S 2   , reduce the electrode’s reflectivity to 3% and considerably boost its light adsorption capacity [33,34,35]. Additionally, employing self-assembled polymer sphere monolayers as etching masks creates antireflective Si nanopillar arrays. The reflectivity of the Si wafer was lowered by using Si nanopillar arrays with antireflective behaviour, generated by combining self-assembled polymer spheres into two-dimensional (2D) arrays and reactive-ion etching (RIE) from above 32 percent to below 8 percent [36,37,38]. Several approaches based on self-assembly masks, such as anodic porous aluminium [39], spin-coated spheres [40,41], and evaporated Ag islands [42], were used to construct these last structures. As a result of the high expense of practical procedures, we aimed to develop a basic structure with a low cost-effective and a high transmission planner surface.



The motivation of this paper is to use 1D-PCs for designing each ARC and IRL with low cost and high efficiency to enhance the optical properties of the tandem solar cell. Firstly, ARC was characterized by high transmission to reduce the reflectance of the cell. Then, the IRL assisted to localize the photon energy in the suitable cell. Finally, in combination between ARC and IRL with PCs, we observed an enhancement in the conversion efficiency of the considered tandem solar cell. The numerical and the simulation results were investigated based on the fundamentals of the finite difference time domain method (FDTD) and transfer matrix method (TMM).




2. Modeling


In this part, our modeling and simulation procedure is displayed in two parts. Firstly, we designed one-dimensional ternary PCs with high transmission properties to act as an anti-reflection coating. Then, in the second part, we designed the IRL from one-dimensional binary PCs. Wherein, the mean propose of the IRL is the localization of the incident photons through the suitable sub-cell by controlling the range of the PBG. For the theoretical studies, we used the fundamentals of TMM [43,44] as the analytical method, and we use the FDTD [45,46] in the same lumerical software as the simulation method.



2.1. Anti Reflection Coating (ARC)


Owing to the high dielectric contrast between the air and amorphous silicon, a large portion of the incident electromagnetic waves is reflected from the top surface of the cell. Therefore, the presence of a planar ARC on the top of the cell could reduce the dielectric contrast between the air and the first layer of the cell [47,48]. Thus, we can minimize the reflection of the incident light on the surface of the cell. The optical thickness of the simple solar cell, which consists of an optically homogeneous slab, is given by Equation (1) [7]:


   d  o p t   = n d     cos   − 1      θ 2   



(1)




where,  n  is the refractive index of the cell, d is the thickness of the cell and θ2 is the angle of refraction inside the cell.



Here, we designed a planar ARC from 1D ternary PCs (i.e., three materials with different indices of refraction and thicknesses stacked together). Our structure consisted of a layer of aluminium-doped with zinc oxide (Al: ZnO) with refractive index (n) = 2 [49] arranged between two layers of silicon dioxide (SiO2) with refractive index (n) = 1.45 [49], as shown in Figure 1. Here, the thickness of the Al: ZnO layer was set to 48 nm, wherein the thicknesses of the two SiO2 layers were chosen to be 98 nm and 8 nm. The simulation procedure for this considered structure is essentially based on the finite difference time domain (FDTD) method that was prepared using Lumerical software [50].




2.2. Intermediate Reflective Layer (IRL)


The intermediate reflective layer was inserted between the hydrogenated amorphous silicon (top cell) with a higher energy gap (Eg  ≈  1.7 eV) and the microcrystalline silicon (bottom cell) with a lower energy gap (Eg  ≈  1.1 eV), as we have shown in Figure 2. The role of the IRL was to reflect the non-absorbed photon with the shorter wavelength to the top cell and transmit the longer wavelength to the bottom cell. IRL thereby acts as a back reflector for the top cell and as a window for the bottom cell. Thus, the IRL is designed from a one-dimensional binary photonic crystal (i.e., two material layers constituting a period of lattice) [51,52] that is repeated for N periods. Here, the IRL structure is designed from Bi4Ge3O12 of refractive indices 2.05 [52] and μc-SiOx: H of refractive indices 2.8 [53].





3. Result and Discussion


Here, the results and discussions are displayed through two parts, firstly, we present the numerical and the simulation results of the considered structures of ARC. Then, in the second part, we optimize the considered structure of IRL by using the two different methods (FDTD and TMM). The IRL is also chosen to be highly reflected for shorter wavelengths photons [300–730 nm], and highly transmitted for longer wavelengths photons [730–1100 nm].



3.1. ARC


We investigated the transmission characteristics of the ARC, designed from a single period of 1D ternary PCs, as we discussed previously in Section 2.1. Here, the thickness of the aluminum doped with zinc oxide (Al: ZnO) layer was set to be 48 nm, wherein the thicknesses of the two-silicon dioxide SiO2 layers were chosen to be 98 nm and 8 nm, respectively. Figure 3 shows the transmission characteristics of our design. The figure shows that the values of transmission are almost greater than 80 % through the overall wavelengths of the incident electromagnetic radiations. For further enhancement within the transmission values, we replaced the (Al: ZnO) of refractive index = 2 [53] with silicon oxynitride (  S i O N  ) of refractive index = 1.59, the extinction coefficient k is zero [54], the thickness was set to be 48 nm. Wherein,   S i O N   was used for light tapping in solar cell application due to its high transmittance. For the light trapping efficiency (LTE) and light transmission of solar cells, a simple and cost-effective was proposed in this work. For the survey about    S i O N  , the prepared thick film of   S i O N   was characterized by a good transmittance of approximately 95% in the visible-light spectrum [55]. Additionally, the silicon nitride    (  S i N  )    light transmittance curve is approximately close to   S i O N   and good in the solar cell light absorption range, making it suitable for application in solar cell antireflection coatings with   S i O N   and high transmission with respect to   S i N   in the visible spectrum [56]. However, these single layers have good transmittance in visible light only and for our tandem solar cell structure, ARC is necessary for high transmittance in the visible and near IR spectrum (from 300 nm to 1100 nm). Therefore, a different multilayer structure was used to enhance the light trapping of the solar cell as the combination of   S i O N   with   S i N   to form a multilayer anti-reflection coating on the front side of selective emitter solar cells [57]. Moreover, we used the combination from SiO2 and   S i O N   to obtain high transmission in the required range of wavelengths [58,59,60,61]. We observed that the transmission values increased to reach the unity in the visible spectrum which exceeded the designed ARC in the form of a triangular PC with transmittance equal 89.4 percent [32]. Therefore, we were able to overcome a large portion of energy losses by reflection by using a planner ARC of low refractive index materials of SiO2 and   S i O N   at a wide range of the solar spectrum (from 400 nm to 1100 nm) which is suitable for a two-junction tandem solar cell.



Then, we studied the effect of inserting the optimized ARC structure on the top surface of the hydrogenated amorphous silicon (a-Si: H) top cell, focusing on the interface between the dielectric ARC and the semiconductor material, owing to the dielectric contrast for the two materials [62,63]. Thus, we studied the effect of the third layer of ARC thickness on the transmission spectrum, as shown in Figure 4. The appearance of a transmission peak through the visible region is shown in Figure 4; this peak shifts towards the longer wavelengths with the increment of the third layer of the ARC (SiO2 layer). These longer wavelengths have a small amount of energy and little intensity in the solar spectrum (AM1.5). Thus, the amount of incident energy that reached the active area of the cell was decreased by increasing the thickness of the third layer of ARC. Accordingly, we fixed the thickness of the third layer at 8    nm   to increase the transmission, and to reduce overall the reflection from the surface of the structure, especially in the visible spectrum [64,65]. Finally, we added Table 1 to compare our present work and the previous works in the literature survey to show the motivation and novelty of our work.




3.2. IRL


Here, we present the numerical results of the IRL designed from one-dimensional binary PCs. We used two different dielectric materials (Bi4Ge3O12 and μc-SiOx: H) that were repeated for N periods to design the IRL. The Bi4Ge3O12 layer is characterized by a refractive index of 2.05 and thickness d1 = 62 nm. Wherein, the μc-SiOx:H layer is specified with a refractive index of 2.8 and thickness d2 = 55 nm. Firstly, we investigated the effect of the number of periods on the transmission properties of the considered IRL, as shown in Figure 5. The figure shows the appearance of the PBG within the visible region for N = 5 and 7; the transmission values within the PBG are greater than 0.1. In addition, the transmission values within the PBG are almost zero when the number of periods is set to 10. Thus, we set N = 10 periods as the optimum condition in our application as well as due to the unique properties, principal of photonic crystals. In Figure 5, the resonance peaks are generated due to the interferences of the reflected photons in each interface, thus, for n periods equal to 5, the number of interfaces is small which affected the PBG and the symmetry of the resonance peaks. Additionally, the increasing number of periods caused an increase in the number of interfaces to enhance the PBG and increase the symmetry of the resonance peaks, as we have shown. Moreover, increasing, the number of periods above 10 is expected to increase the symmetry of the resonance peaks. For more control of the properties of the PBG, we studied the effect of the thickness of the second layer on the position and width of the PBG. We observed that the PBG shifted to a longer wavelength, as shown in Figure 6a,b. This explains why PBG depends on several parameters such as the refractive index mismatch between the two layers and the thickness of each layer. Additionally, we confirmed these results by two different methods: TMM in Figure 6b and simulated procedure by FDTD in Figure 6a. These results explain how we can control and localize the electromagnetic waves by PBG and confirm the results by two methods: TMM and FDTD, which completely matched. For more details, we calculated the PBG by dispersion relation for the same structure, as shown in Figure 6c, which completely matched with the PBG range of the transmission spectrum, as shown in Figure 6a,b.



Finally, for a more convenient IRL suitable for the tandem solar cell, we obtained a new design of the IRL that almost covers the visible region. The new IRL is composed of three identical structures of the previous IRL but with different thicknesses of the second material, as shown in Figure 7a. The PBG extend over a wide range from 420   nm   to 730   nm  , as shown in Figure 7b with TMM and also in Figure 7c, which was calculated with the FDTD method. Thus, the two methods approve the results, due to the matching spectrum in the range of PBG, as shown. Moreover, the transmission values exceed 0.4 in the range from 730 nm to 1100 nm. In addition, the two methods slightly differ only on the resonance peaks due to the boundary conditions of each method. The reason for the choice of these wavelength regions depends on the energy gap for each cell. The top cell is characterized by an energy gap equivalent to 1.7 eV. Therefore, it will absorb approximately all incident photons that possess energy higher than 1.7 eV, which corresponds to the wavelengths smaller than 730 nm. For these reasons, we chose the PBG in this range with a reflection reaching approximately 100% to act as an aback reflector to the top cell. Moreover, for the wavelength region from 730 nm to 1100 nm, our structure acts as a window or ARC for the bottom cell because of the high values of the transmission. Finally, our results verify the optimum condition for ARC and IRL for an efficient tandem solar cell. In other words, the combination between IRL and ARC in the tandem solar cell could overcome a large portion of power dissipation and enhance its optical efficiency.





4. Conclusions


In this paper, we designed a significant structure for each ARC and IRL by using the fundamental properties of one-dimensional photonic crystals to reduce a massive portion of power dissipation within the tandem solar cell. Here, the considered structure of ARC and IRL shows its ability to control the transmission characteristics of the incident electromagnetic radiation through the cell. Firstly, the designed ARC consists of a layer of silicon oxynitride (  S i O N  ) of refractive index = 1.59, with a thickness equal to 48 nm, embedded between two layers of silicon dioxide SiO2 with thicknesses chosen to be 98 nm, and 8 nm, respectively. We observed that the transmission values reached the unity in the visible spectrum, exceeding the designed ARC in the form of a triangular PC with transmittance equal 89.4 percent. Then, we designed an IRL from 1D binary photonic crystals of Bi4Ge3O12 with thickness of 62 nm and μc-SiOx: H with 40 nm, 55 nm, and 73 nm for the first 10 periods, the second 10 periods and the third 10 periods, respectively. The considered structure of photonic crystals yielded PBG in the range of wavelengths from 400 nm to 730 nm and PBG acted as a back reflector to the top cell of amorphous silicon with an energy gap equal to 1.7 eV. Additionally, the designed IRL has high transmission properties in the range of wavelengths from 730 nm to 1100 nm, which act as a window for the bottom cell of microcrystalline silicon, with an energy gap equal to 1.1 eV. The theoretical and simulation procedure is based on each TMM and FDTD method. Therefore, the combination between IRL and ARC in the tandem solar cell can optically improve solar cell efficiency.
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Figure 1. (a) Schematic structure of ARC with the meshing of XY plane. (b)The full structure of simulation procedure at three dimensions by FDTD, which consist of plane wave source (white color), the designed structure (sky and blue color), the monitor (yellow color), and FDTD domain (orange color). 
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Figure 2. Schematic structure of tandem solar cell with anti-reflection coating and the intermediate reflective layer. 
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Figure 3. Transmission spectrum of 1D ternary PCs for one period with different embedded materials. 
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Figure 4. Transmission behavior of the structure with different thicknesses of the third layer of dielectric ARC and thicknesses of 98 nm, 45 nm for the first and second layer, respectively. 
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Figure 5. The transmission spectrum of 1D binary photonic crystals of   B  i 4  G  e 3   O  12     with thickness    d 1    = 62    nm   and μc-SiOx: H with thickness    d 2    = 55    nm  , with a different number of the period as shown. 
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Figure 6. 1D binary photonic crystals of Bi4Ge3O12 with thickness 62    nm   and μc-SiOx: H with different thicknesses for ten periods as shown (a) by FDTD, (b) by TMM, (c) dispersion relation of the same structure by TMM. 
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Figure 7. 1D binary photonic crystals of Bi4Ge3O12 with thickness 62 nm and μc-SiOx = H with 40 nm, 55 nm, and 73 nm; (a) Schematic structure of considered the structure, (b) Transmission behavior for the structure by MATLAB based on TMM, and (c) Transmission behavior for the structure by lumerical based on FDTD. 
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Table 1. The average reflection of antireflection coating designs for the remarkable results found in the literature in comparison with our work.






Table 1. The average reflection of antireflection coating designs for the remarkable results found in the literature in comparison with our work.





	Anti-Reflection Coating Design
	Average Reflectance (%)

[400–1000 nm]
	Average Reflectance (%)

[500–700 nm]
	Reference





	Polished silicon
	33.4
	35.88
	[7,8]



	Standard Silicon solar cell
	16.75
	16.23
	[31]



	Rectangular PC profile
	15.04
	15.9
	[32]



	Triangular PC profile
	10.68
	10.6
	[32,66]



	Circular PC profile
	16.99
	17.13
	[32]



	1D rectangular PC
	23.25/15.26
	26/14.08
	[66]



	1D triangular PC
	6.93/19.95
	7.01/16.62
	[67]



	1D planner PCs
	8
	6
	Our work
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