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Abstract
Chalcogenide perovskites are prototypical absorber materials based solar cells, they could solve both: the
stability and toxicity issues existing in conventional perovskites. A device simulation of BaZrS3 as a
potential absorbing material (high chemical stability, direct band gap and a strong light absorption
coe�cient) based chalcogenide perovskite solar cells is performed by using the one dimensional Solar
Cell Capacitance Simulator (SCAPS)-1D software. Parameters like (thickness, doping concentration,
defect density of the absorber and interfaces, temperature) are varied in order to inspect their impact on
device performance. For this study, a performed architecture has been proposed: FTO (Fluorine doped Tin
Oxide)/TiO2 (ETL; Electron Transport Layer)/BaZrS3 (Absorber)/Spiro-OMeTAD (HTL; Hole Transport
Layer)/Au (metal back contact). To enhance the solar cell e�ciency, an optimization of these key
parameters is investigated. Our simulation results in optimized thickness and doping density (NA, ND) of

(80 nm; 1×1019 cm-3), (10 nm; 8×1019 cm-3), (850 nm; 1×1020 cm-3) and (60 nm; 9×1019 cm-3) for FTO,
TiO2, BaZrS3 and Spiro-OMeTAD materials respectively, with a global illumination spectrum AM1.5 and
440 K as an optimum operation temperature, are found to be: PCE (maximum Power Conversion
E�ciency) of 17.29%, FF (�ll factor) of 86.26%, Voc (Open Circuit Voltage) of 1.2124 V and Jsc (Short
Circuit current density) of 16.5363 mA/cm2.

1. Introduction
Boosting the e�ciency and minimizing the energy lost in solar cells devices are the most issues in the
research community of chemistry and physics, in order to enhance the performance of energy harvesting
and sensing materials. Perovskite solar cell has emerged as a third generation thin �lm photovoltaic solar
cells, in the aim of discovering new and better performing materials, to solve the high fabrication cost,
low e�ciency and toxicity presented in the conventional ones: such as mono and poly crystalline silicon
constituted the �rst generation, thin �lm solar cells based on CdTe, CIGS or amorphous silicon as the
second generation. Perovskite could be an absorbent material for solar cells, fabricated as both single
and multi (tandem) junction. It is generally represented by the chemical formula ABX3 (A and B: cations
with different size, X: anion bonded to both). The hybrid (organic- inorganic) lead halide perovskites are
considered as a major scienti�c breakthrough in the development of absorber photovoltaic materials
owing to their interesting optoelectronic properties. However, a PCE increased from 3.8% in 2009 [1] to
above 26.7% in 2019 [2], they suffer from intrinsic instability due to the use of organic cations like methyl-
ammonium, which degraded face to humidity or oxygen or heat exposure, and the toxicity of lead (Pb).
The proposed approach to solve these issues was �nding a new type of perovskite materials (inorganic)
with an appropriate Goldschmidt tolerance criteria, abundant and nontoxic devices, with an e�ciency
similar to lead-based perovskites. Among them, chalcogenide perovskites ABX3 (A= Ca, Sr, or Ba; B= Ti, Zr,
or Hf; X =S or Se). They combine both: the good optoelectronic properties of halide and the good stability
of oxides, owing to an appropriate optical band gap, high absorption coe�cient and facile charge
transport. Some of them were the subject of experimental investigations such as BaZrS3, SrZrS3, CaZrS3,
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SrTiS3 and CaSnS3 [3]. Recently, BaZrS3 is the most studied chalcogenide compound for optoelectronic
applications.

Kuhar et al. [4] screened eight direct band gap chalcogenide perovskites, into consideration based on
stability (formation energy), light absorption (band gap), charge mobility (effective masses) and defect
tolerance (defects states in the gap). Among them, BaZrS3 in the GdFeO3 structure [4]. A similar screening
work was done by Bu�ere et al.[5]. On the other hand, Swanrkar et al. [6] synthesized and characterized
successfully Zr-chalcogenides like BaZrS3 and SrZrS3, as a result they found that the calculated band
gap is reduced from 3.9 eV for BaZrO3 to around 1.7 eV for BaZrS3 after sulfurization, with a strong light
absorption. The calculated PCE of BaZrS3 as a function of the absorber thickness (from 0 to 3 µm) is
around 26% with a band gap equal to 1.85 eV. However, this PCE is smaller than that corresponding to
MAPbI3 (∼29%)[6]. The e�ciency of our chalcogenide could be improved by reducing the band gap
whereas alloying by substituting S with Se or Zr with Ti. For instance, Wei et al. [7] incorporated and
described Ti-alloyed Ba(Zr(1−x)Ti(x))S3, with a range of x from (0 to 0.1), a theoretical PCE of 32% was
achieved, thanks to a reduction of band gap from 1.78 to 1.51 eV (reached the Shockley−Queisser limit of
a single-junction solar cell). The same work was done by Zitouni et al. [8] using the DFT (Density
Functional Theory), they investigated the optoelectronic properties of BaZrS(3−x)Se(x) doped with Se (x =
0%, 10%, 15% and 20%). As a result, they obtained that the band gap decreases successfully by
increasing the percentage of doping from 1.59 eV for 0% of Se to 1.37 eV for 20% of Se. Moreover, they
concluded that BaZrS3 doped with Se (p-type material) is a good absorber for PV applications [8].

The aim of our work is to study the simulation of BaZrS3 based chalcogenide perovskite as an absorber
for solar cell, by using SCAPS-1D (version 3.3.08) software, to address commercialization challenges by
optimizing parameters (thickness, doping density, defect density, temperature) for all: the absorber, FTO,
HTM and ETM.

2. Computational Details
The Solar cell capacitance simulator SCAPS-1D is a one dimensional solar cell simulation program,
developed at the department of Electronics and Information Systems (ELIS); University of Gent, Belgium.
This software is based on three coupled differential equations: Poisson’s (1), continuity equations for
holes (2) and electrons (3).
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3. Simulation Parameters
We have chosen as an architecture of the solar cell: FTO/TiO2 (ETM)/BaZrS3 (chalcogenide perovskite
material)/Spiro-OMeTAD (HTM)/Au (metal back contact), as shown in Fig. 1. Parameters for such
devices (FTO, ETM, BaZrS3, HTM) such as: thickness, band gap, electron a�nity, dielectric permittivity, CB
and VB effective densities of states, electron and hole motilities, shallow acceptor and donor densities
(doping concentration) NA and ND respectively, and defect density Nt are listed in Table 1, in order to have
a successful simulation result, these values need to be chosen very attentively. In this work, we are used
these key parameters mostly from fabrication based works published in referred journals. Other
parameters such as electron and hole thermal velocities are assumed to be the same for all layers
(=107cm/s). Moreover, we introduced the Spiro-OMeTAD/BaZrS3 and BaZrS3/TiO2 interfaces defect
layers (IDLs), as illustrated in Table 2, to simplify the simulation process we considered neutral defect at
the interfaces.

Each layer in this structure is essential for the proper functioning of the photovoltaic cell (PV). Fluorine
doped tin oxide FTO is used as an anode (front contact), a type of inorganic transparent conducting
oxides thin �lm of optically transparent and electrically conductive material. It has a wide band gap, n-
type conductivity. and a work function assumed to be 4.4 eV [9]. To separate electron-hole pairs created in
perovskite we used an ETL which injects photo generated electron into n-type semiconductor such as
ZnO [10], SnO2 [11] and TiO2 [12], in order to block holes and prevent them from reaching the FTO, as this
would short- circuit the cell. Generally, TiO2 is commonly the most used as ETL because of its high
transparency, excellent carrier separation ability, environmental stability, and easy fabrication process
[12]. It is composed of effective electron injection because of its appropriate conduction band and high
electron mobility [12]. Therefore, TiO2 is generally used between the FTO conducting substrate and
perovskite layer. We used the inorganic chalcogenide perovskite BaZrS3 as the absorber material for our
structure, in order to demonstrate its suitable optoelectronic properties as a promising material for
photovoltaic solar cells. Electron-hole pairs are created in the absorber following light absorption can
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possibly result in the formation of excitons. The role of HTL is the injection of holes into a p-type
semiconductor material such as Spiro-OMeTAD, an electron blocking layer to separate charge created in
the perovskite. It is the most used HTM in photovoltaic solar cells because of its low cost, ease of
fabrication and high performance [13]. The gold (Au) is used as a cathode (back contact) with a work
function assumed to be 5.1eV.

We have selected for all simulation, AM 1.5G spectrum with an incident power of 1000 W/m2 and an
operation temperature of 300 K, with no consideration of radiative band to band recombination and
Auger recombination, only the defect mechanism was considered.

 
Table 1

Basic parameters used in the SCAPS-1D simulation for each layer
Parameters FTO[9] TiO2[2] BaZrS3[14] Spiro-OMeTAD

[15]

Thickness (nm) Wide-
range

Wide-
range

Wide-
range

Wide-range

Band gap (eV) 3.5 3.2 1.7 3.04

Electron a�nity (eV) 4 4 4.5 2.11

Dielectric Permittivity (relative) 9 100 4.19 3

CB effective density of states (cm−3) 2.2×1018 1×1021 2.2×1018 2.2×1018

VB effective density of states (cm−3) 1.8×1019 2×1020 1.8×1019 1.8×1019

Electron mobility (cm²/Vs) 20 6×10−3 11.3 1×10−3

Hole mobility (cm²/Vs) 10 6×10−3 5.58 1×10−3

Shallow uniform donor density
ND(cm−3)

Wide-
range

Wide-
range

0 0

Shallow uniform acceptor density
NA(cm−3)

0 0 Wide-
range

Wide-range

Defect density Nt (cm−3) 1×105 1×105 Wide-
range

1×105
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Table 2
Defect density at the interface

Interface Spiro-OMeTAD/BaZrS3 BaZrS3/TiO2

Defect type Neutral Neutral

Capture cross section for electron and holes (cm−2) 10−5 10−5

Energetic distribution Single Single

Reference for defect energy level Et above the highest EV above the highest EV

Total density (cm−3) Wide-range Wide-range

BaZrS3 crystallizes in an orthorhombic structure with lattice parameters of a=7.088Å, b=7.155Å and
c=10.044Å under Pnma space group [16] (Fig. 2), traced by Vesta (software con�guration management).
The band structure and the density of states shown in Fig. 3 indicate a direct band gap of ~1.7 eV. The
maximum absorption value for BaZrS3 is found to be 5.9 × 105 cm−1 obtained at ultraviolet light (λ = 276
nm)[8].

4. Results And Discussion

4.1. Effect of changing the thickness of each layer on the
PCE and FF
The thickness of the absorber is one of the most important parameters in the simulation, it has an
interesting in�uence on the performance of the solar cell. Here, we focus on the PCE and the FF, as the
most important parameters in the PV solar cell, they can be obtained by the equations (4) and (5) bellow
[17]:

In order to observe this effect, we varied the thickness of (absorber, HTL, ETL and FTO) keeping other
parameters constant, as illustrated in Fig. 4. (a), (b), (c), and (d). The device performance is optimized in
this section as a function of thickness. It is worthy to mention, that for each simulation we used the
optimized value found by the previous one.

Figure 4. (a), shows the effect of the absorber thickness on the PCE and FF varied from 100 nm to 4500
nm, it can be noticed that with absorber thickness increasing, the PCE increases continuously, it isn’t the
same case for the FF which varies in a random way. Our results indicate an optimized thickness of 850
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nm which gives both: a maximum PCE (15.83%) and FF (88.7%). For the purpose of absorbing a
maximum number of photons and generating an important amount of electron-hole pair, the absorber
thickness must be increased. The reduced thickness leads to a very close depletion layer which increases
the recombination rate consequently the PCE decrease [18]. However, the variation of the FF with the
absorber thickness is due to the series resistance [18]. As the series resistance increases FF decreases
[18].

It is worth mentioning that the FF varies in a random way for all (HTL, ETL and FTO) in Fig. 4. (b), (c) and
(d).

It can be deduced from the effect of HTL thickness varying from 10 nm to 500 nm, (Fig. 4. (b)) that the
PCE increases with increasing of the thickness up to 30 nm, then it decreases after this value. Actually,
Spiro-OMeTAD (organic HTM) acquires low conductivity and low charge carrier mobility as compared to
the inorganic HTMs [2]. Consequently, the increased thickness will increase the resistance of the layer.
Thus, it will decrease the PCE [2]. As an optimized thickness we have selected 60 nm corresponding to a
PCE of 15.8328% and a FF of 88.697%.

The thickness in the case of ETL was studied from 3 nm to 100 nm, as illustrated in Fig. 4. (c). It can be
observed that the PCE decreases by increasing this later. The lower transmittance in 300–400 nm range
of TiO2 and its low electron mobility, leads to the absorption of incident light by thicker ETL [2]. Therefore,
reduction in PCE value was remarked as a function of increase in TiO2 thickness [2]. We continued our
simulation with a small thickness of TiO2 (10 nm) which gives a PCE of 15.8336% and a FF of 87.133%.

Figure 4. (d), indicate the effect of FTO thickness varied from 10 nm to 500 nm. A reduction of the PCE
with increasing of the thickness was also realized. Similar to ITO [19], if its thickness increases, its sheet
resistance will decrease while its optical transmittance decreases [19]. Consequently, the PCE also
decreases. As an optimum value of FTO thickness we have selected 80 nm that delivers a PCE of
15.8151% and a FF of 88.697%.

To �nish this section, we can mention that the in�uence of thickness on the performance is more
important for the absorber (the active layer) than for the other layers (FTO, ETL, and HTL). This con�rms
that the absorber is the key component in the PSC which is coherent with other researches [18], [20], [21],
[22].

4.2. Effect of doping densities on the PCE and FF
The plot of PCE and FF parameters as a function of dopant concentrations NA and ND for each layer
(absorber, HTM, ETM and FTO) is shown in Fig. 5. (a), (b), (c) and (d), respectively. The study has been
carried out from 1×1019 cm−3 to 3×1020 cm−3 due to a very low performance below 1019 cm−3. The
strategy chosen to improve the e�ciency is doping, which boost the electronic properties. Doping in the
solar cell affect its performance. It enhances the electrical behavior of the layers because it increases the
conductivity of majority carriers which improve the PCE [23]. As illustrated in Fig. 5, the PCE for all
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(BaZrS3, Spiro-OMeTAD, TiO2 and FTO) increases with doping densities. However, this variation still
negligible for (HTM, ETM and FTO) compared to the absorber BaZrS3, as we can see in Fig. 6, because
the absorber is the key component in the PVS and its higher doping density decrease the band gap which
increase the PCE [7] [21]. Our optimized doping concentrations are: 1×1020 cm−3 for the absorber, 9×1019

cm−3 for HTM, 8×1019 cm−3 for ETM and 1×1019 cm−3 for FTO. These values are chosen as it is di�cult
to obtain higher doping practically.

4.3. Effect of defect density of the absorber and interfaces
on the PCE
Our simulation results indicated that the defect density Nt (a limiting factor to achieving the Shockley-
Queisser limit) in�uences the performance of PV solar cell, this defect density affect directly the absorber
(the active layer) layer and it is invariable for the other layers (ETL, HTL, FTO). An optimized value of this
parameter is required to enhance the performance of the architecture. The Table 3, con�rmed that the
PCE decreases from 15.81–8.17% with increasing the defect density of BaZrS3 from 1013 cm−3 to 1017

cm−3. When defect density decreases, carrier life time will increases. Therefore, less recombination and
higher PCE are obtained [24]. The PCE still constant for (Nt =1010 cm−3, 1011 cm−3, 1012 cm−3 and 1013

cm−3 ), thus we selected 1013 cm−3 as the optimized value for the defect density of BaZrS3 which
distribute a PCE of 15.81%.

The quality of interface layers has a crucial impact on the performance of the solar cell. The defects on
these interfaces deteriorate its quality then increase the rate of recombination. In order to manifest the
validity of the simulation, all in�uencing parameters must be optimized. In this section, we studied the
effect of two interfaces defect densities on the PCE (from 1010 cm−2 to 1017 cm−2): that of HTM/BaZrS3

illustrated in Table 4. (a), and that of BaZrS3/ETL in Table 4. (b). It can be deduced that the defect density

of the Spiro-OMeTAD/BaZrS3 interface has a mild impact on the PCE below 1016 cm−2 thus we have

chosen 1015 cm−2 as the optimum value. In contrast, the defect density of BaZrS3/TiO2 interface has a
remarkable in�uence on the PCE. The number of electron-hole pairs generated at BaZrS3/TiO2 is more
important than that of HTL/BaZrS3 which increases the recombination rate [20], automatically the PCE
will be reduced. In the aim of optimizing our simulation parameters we have selected a lower interface
defect density of 1011 cm−2 with a higher PCE of 15.81% for BaZrS3/ETL.

  
Table 3

Variation in PCE according to variation in defect density of BaZrS3

Nt (cm−3) 1010 1011 1012 1013 1014 1015 1016 1017

PCE (%) 15.81 15.81 15.81 15.81 15.78 15.49 13.52 8.17
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Table 4
(a) Effect of HTL/BaZrS3 interface defect density on the PCE

Spiro-OMeTAD/BaZrS3

(cm−2)
1010 1011 1012 1013 1014 1015 1016 1017

PCE (%) 15.81 15.81 15.81 15.81 15.81 15.81 15.806 14.85

  
Table 4

(b) Effect of BaZrS3/ETL interface defect density on the PCE

BaZrS3/TiO2 (cm−2) 1010 1011 1012 1013 1014 1015 1016 1017

PCE (%) 15.81 15.81 15.80 15.71 15.25 14.44 13.82 13.65

4.4. Effect of temperature on the PCE and FF of the cell
We have also reported the effect of temperature on the performance of our simulation. Working
temperature has an important effect on the solar cell, then on the thermal stability in the device. Generally,
300 K is taken as a standard value for temperature, but the solar cell during its operation can be
subjected to high temperatures. Therefore, we have varied temperature from 300 K to 500 K, in order to
observe its impact on the PCE and FF, as shown in Fig. 7. We noticed that the PCE increases with
temperature up to 450 K, if the temperature increases, the value of JSC will increase due to the band gap
reduction of the material and consequently, more number of electron-hole pairs will be generated [18]. The
temperature started to decrease after 450 K, it is evident that as temperature increases, the power
generation from the PV cell decreases and as a result, the PCE decreases [25]. However, the FF was varied
in a random way until the temperature 410 K, then it started also to decrease continuously with
temperature. The �uctuation of the FF (de�ned as the ability to deliver available power to a load
generated by the solar cell) before 410 K is due to variation of conductivity [25] .The optimum
temperature value deduced from this study that gives a maximum PCE of 17.29% and FF of 86.26% is
440 K which prove the stability of BaZrS3 compound [26] .

The main objective behind our study was to simulate and optimize the cell parameters in order to obtain
an optimum e�ciency by using the absorber BaZrS3 in the �rst time in SCAPS-1D software. Device
optimization according to our results is presented in Table 5, which summarize the optimum valued of
each parameters and for each layer.

J-V characteristic after enhancing all parameters except temperature (keeping the default value of 300 K)
is shown in Fig. 8 that indicated the following values: PCE of 15.81%, FF of 87.13%, JSC of 16.5340

mA/cm2 and Voc  of 1.0973 V. As well as the characteristic after enhancing all parameters including the
optimum temperature (440 K), is illustrated in Fig. 9 which gives the following �nal parameters: PCE of
17.29 %, FF f 86.26 %, Voc of1.2124 V and JSC of 16.5363 mA/cm2. 
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Table 5
Optimized parameters after enhancement

Optimized parameters Thickness (nm) Doping density (cm−3) Defect density (cm−3)

BaZrS3 850 1×1020 1013

Spiro-OMeTAD 60 9×1019 -

TiO2 10 8×1019 -

FTO 80 1×1019 -

4.5. The quantum e�ciency versus wavelength
The quantum e�ciency (QE) of the solar cell value indicates the amount of current that the cell will
produce when irradiated by photons of a particular wavelength [27], it is an important parameter that
reveals the quality of solar cell’s active layer. As illustrated in Fig. 10, the cell structure that we studied in
this work has excellent quantum e�ciency.

A comparison between the two absorbers Organic–inorganic halide perovskite MAPbI3 and BaZrS3 was
made for the same structure FTO/TiO2/Absorber/Spiro-OMeTAD/Au. To prove that BaZrS3 could replace
hybrid perovskites while keeping a better quality-price ratio. As explicated in Table 6. 

Table 6. Comparison between MAPbI3 and BaZrS3

Conclusion
In this work, we have shed light on the chalcogenide BaZrS3 as an absorber material for solar cells. The
simulation performed in our study was made using SCAPS-1D software, based on a speci�c approach in
which each device parameter was varied individually (keeping the other parameters constant) in order to
see its impact on the device performance specially on the PCE and FF. From our results, we can conclude
that the absorber (active layer) is the most important material in the cell because of its higher impact on
the performance of this later. The optimized (thickness, doping concentration) are set to be: (80 nm;
1×1019 cm-3), (10 nm; 8×1019 cm-3), (850 nm; 1×1020 cm-3) and (60 nm; 9×1019 cm-3) for FTO, TiO2,
BaZrS3 and Spiro-OMeTAD materials respectively. Concerning defect density in the absorber, the optimal
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value is �xed at 1013 cm-3. As well as the optimum values of interfaces defect densities are: 1015 cm-2 for
HTL/BaZrS3 and 1011 cm-2 for BaZrS3/ETL. In addition, our simulation results prove that increasing
temperature from 300 K to 440 K enhance the PCE from 15.81% to 17.29% which it is not the case for Sn
based PSC where the PCE decrease linearly with increase in temperature from 300 K to 400 K [25]. The
�nal results, when including all parameters optimization are �xed at: PCE of 17.29%, FF of 86.26%, Voc of
1.2124 V and Jsc of 16.5363 mA/cm2, with an excellent quantum e�ciency. This simulation study will
lead to understanding the operation mechanism, reduce the cost and increase the e�ciency by using an
optimized parameters which will helps in the improvement of the performance of chalcogenide perovskite
solar cells.
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Figure 1

Solar cell structure

Figure 2

The structure of BaZrS3 by Vesta software
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Figure 3

Band structure and Density of states correspond to BaZrS3[16]

Figure 4

(a) PCE and FF as a function of the absorber thickness
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(b) PCE and FF as a function of the HTM thickness

(c) PCE and FF as a function of the ETM thickness

(d) PCE and FF as a function of FTO thickness

Figure 5

(a) PCE and FF as a function of the absorber Acceptor density

(b) PCE and FF as a function of the HTL Acceptor density

(c) PCE and FF as a function of the ETL Donor density

(d) PCE and FF as a function of the FTO Donor density
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Figure 6

Comparison of doping densities effect for each layer

Figure 7

Impact of temperature on the PCE and FF
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Figure 8

J-V curve after enhancement at 300 K
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Figure 9

J-V curve after enhancement with an optimized temperature of 440 K
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Figure 10

Simulated QE curve with all optimized parameters except temperature


