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Abstract

:

Thin-film solar cells are simple and affordable to produce, but their efficiency is low compared to crystalline-silicon solar cells, and needs to be improved. This study investigates the photovoltaic performance of different absorber materials (CdTe, CIGS, Sb2Se3, and CZTS) with simple structure Au/absorber/CdS/ITO. The research uses the SCAPS (Solar Cell Capacitance Simulator), a mathematical model based on Poisson and continuity equations. The impact of various parameters on cell performance, such as absorber layer thickness, acceptor density, electron affinity, back contact work function, and temperature, are examined. As per the simulation results, an absorber thickness of 4 µm is suitable for achieving the maximum efficiency for all the absorber materials. The optimized acceptor density for CdTe/CIGS/ Sb2Se3 and CZTS is taken as 1016 cm−3 and 1017 cm−3, respectively. The back contact work function and device temperature were set to be 5.1 eV and 300 K, respectively, to achieve excellent performance. Among all the absorber materials, the highest efficiency of 28.2% was achieved for CZTS. The aim is to highlight the various absorber layers’ performances by optimizing the device parameters. The obtained results can be used in solar energy harvesting applications due to the improved performance characteristics.
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1. Introduction


The buffer layer is another critical layer in heterojunction solar cell design. CdS is a semiconductor of the II-VI group with a 2.45 eV energy band gap [1]. Researchers have been drawn towards CdS thin film for a long time because of its fascinating optoelectronic features, and it is commonly utilized as a buffer layer in solar cells. Another exciting aspect of this material is that it gives the absorber layer chemical and thermal stability. The buffer layer forms a junction with the absorber layer, which improves the solar cell’s bulk recombination. The band gap energy (Eg) must be tuned to ~1.5 eV to perform well. Cadmium-telluride (CdTe), Copper-indium-gallium-diselenide (CIGS), Copper-zinc-tellurium selenide (CZTS), and Antimony selenide (Sb2Se3) thin film-based solar cells are known to be promising options for solar cell technology because of their excellent performance, high efficiency, and low cost [2,3,4,5]. CIGS-based solar cells have already crossed 20% efficiency [6]. Even though CIGS thin-film solar cells have come to the point of maturity where they can easily be mass-produced, specific improvements may be made to improve efficiency and lower the costs. CIGS is a chalcopyrite semiconductor having a high absorption coefficient and band gap of 1.06–1.7 eV [7], and the exact value of the band gap is determined by the “x” factor, which is the Ga/(Ga + In) ratio. Apart from the band gap and absorption coefficient, the thickness of the absorber layer is an integral part of the performance of photovoltaic devices. Tariq Alzoubi et al. has been achieved an efficiency of 21.35% and 24.21% with absorber thicknesses of 1500 nm and 2500 nm, respectively [8].



CdTe has become one of the best materials for fabricating solar cell devices, as it has a high absorption spectrum and optimal band gap of 1.5 eV. CdTe was developed as a semiconducting material that is appropriate for operating at high processing temperatures from the standpoint of production. The research on CdTe/CdS thin film-based solar cells started in the 1970s. The emergence of several methods such as electrodeposition, screen printing, vacuum evaporation, and close-spaced sublimation gave considerable impetus to research and developmenent (R&D) in the 1980s. Hence, CdTe/CdS solar cells with an efficiency above 10% were obtained [9,10]. The efficiency of solar cells based on CdTe/CdS thin films increased after 2011 and reached above 20%. Solar cell companies have led the solar cell market over the past decade, and they continue to produce highly efficient CdTe/CdS-based solar cells. The cost of CdTe-based solar cells is 30% lower than that of CIGS-based solar cells [11]. Many researchers have recently focused their attention on CZTS-based thin-film solar cells for several reasons [12,13], such as their high absorption coefficient, optimal band gap (1.4–1.5 eV), low cost, and high efficiency. Furthermore, for the research on thin-film solar cells, before experimental investigations, simulation is helpful to evaluate the effects of changes in solar cell characteristics. Khan et al. and Yasin et al. achieved an efficiency of 19.64% [14] and 28.41% [15], respectively, for CdS/CZTS-based solar structure by optimizing the various parameters of the device. The development of Sb2Se3-based solar cells has been rapid, with reported efficiencies of 9.2% for devices in substrate configuration, prompting more intensive research [16], as this material has a single-phase structure and highly anisotropic properties. Mu et al. applied CZTS as an Hole transport layer (HTL) layer to construct a Sb2Se3-based solar cell and achieved a 17.14% efficient solar cell [17]. Hedayati et al. achieved an efficiency of 11.38% for CGS/CIGS dual-junction solar cells by using a metal grid instead of Transparent conducting oxide (TCO) [18]. Minabashi et al. investigated earth-abundant and less toxic CZTSSe absorber materials in kesterite photovoltaic cells using the finite element method (FEM) and recorded 19.06% efficiency [19]. Najm et al. performed the numerical simulation to check the impact of electrical properties of CdS buffer layer for SLG/Mo/p-Absorber/n-CdS/n-ZnO/Ag (Soda lime glass (SLG)) solar cell structure [20].



The theoretical efficiency for Sb2Se3 has reached over 30%, comparable to CdTe and CIGS-based photovoltaic cells. Despite this improvement, further progress on the open-circuit voltage, current density, and fill factor is required to enhance Sb2Se3 solar cell efficiency. To date, research into these efficiency loss mechanisms is in its early stages, with little effort put in, preventing Sb2Se3 from becoming a high-efficiency and low-cost solar cell technique at the terawatt level. To improve Sb2Se3 solar cells’ efficiency, it is essential to identify the critical components behind the cause of efficiency loss. Here, SCAPS simulation software [21,22,23,24] is used to thoroughly analyze physical and electrical properties of various absorber layers-based solar cells, which provides new insights into the potential explanation of efficiency loss.




2. Device Modeling and Simulation Parameters


SCAPS is a numerical simulation software package that gives results close to reality. A set of coupled differential equations is produced by applying the appropriate boundary conditions at the contacts and interfaces. This software’s meshing algorithm employs coarse meshing in the center of the layer and fine meshing near the interface and contacts. During the calculations, the mesh is optimized, and by considering the effects of gradings, defects, and impurities on photovoltaic properties, optimizing mesh at each iteration step is easy. The simulation research defines the physical models of the absorber layer-based photovoltaic devices, highlighting new facts, and providing insight and a better platform for the further optimization of solar devices. This software uses the Poisson and continuity equations for holes and electrons as stated by Equations (1)–(3). By solving these equations, the I-V and C-V characteristics, energy band structures, etc., can be produced and used to compute various parameters.
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Here, εr and ε0 are the relative and the vacuum permittivity, and Ψ is electrostatic potential. n and p represent the electron and hole concentration, ND and NA are the donor and acceptor impurity, respectively. R and G are recombination and generation rates, respectively.



Various output parameters such as open-circuit voltage (Voc), current density (Jsc), fill factor (FF), and efficiency (η) are optimized. Voc is the maximum voltage developed in a solar cell at zero current, which is affected by the temperature. FF depicts the maximum power produced by a photovoltaic cell after defining the squareness of the current density–voltage curve as presented by Equations (4) and (5), respectively. Efficiency is the ratio of output power to the input power, and it can also be defined by Equation (6):
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IL is the light-generated current, I0 is the dark saturation current, Jmax and Vmax are the maximum short-circuit current and open-circuit voltage, respectively, and PS is the sunlight’s incident power.



A simplified algorithm is used for the metal work function    ϕ m    (for majority carriers), which is taken as the input in SCAPS-1D software. If a p-type layer is adjacent to the contact,    ϕ m    is defined by Equation (7):


   ϕ m  = χ +      k   B  Tln  (   N c  /  n i   )   



(7)







Here, χ is the electron affinity, NC and ni are the density of states and intrinsic carrier concentration, respectively.



The proposed device structure used in this study is Au/(CdTe or CIGS or CZTS or Sb2Se3)/CdS/ITO, as shown in Figure 1. Au is used as a back contact [25], ITO is front contact, CdTe, CIGS, CZTS, and Sb2Se3 are the absorber layers, and CdS is used as a buffer layer. In this work, SCAPS-1D simulation software (v3.3.10) is used for the numerical analysis of CdTe, CIGS, CZTS, and Sb2Se3-based solar cells. This software works based on the Poisson and Continuity equations [26,27]. The output parameters, such as I-V and C-V curves, energy bands, QE, etc., can be obtained by solving these equations. The material parameters of the various layers are chosen from theoretical and experimental data provided in earlier studies [28,29,30,31] as presented in Table 1. Absorber layer thicknesses and their shallow acceptor densities are varied to check the device’s performance. Modeled solar cell is exposed to AM 1.5 G solar light spectrum at its front contact with 1 (kW/m2) power. Au is used as back contact metal with a work function of 5.1 eV. To analyze the device’s performance, the work function value is varied from 4.4 to 5.1 eV.




3. Results and Discussions


3.1. Influence of Absorber Layer Thickness on Device Performance


An absorber layer should be tuned to obtain the optimal thickness to absorb the maximum photons and produce electron–hole pairs. The thickness for all the absorber layers (CdTe, CIGS, CZTS, and Sb2Se3) was varied from 0.5 to 4 µm, and all other parameters were as reported in Table 1 and remained unchanged. Parameters such as open-circuit voltage (Voc), current density (Jsc), fill factor (FF), and efficiency (η) were affected by varying the absorber layer thickness, as presented in Figure 2a–d. These results show that Jsc, Voc, and η increase with increasing thickness for all absorber layers, as presented in Table 2. For CdTe, FF increases with thickness at first, then decreases as thickness increases from 2 to 4 µm, which can be attributed to increased series resistance. For other absorber layers, FF increases with the thickness. Thus, when the thickness of the absorber layer is too thin, it does not promote complete absorption of light, resulting in poor efficiency. If the absorber layer is too thick, the photo-generated carriers will have a lengthier transfer route, resulting in increased recombination. At a thickness of 4 µm, maximum efficiencies of 20.41%, 21.41%, 28.2%, and 25.6% were achieved for CdTe, CIGS, CZTS, and Sb2Se3, respectively.




3.2. Effect of Absorber Layer Acceptor Density on Device Performance


Lower values of acceptor density can increase the series resistance, and larger values of acceptor density can reduce the shunt resistance, both of which can reduce the solar cell’s performance [32]. Figure 3 depicts the effect of acceptor density on Voc, Jsc, FF, and efficiency for the different absorber layers. For CdTe, CIGS, and Sb2Se3, Voc increases with acceptor density, peaking at 1016 cm−3 when the acceptor concentration is at its maximum. For CZTS, Voc reaches its maximum value at an acceptor density of 1017 cm−3. The built-in electric field of a photovoltaic cell can be enhanced by increasing the absorber’s acceptor concentration, which is advantageous for Voc [33]. The FF is less effective for CIGS and Sb2Se3 absorbers. For CZTS, FF increased up to 83.3%, and for CdTe, FF first increasedupto the acceptor density of 1015 cm−3 and then decreased. The efficiency of the cell is affected by changes in Voc, Jsc, and FF. The results show that maximum efficiency was achieved when the acceptor density was set to be 1016 and 1017 cm−3 for CIGS/CdTe/Sb2Se3 and CZTS, respectively. According to the analysis, the proper doping of the absorber layer can produce higher efficiency.




3.3. I-V and QE Characteristics for the Optimized Structures


Figure 4 shows the simulated I-V and QE characteristics of the optimized structure (Au/(CdTe or CIGS or CZTS or Sb2Se3)/CdS). The QE as a function of λ is defined as the ratio of current going through the circuit, i.e., the number of charge carriers produced and exiting the photovoltaic cell at the circuit, to the number of incoming photons. The optimized thickness for all the absorber layers was taken as 4 µm, and the optimized acceptor density for CdTe/CIGS/ Sb2Se3 and CZTS was taken as 1016 and 1017 cm−3, respectively. CZTS achieved the maximum efficiency compared to CdTe, CIGS, and Sb2Se3.




3.4. Effect of the Electron Affinity of Different Absorber Layers


At the connecting interface of the two semiconductors (here, the absorber and the buffer layer), electron affinity defines the conduction band offset. This offset significantly impacts the open-circuit voltage and short circuit current and the solar cell’s overall performance. In several simulation papers based on CdTe, CIGS, Sb2Se3 and CZTS solar cells, several values of electron affinity are used, as shown in Figure 5, such as for CdTe, 4.3 [34] and 4.4 [35], 3.9 [36] and 3.8 [37]; for CIGS, 4.45 [30], 4.2 [38] and 4.5 [39] and 4.58 [40]; for Sb2Se3, 3.9 [31], 3.7 [27], and for CZTS, 4.5 [28] and 4.1 [41]. As the electron affinity value increases, the efficiency decreases for all four absorber layers, because the enhanced electron affinity of the absorber layer decreases the number of photons hitting the absorber layer, the amount of current produced, and the short circuit current. An increase in barrier height makes it difficult to collect photo-generated charge carriers and reduces the device’s overall performance [42].




3.5. Effect of Back Contact Work Function and Temperature on Device Performance


To improve the performance of the solar cells, the back contact interface must be optimized. The back contact provides the ohmic contact for connections, and it should be corrosion-resistant and should have a low recombination rate for minority charge carriers [43]. We examined the effect of the work function on several parameters (Voc, Jsc, FF, and η) under optimum conditions, as shown in Figure 6a. The work function values was varied from 4.4 to 5.1 eV, and the analysis shows that the work function should be greater than 4.8 eV in order to achieve better efficiency. Below this work function value, the device performance can get degraded, as there is a significant energy-level discrepancy at the absorber layer/metal contact, resulting in the formation of a Schottky junction, decreasing device efficiency. Back energy band alignment is improved by increasing the work function value of the back contact metal. For all three absorber layer cases, maximum efficiency is achieved at 5.1 eV.



As the solar cells are set in open locations exposed to the sun, temperature increases are an issue in some areas where day temperatures are at their highest during the summer, thereby impacting the performance [44]. Efficiency slowly degrades with increasing temperature, as shown in Figure 6b, because when the temperature rises, the band gap of the Photovoltaic (PV) cell decreases, lowering the open-circuit voltage. Other parameters such as the band gap, carrier concentrations, and electron and hole mobility are all affected by the increased temperature. As a result, the efficiency of solar cells decreases. The highest efficiency was achieved at 280 K, but the Voc was beyond expected limit; thus, the overall performance looks to be more suitable at 300 K. Most semiconductor-based simulations are performed at this temperature, as it is closer to room temperature.




3.6. Energy Band Diagram of CZTS/CdS-Based Solar Cell


In an ideal semiconductor, electrons occupy the space below the valence band edge Ev and above the conduction band edge Ec. Between these two states, the electron population has no other energy level, and the energy difference between Ec and Ev is referred to as the band gap energy Eg, as stated in Equation (8). As a result, photon energy that is below this band gap energy value will not be absorbed.


Eg = Ec − Ev



(8)







Jia et al. and Rondiya et al. reported band gap values for CZTS of 1.5 and 1.49 eV, respectively, using density functional theory (DFT) [45,46]. Vadapoo et al. and Hasan et al. reported direct band gap values of 1.22 and 1.12 eV, respectively, for Sb2Se3 with the help of DFT [47,48]. Sarkar et al. calculated a band gap of 1.89 eV for CdTe by using the SCC-DFTB method [49].



The energy band diagram for the proposed solar structure of CZTS with conduction and valence band energies, Ec and Ev, respectively, is illustrated in Figure 7 based on the energy band panel data obtained from the SCAPS simulation showing the band gap of each material. The band gap values for CZTS, CdS, and ITO are 1.5, 2.4, and 3.7 eV, respectively. If the solar cell is exposed to photons with energies greater than the band gap energy, electron-hole pairs will form in the CZTS absorber. The photo-generated electrons will diffuse into the depleted space-charge area. The width of the space-charge area varies depending on the acceptor and donor density values of the absorber and buffer layers.



Thus, various parameters affect the overall performance of the solar cell. I-V characteristic measurements are insufficient to explain the behavior of a device in depth since the solar cell’s response is also dependent on its internal physical mechanism.





4. Conclusions


In this work, we studied the influence of various values of absorber layer thickness, acceptor density, electron affinity, back contact work function, and temperature on the performance of Au/(CdTe or CIGS or Sb2Se3 or CZTS)/CdS/ITO structures. In order to achieve excellent performance in the solar cell, the optimized thickness for all absorber layers was taken as 4 µm, and the optimized acceptor density for CdTe/CIGS/ Sb2Se3 and CZTS was taken as 1016 and 1017 cm−3, respectively. The efficiency increased with work function value because a higher back contact metal work function value enhances the back end energy band alignment. Temperature also affected the performance of the device, and the overall performance seemed to be more appropriate at 300 K for all absorber materials. Most semiconductor simulations are performed at this temperature, as this temperature is close to room temperature. After optimization of the device, CZTS showed excellent performance, with efficiency of 28.2%, compared to CdTe (20.41%), CIGS (21.41%) and Sb2Se3 (25.6%). Our findings may serve as a model for designing and fabricating cost-effective, efficient, and stable solar cells.
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Figure 1. Schematic of various absorber layer-based solar cell. 
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Figure 2. Impact of absorber layer thickness on (a) Voc, (b) Jsc, (c) FF, and (d) efficiency. 
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Figure 3. Impact of acceptor density of various absorber layers on (a) Voc, (b) Jsc, (c) FF, and (d) efficiency. 
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Figure 4. (a) I-V characteristic and (b) QE characteristics for different absorber layers-based solar structure at optimized conditions. 
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Figure 5. Effect of different absorber layer’s electron affinity on the efficiency of solar device. 
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Figure 6. Effect of (a) back contact work function and (b) temperature on the efficiency of optimized structure. 
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Figure 7. Schematic Energy band diagram for CZTS/CdS/ITO. 
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Table 1. Schematic of various layers of CdTe/CIGS/CZTS/Sb2Se3-based solar structure.






Table 1. Schematic of various layers of CdTe/CIGS/CZTS/Sb2Se3-based solar structure.





	Parameters
	Sb2Se3
	CdTe
	CIGS
	CZTS
	CdS





	Thickness (µm)
	Varying
	Varying
	Varying
	Varying
	0.06



	Band gap (eV)
	1.06
	1.5
	1.2
	1.5
	2.4



	Electron Affinity
	3.9
	3.9
	4.5
	4.5
	4.2



	Dielectric constant
	18
	9.4
	13.5
	10
	10



	Density of states Nc (cm−3)
	2.2 × 1018
	8.1 × 1017
	2.2 × 1018
	2.2 × 1018
	2.2 × 1018



	Density of states NV (cm−3)
	1.8 × 1019
	1.8 × 1019
	1.8 × 1019
	1.8 × 1019
	1.8 × 1019



	Electron mobility (cm2/Vs)
	15
	320
	100
	100
	100



	Hole mobility (cm2/Vs)
	5.1
	40
	25
	25
	25



	Donor Density (cm−3)
	0
	0
	0
	0
	1017



	Acceptor Density (cm−3)
	Varying
	Varying
	Varying
	Varying
	0
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Table 2. Effect of various absorber layer thicknesses on the various device parameters.
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Absorber Layer

	
Thickness (µm)

	
Voc (Volts)

	
Jsc (mA/cm2)

	
FF (%)

	
η (%)






	
CdTe

	
0.5

	
0.74

	
23.07

	
77.64

	
13.37




	
1

	
0.78

	
26.12

	
81.92

	
16.82




	
2

	
0.82

	
27.86

	
83.09

	
19.01




	
3

	
0.85

	
28.43

	
81.67

	
19.92




	
4

	
0.89

	
28.79

	
79.46

	
20.41




	
CIGS

	
0.5

	
0.6

	
31.67

	
78.71

	
15.13




	
1

	
0.62

	
34.57

	
80.32

	
17.48




	
2

	
0.65

	
36.72

	
81.85

	
19.54




	
3

	
0.66

	
37.81

	
82.61

	
20.68




	
4

	
0.66

	
38.52

	
82.96

	
21.41




	
Sb2Se3

	
0.5

	
0.76

	
35.95

	
83.73

	
23.02




	
1

	
0.76

	
37.99

	
83.71

	
24.96




	
2

	
0.77

	
38.48

	
83.96

	
25.03




	
3

	
0.77

	
38.6

	
84.16

	
25.32




	
4

	
0.78

	
38.67

	
84.54

	
25.6




	
CZTS

	
0.5

	
0.59

	
26.77

	
79.09

	
12.7




	
1

	
0.62

	
34.39

	
81.1

	
17.36




	
2

	
0.64

	
42.61

	
82.41

	
22.57




	
3

	
0.65

	
47.6

	
83.13

	
25.89




	
4

	
0.66

	
51.1

	
83.3

	
28.2
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