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1. Introduction

In a short period of time, organic-inorganic lead halide hybrid perovskite solar cells (PSCs) 

showed a remarkable power conversion efficiency (PCE) of 25.8% compared to other 

semiconductor-based devices [1]. At the same time, the presence of toxic lead (Pb) in the material 

composition, as well as instability issues induced by moisture, heat, light or applied electric field, 
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ABSTRACT 

Chalcogenide perovskites (CPs), especially Barium Zirconium Sulfide (BaZrS3), have attracted 

tremendous attention as a potential alternative to hybrid halide perovskites for optoelectronics 

due to their exceptional visible light absorption and extraordinary chemical stability. Therefore, 

we numerically investigated a highly efficient n-i-p CPs model solar cells using the Solar cell 

simulator capacitance software (SCAPS-1D), consisting of a conventional (i.e., BaZrS3 – 1.9 eV), 

as well as Ti and S, incorporated absorbers (i.e., Ba(Zr0.95Ti0.05)S3 – 1.63 eV and BaZr(S0.6Se0.4)3 –

1.76 eV). The systematic studies explored the varying CPs absorber layer properties, the effects of 

thickness, total and interface (i.e., ETL/CPs and CPs/HTL) defect densities and optimized

parameters for ideal device performance. The optimized solar cell parameters yielded a power

conversion efficiency (PCE) of 12.42% for BaZrS3, 18.85% for Ba(Zr0.95Ti0.05)S3 and 15.47% for

BaZr(S0.6Se0.4)3 devices, respectively. The study also explored some effects limiting device

performance (i.e., interface and surface states) and resultant current leakages or charge

recombination, leading to parasitic resistances (RSeries and RShunt). The quantification of the

influence of parasitic resistances and working temperatures provided some insight into the device

performance, which appear to be reduced with increasing operating temperature and series

resistances. These results suggest that chalcogenide BaZrS3 - based perovskites can play a major

role as absorber materials towards highly efficient and cheap perovskite solar cells with low

environmental impact.

Keywords: SCAPS-1D, Chalcogenide BaZrS3, Perovskite solar cells, defect density, parasitic 

resistances. 
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restricts their commercialization and leads to pursue the effort towards alternative solar cell 

materials. 

Chalcogenide perovskites (CPs) have recently emerged as a promising environmental-friendly, 

non-toxic semiconductor material and gained significant attention due to their excellent 

optoelectronic properties [2]. The CPs material has the general formula of ABX3, where A = 

group II cation (i.e., Ca2+, Sr2+, Ba2+), B = group IV transition metals (i.e., Ti4+, Zr4+, Hf4+), and X 

= chalcogen anions (i.e., S2-, Se2-), respectively. Previous studies showed that the barium 

zirconium sulfide (BaZrS3), Strontium zirconium sulfide (SrZrS3), Barium Hafnium sulfide 

(BaHfS3), Strontium Hafnium sulfide (SrHfS3), Calcium zirconium sulfide (CaZrS3) and Calcium 

Hafnium sulfide (CaHfS3) CPs have a perovskite-type structure with an appropriate band-gap 

well fitted for Photovoltaic (PV) applications [3–6]. Among these, BaZrS3 CPs have been the 

most studied compound from the experimental point of view due to their Pb-free nature and 

superior environmental stability [7–10]. Moreover, it exhibits a large absorption coefficient (> 

105 cm-1), high tolerance to defects, and excellent carrier mobility, among other specific features 

[9]. Y. Nishigaki et al.'s results clearly demonstrated that the absorption coefficient (α) of CPs are 

extremely extraordinary compared with all the other practical solar cell absorbers such as GaAs, 

CuInSe2, MAPbI3, including InP, CdTe, Cu2ZnSnSe4, and Cu2ZnSnS4. Because of the strong 

band-edge absorption of α, BaZrS3 offers a more accessible collection of photo-generated carriers 

due to the small light penetration depth (~ 100 nm) [5]. However, the ~ 1.7 – 1.9 eV band-gap of 

BaZrS3 CPs is slightly higher than the ideal band-gap required for single-junction devices. 

According to the reported results, alloying, especially through Ti substitution on the Zr site and 

Se incorporation with S site, can significantly tune the band-gap, which is highly beneficial to 

fabricate single-junction PV devices [4,5,11]. More importantly, Ti and Se substitution only 

diminish the band-gap (from 1.9 to 1.75 eV), and it does not largely affect the higher absorption 

coefficient. CPs generally have p-d transitions, which have a superior joint density of states than 

p-p transitions that are usually noticed in lead halide perovskites. Therefore, the optical 

absorption coefficient of CPs is higher compared to lead halide perovskites. As a result, CPs solar 

cells should be able to use even lighter absorbers to attain higher efficiencies compared to 

conventional lead halide perovskites [4]. M. Kumar et al. theoretically studied the excitonic 

properties of CPs, and their findings show that the exciton binding energy (EB) is higher 

compared to the conventional halide perovskites. Furthermore, the calculated spectroscopic 

limited maximum efficiency (SLME) results (i.e., based on Eg and α) prove that the CPs are 

highly suitable for use as an absorber material [12]. 

In general, a high temperature (> 600° C) is required to achieve crystalline BaZrS3 CPs thin 

films, which is a major problem in fabricating single or multi-junction solar cells. Using physical 

deposition methods (i.e., pulsed lased deposition, DC sputtering) or chemical sulfurization of thin 

films (i.e., BaZrO3), a temperature of almost 700° C to 1000° C can be needed to demonstrate 

CPs thin films of desired quality, and the obtained CPs compositions contain impurity phases [7–

9]. In consequence, low-temperature processes are crucial to fabricate solar devices at low costs, 

presenting the desired properties (in the bulk and at the interfaces). It is also very complex to 



process BaZrS3 CPs thin films from solution as no solvent can be compatible with the necessary 

high temperatures required for BaZrS3 synthesis. However, V.K. Ravi et al. recently used a two-

step process to achieve solution-processed 50 nm thick BaZrS3 CPs thin films. Initially, the 

author synthesized BaZrS3 nanocrystals (NCs) at 600° C, adopting a solid-state synthesis route. 

Then, they functionalized the BaZrS3 NCs surface to achieve a colloidal dispersion either in N-

methyl-2-pyrrolidinone (polar solvent) or in chloroform (non-polar solvent) [13]. Z. Yu et al. 

reports low-temperature (i.e., at 500° C) BaZrS3 CPs thin films by changing the chemical 

reaction pathway. These results demonstrated that a lower temperature reduces sulfur vacancies 

and carbon impurities associated with the higher temperature process [10]. Therefore, both 

publications are opening some paths for the scientific community to synthesize BaZrS3 CPs thin 

films at low temperatures, giving some promises for potential single or multi-junction solar 

device fabrication. 

Numerical or theoretical tools are regularly exploited to explore potential single- or multiple-

junction devices and probe new possible device architectures and combinations. Basically, 

SCAPS is a one-dimensional simulation software used to design thin-film solar cell structures 

using many semiconductor layers, and it entirely depends on the optical properties/parameters of 

the chosen material. The SCAPS program can solve the basic semiconductor equations, such as 

the Poisson equation and continuity equations with the drift-diffusion approximation. It simulates 

electrical parameters of solar cells such as the current-voltage curve, quantum efficiency, etc. 

SCAPS was originally proposed to study CIGS or CdTe type solar cells, and indeed it also 

operates well for such structures, even with parameters that are very different from CdTe or 

CIGS. Nowadays, it has been successfully applied to CZTS, perovskite, c-Si, a-Si, and bulk 

heterojunction solar cell structures. (SCAPS basic manual.pdf, most recent version). Moreover, 

many groups already used the SCAPS software to construct the new device configuration 

employing new absorber material, such as Antimony selenide (Sb2Se3) and antimony sulfide 

(Sb2S3) [14–17], Cu2XSnS4 (X = Fe, Mg, Mn, Ni, Sr) [18], Tungsten diselenide (WSe2) [19], Tin 

Sulfide (SnS) [20], C2N [21], Copper bismuth sulfide (Cu3BiS3) [22], Bismuth iodide (BiI3) [23], 

PBDB-T/ITIC [24], La2NiMnO6 (LNMO), Eu2NiMnO6 (ENMO) & Dy2NiMnO6 (DNMO) [25] 

and different perovskite materials (FAPbI3 [26], FASnI3 [27], MAPbI3 [28], MASnI3 [29], 
MASnBr3 [30], CsPbI3 [31], CsPbBr3 [32], Cs2SnI6 [33], Cs2TiBr6 [34], CsGeI3 [35], Cs2AuBiCl6 

[36], Cs4CuSb2Cl12 [37], (FA)2BiCuI6 [38], etc.). In many cases, the simulated results are 

significantly reliable to the experimental results [22,26,39–43], and of course, the simulations are 

useful to the solar cell community people. In this context, this study provides a systematic and 

complete simulation based on CPs (i.e., BaZrS3, Ba(Zr0.95Ti0.05)S3 and BaZr(S0.6Se0.4)3) used as 

solar cell absorbers using solar cell simulator capacitance software (SCAPS-1D). Firstly, we 

construct an ideal n-i-p planar CPs device (i.e., FTO/TiO2/CPs/Cu2O/Au), which do not account 

for series or shunt resistance. Later, the systematic studies show that while varying CPs absorber 

layer properties, such as the absorber thickness, total (i.e., Nt) and interface (i.e., ETL/CPs and 

CPs/HTL) defect densities, device performance is drastically influenced. We finally explore the 

influence of parasitic resistances (RSeries and RShunt) and working temperature over the final 



optimized device, as a preliminary step to evaluate the operation of potential CP-based single-

junction devices. 

 

 

2. Device structure and simulation methodology  

In this study, CPs-based n-i-p planar perovskite device models (FTO/TiO2/CPs (i.e., BaZrS3, 

Ba(Zr0.95Ti0.05)S3, BaZr(S0.6Se0.4)3)/Cu2O/Au) have been designed using solar cell simulator 

capacitance software (SCAPS-1D, version 3.3.07) to solve the Poisson and continuity equations, 

and it was created by the Department of Electronics and Information systems, Gent, Belgium 

[44]. The proposed device architecture is depicted in Fig. 1. In these simulations, three different 

types of CPs-based absorber layers (i.e., BaZrS3 - 1.9 eV, Ba(Zr0.95Ti0.05)S3 -1.63 eV, 

BaZr(S0.6Se0.4)3 -1.76 eV), titanium dioxide (TiO2) as an electron transport layer (ETL), and 

cuprous oxide (Cu2O) as a hole transport layer (HTL) were used. All the simulations were carried 

out under one sun AM 1.5 G (100 mW.cm-2) solar spectrum with the working temperature of 300 

K and without considering the optical reflectance of each layer at the interface nor surface.  

 

Fig. 1. The n-i-p typical CPs solar cell structure. 

In the initial stage, the parasitic resistances (i.e., RSeries and RShunt) are not considered, but the 

effect of parasitic resistances and the working temperature are explored at the end of this paper. 



The traditional SCAPS optical absorption model with square root submodel (i.e., α(hυ) = 

α0+β0(Eg/hυ))((hυ/Eg)-1)1/2) was used to obtain the absorption coefficients of the various layers 

(i.e. ETL, CPs absorber, HTL). All layers input parameters such as optical band-gap, electron (e-) 

and hole (h+)  mobility, e- affinity and all other details are taken from previously published 

experimental and theoretical results, listed in Table 1, and the adopted ETL/CPs and CPs/HTL 

interface defect parameters shown in Table 2 [4,5,13,26,45,46]. The employed e- and h+ thermal 

velocity values are considered as 1×107 cm.s-1, and the work function of front contact (i.e., FTO) 

and back contact (i.e., Au) are set to 4.4 eV and 5.1 eV, respectively.   

Table 1. Initial input parameters for all layers (i.e., FTO, ETL, CPs absorbers, HTL) used in the 

proposed device model. 

 FTO 
(TCO) 

TiO2 
(ETL) 

BaZrS3 
(Absorber) 

Ba(Zr0.95Ti0.05)S3 
(Absorber) 

BaZr(S0.6Se0.4)3 
(Absorber) 

Cu2O 
(HTL) 

Thickness (nm) 500 30 500 500 500 100 
Bandgap (eV) 3.50 3.20 1.9 1.63 1.76 2.17 

Affinity 4.00 3.9 4.10 4.10 4.10 3.2 

Permittivity 9.00 9.00 9.6 9.6 9.6 7.11 
Effective density of 

states at CB 
2.2×1018 2.2×1018 2.2×1018 2.2×1018 2.2×1018 2.02×1017 

Effective density of 

states at VB 
1.8×1019 1.8×1019 1.8×1019 1.8×1019 1.8×1019 1.1×1019 

Mobility of 

electrons 
20 20 0.017 0.017 0.017 200 

Mobility of holes 10 10 0.059 0.059 0.059 80 
Density of n-type 

doping 
1.0×1018 1.0×1019 1.0×1012 1.0×1012 1.0×1012 0 

Density of p-type 

doping 
0 1 1.0×1012 1.0×1012 1.0×1012 1.0×1018 

Density of defects 1.0×1015 1.0×1015 1.0×1015 1.0×1015 1.0×1015 1.0×1015 
Reference [47] [45] [5][4][13] [46] 

 

Table 2. Interface defects (i.e., ETL/CPs and CPs/HTL) employed in the simulated model. 

Parameters ETL/CPs CPs/HTL 

Defect type neutral neutral 

Capture cross-section e-‘s (cm2) 1.0×10-15 1.0×10-18 

Capture cross-section h+’s (cm2) 1.0×10-15 1.0×10-16 

Energetic distribution Single Single 

Reference for defect energy level (Et) Above the highest Ev Above the highest Ev 

Energy with respect to reference (eV) 0.600 0.050 

Total defect (1/cm2) 1.0×1011 1.0×1012 

 



3. Result and discussion 

In general, the absorption coefficient of a semiconducting material plays a prominent role in 

determining device performance. The plot of variations of the absorption coefficient for the ETL, 

CPs absorbers, and HTL layers using the traditional SCAPS optical absorption model shows the 

variation as a photon energy function, shown in Fig. 2. SCAPS software-generated absorption 

coefficient (α) of all three CPs absorbers (i.e., BaZrS3,  Ba(Zr0.95Ti0.05)S3 and BaZr(S0.6Se0.4)3) 

show high values in the band-edge region (>105 cm-1), and this confirms the strong light 

absorption which agrees with the previously published experimental and theoretical results 

[4,5,8,9,11]. The initial stage of this simulation, FTO (500 nm)/TiO2 (30 nm)/CPs (i.e., BaZrS3, 

Ba(Zr0.95Ti0.05)S3, BaZr(S0.6Se0.4)3 - 500 nm)/Cu2O (100 nm)/Au  device performances are 

investigated and presented. Fig. 3a displays the current-voltage characteristics (J-V) of the three 

ideal CPs devices from which the main photovoltaic parameters (i.e., short-circuit density - Jsc, 

fill factor - FF, open-circuit voltage - Voc and PCE) are extracted, and these values are 

summarized and presented in Table 3. The first level of simulation shows that the 

Ba(Zr0.95Ti0.05)S3 chalcogenide perovskite absorber-based device provides higher efficiency than 

other devices due to the variation of optical band-gaps. As a consequence, a significant decrease 

is observed in the current density value from 19.1 mA/cm2 down to 15.8 mA/cm2 and 12.1 

mA/cm2 for BaZr(S0.6Se0.4)3 and, BaZrS3 devices, respectively. The obtained quantum efficiency 

(QE) graphs for all three devices are displayed in Fig. 3b. Due to different absorber layer band-

gaps, optical absorption edge shifts from 660 nm (i.e., BaZrS3) to 710 nm and 770 nm for 

BaZr(S0.6Se0.4)3 and Ba(Zr0.95Ti0.05)S3 and the simulated QE curves almost cover the complete 

visible spectrum (see Fig. 3b), respectively. 

 

Fig. 2. The absorption coefficient of ETL, CPs absorbers, and HTL layers. 



 

Fig. 3. Current density- voltage (J-V) characteristic (a) and Quantum efficiency (QE) curves (b) 

of n-i-p CPs devices. 

Table 3. Summarized photovoltaic parameters of simulated ideal CPs devices. 

Device (500 nm) Jsc (mA/cm2) FF (%) Voc (V) PCE (%) 
BaZrS3 12.90 53.30 1.06 7.33 

Ba(Zr0.95Ti0.05)S3 19.18 53.13 1.08 11.01 

BaZr(S0.6Se0.4)3 15.89 53.22 1.07 9.08 

 

3.1 Effect of CPs absorber layer thickness 

In general, the absorber layer thickness can greatly influence device performance. It is well-

known that increasing the absorber thickness generally leads to more photons absorption (i.e., 

more charge carrier generation), while thicker layers can be detrimental to charge extraction if 

charge diffusion lengths are limited. In this section, we have varied the CPs absorber thickness 

range from 100 nm to 600 nm to understand the effect and find the optimal thickness value to 

enhance the device efficiency. The obtained device PV performance parameters are demonstrated 

in Fig. 4, and it reveals that the device PCE significantly improves from 6.4% to 8.2% for BaZrS3 

device, 9.6% to 12.4% for Ba(Zr0.95Ti0.05)S3 model, and 7.9% to 10.2% for BaZr(S0.6Se0.4)3 

device while increasing the absorber layer thickness from 100 to 300 nm. After that, it 

continuously decreases due to a CPs layer thickness beyond the optimal limit and more than the 

charge carrier diffusion length can possibly create higher recombination within the layer. Such 

limitation is therefore intrinsically associated with the defect/trap density, which we consider in 

the next section.   



 

Fig. 4. Change in device PV parameters against absorber layer thickness variation. 

3.2 Effect of CPs absorber defect density 

The absorber's defect density is also essential to the device's performance, which directly depends 

on the perovskite layer quality. Experimentally, in PSCs, the defects are located at the surface or 

interface and/or grain boundaries due to the dangling bonds, uncoordinated atoms, surface 

dislocation on the film surface, and the lack of stoichiometric compositions at the surfaces of 

grains and the sublimation of organic molecules during the thermal annealing process, etc. [48]. 

Also, bulk defects such as intrinsic point defects (i.e., vacancy and interstitial defects), Schottky 

and Frenkel defects greatly influence the perovskite properties [49,50]. In case of an absorber 

layer of poor quality, a large number of charge carriers might be lost during the collection of 

photo-generated charge carriers, which therefore alter device performance. In general, the higher 

defect density affects charge carrier lifetime and diffusion length, which produces higher 

recombination issues [51,52]. Therefore, in this section, the impact of CPs absorber defect 

density (Nt) over the device PV parameters were systematically investigated while varying the 

values from 1010 cm-3 to 1016 cm-3, shown in Fig. 5. 



 

Fig. 5. Variation of device PV parameters with respect to the CPs absorber defect density. 

It is found that the device PCE is not shifting a lot while varying Nt values from 1010 cm-3 to 1013 

cm-3 (i.e., ~ 18% for Ba(Zr0.95Ti0.05)S3 device, ~15% for BaZr(S0.6Se0.4)3 device, and ~ 12% for 

BaZrS3 device). Then, it gradually decreased below 5% for all three cases, which is possibly 

attributed to a higher number of recombinations. On the other hand, we did not observe any 

significant changes in FF and Voc values (Fig. 5) until Nt increased above 1013 cm-3. Diffusion 

lengths of electrons and holes get possibly reduced while increasing absorber defect density value 

[53]. Therefore, lower Nt values provide excellent device performance due to less recombination 

rate inside the CPs layer [27]. In the following section, we will use the optimised and chosen 

value of Nt = 1011 cm-3 for all three devices and vary the ETL/CPs, and CPs/HTL interface defect 

densities to understand the effect over the device PV parameters. 

3.3 Effect of ETL/CPs and CPs/HTL interface defect density 

In general, interfacial defects (i.e., charge recombination centers) are created in the PSCs because 

of the structural mismatch between two materials or by the introduction of impurities associated 

with the environment. The impact of the processing technique used (especially from solution) is 

also crucial in the field of third-generation solar cells. Also, non-radiative losses occur due to the 

imperfections within the perovskite absorber and the inadequate electronic quality of 



perovskite/charge extraction layer heterojunctions, which induce the Voc loss [54]. Therefore, in 

this section, two interfacial contacts such as TiO2/CPs and CPs/Cu2O are considered to 

investigate the interfacial defects over the device performance. At the TiO2/CPs, the density of 

interface defect states is varied from 109 cm-3 to 1015 cm-3 with a defect state localized above of 

the valence band edge (Ev).  

 

Fig. 6. Variation of device PV parameters as a function of defect density at (a) TiO2/CPs 

interface (b) CPs/Cu2O interface. 

Fig. 6a shows the effect of this defect density at the TiO2/CPs interface on PV performance. We 

find that the FF and Voc of all three devices reduce drastically for a density above 1011 cm-3. On 

the other hand, from 1011 cm-3 to 1015 cm-3, Jsc also significantly decreased for all devices. These 

reductions in device performance is directly due to trap-assisted recombination associated with 

this interface [55]. We note that once the minimal amount of defect is reached to ensure good 

device performance, further reduction in the TiO2/CPs defect density does not bring additional 

benefit. 

Similarly, the defect density at the CPs/Cu2O interface was varied from 1011 cm-3 to 1015 cm-3 

without changing other input parameters, as depicted in Fig. 6b. This defect density alters 

drastically the PCE of the devices, which decreases from 12.42% to 9.76% for BaZrS3, 18.85% to 

15.08% for Ba(Zr0.95Ti0.05)S3 and 15.47% to 12.29% for BaZr(S0.6Se0.4)3 devices, respectively. 

Also, we noticed that the FF and Voc of all three devices were reduced for a defect density above 

1011 cm-3. Hence, it is clear that the ETL/perovskite interface plays a less dominant role than the 

perovskite/HTL interface [56,57]. It might be related to a higher charge carrier recombination due 



to a larger defect density (i.e., more defects) in the perovskite/HTL interface. After testing the 

different defect density values, even below 1011 cm-3, the simulated device model is already close 

to the optimal performance, and a further reduction in defect density is not crucial. Therefore, it is 

clear that increments in both TiO2/CPs and CPs/Cu2O interface defect densities mainly influence 

the Voc and FF rather than Jsc, which degrade device performance due to more traps and 

recombination centres. Hence, our simulation indicates that the optimal defect densities for 

TiO2/CPs and CPs/Cu2O interfaces are 109 cm-3 and 1011 cm-3, respectively. After these limits, 

the PCE of CPs solar cells deteriorates to a significant extent. 

In the actual solar cell, the lattice mismatch and surface roughness present at the interfaces 
creates the interfacial defects, which act as recombination centres for charge carriers. This 
consideration is essential while fabricating an actual device that causes epitaxial strain, which 
would influence the epitaxial layer properties and disturb the symmetry at the interfaces (i.e., 
ETL/absorber and absorber/HTL interface) will generate dislocations, inhomogeneities and 
defect centers, etc. Therefore, the degrading surface properties of the ETL, absorber or HTL layer 

drastically influence the device's PV performance [58,59]. Moreover, the lattice constants of the 
absorber, ETL and HTL layers need to be matched to reduce or suppress the interfacial defects. 
The following equation is used to calculate the lattice mismatch (δ) based on lattice-constant 
values for ETL/absorber and absorber/HTL interface [60–62],  

� =
�|�����|

(��
��)
                                           (1) 

Where �
 is the lattice constant of the substrate and �� is the lattice constant of the epitaxial 
layer.  

Table 4. Lattice mismatch for different CP Absorbers with ETL and HTL. 

Layers Lattice parameters (Å) Ref Lattice Mismatch (%) 
ETL/Absorber Absorber/HTL 

a b c   
BaZrS3 7.061 9.979 7.024 [5] 

[5] 

[5] 

2.2 49.2 

Ba(Zr0.95Ti0.05)S3 7.047 9.965 7.018 2.0 49.0 

BaZr(S0.6Se0.4)3 7.127 10.066 7.087 3.1 50.1 

TiO2 (ETL) 3.66 3.66 9.76 [60]  

Cu2O (HTL) 4.27 - - [61] 

 

Table 4 compares lattice mismatch for different CP absorbers with ETL and HTL. A low lattice 

mismatch of 2% and 49% values are estimated for the ETL/Ba(Zr0.95Ti0.05)S3 and 

Ba(Zr0.95Ti0.05)S3/Cu2O  interfaces. On the other hand, a little higher lattice mismatch values are 

obtained for the other CPs absorber interfaces with ETL and HTL than the previous one. 

Therefore, the reduced carrier recombination loss and dislocation or defects at the 

Ba(Zr0.95Ti0.05)S3  CPs interfaces (i.e., with ETL and HTL) may occur due to the relatively low 

lattice mismatch compared to BaZrS3 and BaZr(S0.6Se0.4)3 CPs interfaces. This obtained 



mismatch reduction is undoubtedly related to the small Ti concentration at the Zr site, which is 

more effective than Se substitution at the S site.    

After optimizing all the basic input parameters, especially for CPs layers, such as thicknesses, 

total defect densities (Nt), TiO2/CPs and CPs/Cu2O interface defect densities, all these values are 

collected and repeated in the device simulation using these optimum values. It is worth 

mentioning here that the ETL (i.e., 30 nm to 100 nm) and HTL (i.e., 100 nm to 150 nm) 

thicknesses were also tuned to identify the optimum thickness range that enhances the PV 

parameters (not shown here). No significant effects of these ETL and HTL layers were observed, 

and we therefore keep the same thickness values for ETL and HTL. The obtained current-voltage 

characteristics (J-V) and quantum efficiencies of all three optimized CPs devices are depicted in 

Fig. 7. The optimized PV parameters (i.e., Jsc, Voc, FF and PCE) are extracted and presented in 

Table 5. 

 

Fig. 7. Current density- voltage characteristic (a) and QE (b) curves of optimized n-i-p CPs 

devices. 

Table 5. Summarized photovoltaic parameters of optimized CPs devices. 

Device Jsc (mA/cm2) FF (%) Voc (V) PCE (%) 
BaZrS3 12.24 87.13 1.16 12.42 

Ba(Zr0.95Ti0.05)S3 18.42 86.81 1.18 18.85 

BaZr(S0.6Se0.4)3 15.18 86.98 1.17 15.47 

 

The CPs device performances are highly enhanced compared to the initial stage simulation 

results, for example, PCE from 7.33% to 12.42% for BaZrS3, 11.01% to 18.85% for 

Ba(Zr0.95Ti0.05)S3 and 9.08% to 15.47% for BaZr(S0.6Se0.4)3 devices, respectively. (see Table 3 
and Table 5). The obtained QE graphs (Fig. 7b) also shows that the there is a significant 

improvement occurs in the QE efficiency (<95%) than the initial results. (see Fig. 3b and Fig. 



7b) All the optimized results clearly show that the CPs absorber thickness, total defect densities, 

TiO2/CPs and CPs/Cu2O interface defect densities play a crucial role in the PV performance 

enhancement. Especially due to more photons absorption, Ti incorporated BaZrS3 absorber layer 

(i.e., 1.63 eV) based device showing higher performance than other devices.  

3.4 Effect of Parasitic resistances 

In real solar cells, both series resistance (RSeries) and shunt resistance (RShunt) (i.e., parasitic 

resistances) have a massive impact on device PV performance as they govern the shape and 

slopes of the J–V characteristics [26]. They indeed reflect the main loss mechanisms occurring in 

the device, and help giving a relevant diagnostic of solar cell operation. In general, high-

efficiency devices should have low RSeries and higher RShunt values. Rshunt should be reduced 

compared to the ideal case due to the impact of morphologies of layers (eventual pinholes) or due 

to leakage currents which can not be avoided in some extent in a real device. Similarly, Rseries 

should be tested because, in reality, it depends on the contacts between charge transfer layers 

(i.e., ETL and HTL) to metal contact layer (i.e., electrical ohmic contact). Sometimes, the 

migrated ions from the perovskite layer react with the selective contacts and the electrode 

diffusion to the HTL layer, restricting the charge transfer [63,64].  Therefore, in this section, we 

explore the impact of a variation of RSeries from 1 Ω.cm2 to 10 Ω.cm2, and of RShunt from 1000 

Ω.cm2 to 10000 Ω.cm2 to better understand how parasitic resistances will affect the behavior of 

devices optimized in the previous section. The corresponding evolutions of the main photovoltaic 

parameters are shown in Fig. 8a and 8b. 

Our simulated results clearly show that a small increment in RSeries by a few Ohms already 

strongly reduces the FF, from 86% to 77% for BaZrS3, 85% to 72% for Ba(Zr0.95Ti0.05)S3 and 

86% to 75% for BaZr(S0.6Se0.4)3 devices, respectively. (see Fig. 8a) Therefore, the overall PCE 

rapidly decreased for all three devices. Fig. 8b clearly demonstrates the impact of RShunt over the  

CPs performance; increasing RShunt leads to a rapid increase in FF and PCE values, while Jsc and 

Voc are only slightly affected by RShunt. The PCE enhancing from 11.34% to 12.31% for BaZrS3, 

17.75% to 18.74% for Ba(Zr0.95Ti0.05)S3 and 14.38% to 15.36% for BaZr(S0.6Se0.4)3 devices, 

respectively. Therefore, with the higher values of RShunt, the device provides improved 

performance. In a real device, the following strategies are used so far to increase or maintain a 

minimum value of Rshunt to keep the high device performance, (1) solvents additives to enhance 

the morphology behavior (i.e., to avoid pinholes or voids), (2) using blocking/interface layer or 

by passivation materials that efficiently block shunt pathways [65–68].   



 

Fig. 8. Variation of device PV parameters as a function of parasitic resistances, Rseries (a), and 

Rshunt (b).  

3.5 Effect of Working temperature 

The ambient conditions in the environments with PV installations significantly affect these 

device performances, notably temperatures. Also, the temperature is higher in space; so far, high-

efficiency Si or III-V semiconductor-based solar cells are used to generate power in 

spacecraft/satellites [69,70]. Therefore, excellent PV device performance is necessary while 

having a higher temperature, whether down or in space. The perovskite scientific communities 

are currently showing interest in expanding the PSCs in space application [71–73]. For example, 

Z. Dong et al. fabricated and investigated the PSCs under higher operating temperatures (i.e., 25 - 

220°C) to expand the PSCs usage [74]. Therefore, in this section, we study the influence of 

temperature on device operation, by carrying out simulations between the ambient temperature 

(300K) up to 400 K (120°C) under a constant illumination of 1 Sun (i.e., 100 mW.cm-2, AM1.5G 

standard spectrum without changing any other simulation parameters. The corresponding 

temperature-dependent PV parameters are shown in Fig. 9. 

Increasing the temperature values resulted in a considerable reduction in all PV parameters 

(excluding Jsc), especially the FF and Voc values. The Voc behavior and dependence on 

temperature described by the relation [53,75];  
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The decrease in the Voc values associated with increasing temperatures (Eqn. 2) enhances the 

reverse saturation current. The reduction in Voc with increasing temperature (Fig. 9) results in a 

clear decrease of the power conversion efficiency. Also, the increasing temperature may lead to 

the electrons' thermal excitation, causing some vibrations and eventual instability, which leads to 

recombinations of the charge carriers [76]. 

 

Fig. 9. Variation of device PV parameters as a function of different working temperatures. 

Table 6 summarises the photovoltaic performance comparison between predicted maximum PCE 

using SLME and Double-reflection model (DRM) with the current SCAPS simulation results. 

Usually, the SLME model is based on photons absorption limited by the thickness of absorbers, 

which is crucial (i.e., optical transition types and absorption spectra) for any photovoltaic 

materials to find the potential absorbers [77,78]. According to previous reports using the SLME 

and DRM, it has been demonstrated that CPs, especially BaZrS3, Ba(Zr0.95Ti0.05)S3, and 

BaZr(S0.6Se0.4)3 are interesting materials for photovoltaic applications either in single or multi-

junction solar cells [4,5,12]. It is clearly evident from this simulation and previous results the 

appropriate amount of Ti incorporated BaZrS3 devices deliver higher efficiency than Se doped 

single and tandem models (see Table 6). Besides, Ti is an earth-abundant and non-toxic element 

that is highly beneficial in order to produce environmentally friendly photovoltaic devices [5]. 

Additionally, experimental observation shows that band-edge absorption broadening occurs while 



adding Ti (Zr site) or Se (S site), which significantly increase the Urbach energy (for example, 

28.1 meV for BaZrS3, 49.6 meV for BaZr(S0.6Se0.4)3 and 70.8 meV for Ba(Zr0.95Ti0.05)S3) [5]. S. 

Nazerdeylami's results propose that the bimolecular recombination rate decreases while 

increasing Urbach energy [79] which might be another reason for the enhanced efficiency for 

Ba(Zr0.95Ti0.05)S3 device. As a result, further insightful experimental (actual) device fabrication 

and results are essential to understand more device physics for these kinds of chalcogenide 

perovskites absorbers based solar cells.  

Table 6. Photovoltaic performance comparison between predicted maximum PCE with the 
current simulation result. 

Device  
(Absorbers) 

Eg  
(eV) 

Thickness  
(nm) 

PCE  
(%) 

Ref 

BaZrS3 1.70 300 

300 

300 

300 

300 

22.00  

SLME  

calculated  

Max. PCE’s [4] 

BaZrSeS2 1.48 24.00 

BaZrSe3 1.35 27.00 

Ba(Zr0.5Ti0.5)S3 1.00 29.00 

Ba(Zr0.75Ti0.25)S3 1.10 28.00 

BaZrS3 1.87 1000 25.02 SLME  

calculated  

Max. PCE’s [12] 

CaZrS3 2.04 1000 21.33 

α-SrZrS3 1.40 1000 25.45 

β-SrZrS3 2.05 1000 21.19 

Sr2SbTaS6 1.02 300 22.28  

 

SLME 

calculated 

Max. PCE’s [80] 

Sr2BiNbS6 1.38 300 17.39 

Sr2BiTaS6 1.46 300 16.31 

Ba2SbTaS6 1.26 300 20.77 

Ba2BiNbS6 1.51 300 14.92 

Ba2BiTaS6 1.56 300 14.32 

Ba2SbTaS6 1.21 300 24.04 

Ba2BiNbS6 1.69 300 20.75 

Ba2BiTaSe6 1.11 300 27.63 

BaHf1-xZrxS3  (X=0.00) 1.34 500 22.45  

SLME  

calculated  

Max. PCE’s [81] 

X=0.25 1.26 500 25.94 

X=0.50 1.20 500 28.99 

X=0.75 1.19 500 29.40 

X=1.00 1.08 500 30.45 

BaZrS3 (Top cell)/c-Si tandem 1.94 Top cell 
thickness 

300 

29.00 DRM 

 calculated  

PCE’s  [5] 

Ba(Zr0.95Ti0.05)S3 (Top cell)/c-Si tandem 1.63 35.00 

BaZr(S0.6Se0.4)3 (Top cell)/c-Si tandem 1.76 32.50 

BaZrS3 1.90 300 

300 

12.42 SCAPS simulation 

results  Ba(Zr0.95Ti0.05)S3 1.63 18.85 



BaZr(S0.6Se0.4)3 1.76 300 15.47 [This work] 

4. Conclusion 

In this work, BaZrS3, Ba(Zr0.95Ti0.05)S3 and BaZr(S0.6Se0.4)3 Chalcogenide perovskite absorber 

layers-based n-i-p solar cells were systematically modeled and simulated using SCAPS-1D. The 

final device performance improved from 7.33% to 12.42% for BaZrS3, 11.01% to 18.85% for 

Ba(Zr0.95Ti0.05)S3 and 9.08% to 15.47% for BaZr(S0.6Se0.4)3 devices for optimized layer 

thicknesses, and optimized total and interfacial defect densities. These results indicate that 

Ba(Zr0.95Ti0.05)S3 CPs absorber is a promising candidate for high-efficiency solar cells, compared 

to the other compounds tested here. Our simulation studies show the effects of parasitic 

resistances (RSeries and RShunt) and working temperature. These simulation findings are helpful for 

further understanding of the chalcogenide perovskites single-junction devices. 
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