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In-Silico Investigation of Photovoltaic Performance of MgXS3 (X = Ti and Zr)  
Chalcogenide Perovskites Compounds 

First-principles density functional formulation was used to explore the electronic and optical properties of magnesium chal-
cogenides sulfides, MgXS3 (X = Ti and Zr), which compose of magnesium titanium sulfide, MgTiS3, and magnesium zirconium 
sulfide, MgZrS3. The lattice parameter calculations for MgZrS3 yielded 9.19 Å, a bulk modulus of 170.6 GPa, and an equilibrium 
volume of 423.03 Å3. In contrast, MgTiS3 yielded 9.27 Å, a bulk modulus of 251.3 GPa, and an equilibrium volume of 117.06 3 Å3. 
The computation gave a direct bandgap value for MgTiS3 and MgZrS3 of 1.1 eV and 1.3 eV, respectively. The dielectric constants of 
38 and 32 were observed for the imaginary and real values for energy equivalents of 0.7 eV and 1.35 eV. The determined dielectric 
constants and energy values of the perovskite compounds were 70 and 1.35 eV respectively with their point of intersection also at 
this bandgap value. The efficiency of the compounds was calculated using the spectroscopic limited maximum efficiency (SLME) 
in order to ascertain their output as absorber materials. The findings show that MgZrS3 had a higher efficiency value of 32.54% and 
MgTiS3 with 29.45%. These compounds’ computed properties point to the possibility of creating inexpensive, non-toxic absorber 
layer materials for use in solar cell development and other electronic applications.

Keywords: First-principle calculations; Chalcogenide; electronic materials; optical material; band gap; plane-wave pseudo-
potential method; SLME

1. Introduction

A number of optoelectronic, photonic, and energy technolo-
gies all heavily rely on the pursuit of technical improvement, 
particularly in the area of semiconductors. The predominant 
materials used in today’s semiconductors, such as silicon, 
group III-V, and group II-VI, are typically built from a four-fold 
coordinated tetrahedral network of covalent bonds. Significant 
progress has been made in the development of semiconductors 
for solar cells, including Si, GaAs, CuInxGa1xSe2 (CIGS), and 
lead halide perovskite-based materials [1-3]. Investigations into 
metal chalcogenides have primarily centered on in-depth stud-
ies in recent years [4]. Greek word “chalcos” is where the word 
“chalcogenide” first appeared. A chalcogen element, such as S, 
Se, or Te, plus one of the group IVA or VA metallic ions are the 
main components of chalcogenides [5]. However, oxygen is not 
employed because of its extraordinary and significant chemistry 
and must be handled independently [6]. Chalcogenide is an amor-
phous or crystalline covalently bonded material with bandgaps 
between 0.0 and 3.5 eV. In a similar setting, they are highly dif-

ferent from common inorganic and opaque glasses, such silica or 
silicates, in that they are translucent in the infrared range. Com-
pared to semiconducting or insulating materials, chalcogenide 
is far less studied because of its complicated structure, chemical 
makeup, and peculiar interatomic coordination. It is clear that 
the components of the three-solid form of the chalcogen, S, Se, 
and Te, have limited thermal stability. In order to create chal-
cogenides with special qualities in addition to the IVA and VA 
components of the group, scientists combined them with other 
elements [7]. These three elements’ most prized and important 
trait is their inventive disposition, which is necessary to create 
new bonds and complexes [8]. Primary group metals and the 
transition-containing class of chalcogenide compounds exhibit 
valuable physical and chemical properties that are typically use-
ful for use in a wide range of technological applications. Opti-
cal storage devices, thermoelectric devices, radiator detectors, 
nonlinear optics, thin-film electronics, solar energy conversion 
devices, catalysis, spintronics, and even superconductivity are 
a few examples [8]. There have been countless new technolo-
gies identified [9]. In contrast to the common perovskite lead 
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halides, chalcogenides perovskites represent a significant class 
of promising, reliable, and less hazardous photovoltaic materials 
[10]. Recent research suggests that lead halide perovskites are 
not as ecologically friendly as chalcogenides perovskites in the 
ABX3 form (X = S, Se, A, and B = metals with merely a total 
oxidation state of 6).

So far, a number of substances related to chalcogenide per-
ovskite have been created. Nevertheless, it has been observed that 
the optimal form of the deformed perovskite for CaZrS3, CaHfS3, 
BaZrS3, and BaHfS3 with 3D connected corner-sharing BX6 
octahedra. It has been possible to experimentally manufacture 
other chalcogenide combinations, particularly from edge-sharing 
phases or isolated octahedra BX6 (the purported “need-like” and 
“hexagonal” forms). Based on the absence of related octahedra in 
specific crystal composition directions, it is projected that such 
structures will exhibit additional localized conduction and edges 
of the valence band. This occurs mostly before heavy electrons 
and hole masses. In order to fit the deployment of solar cells, the 
CaZrS3, CaHfS3, BaZrS3, and BaHfS3 perovskites are anticipated 
from carrier mobility [11]. These proposals were based on the fact 
that the chalcogenide perovskites are less toxic, more common, 
and more environmentally friendly than the halide and oxide 
perovskites. In addition, chalcogenide perovskites outstanding 
optoelectronic properties made them ideal for use with pricey 
and commercially available tandem solar cells [12,14,15]. 

To create single-junction photovoltaic, several distorted 
perovskites with bandgaps of 1.75 eV for BaZrS3, 1.0 eV for 
CaTiS3, 1.2 eV for CaHfSe3, and 1.3 eV for CaZrSe3 are suitable, 
according to Sun et al. (2015). Perovskites are primarily semi-
conductors of negative charge carriers, with densities of between 
1017 and 1021 cm–3, according to the researcher’s findings [16]. 
Chalcogenide perovskites have also been demonstrated to be 
promising materials that are useful in overcoming the long-term 
problem of halide perovskite instability and its dangerous nature 
based on their good optical absorption properties. Perera et al. 
(2019) sulphurated iron-oxide equivalents at high temperatures 
(2019). Several chalcogenide perovskites were made, and studies 
indicate that they have a projected band gap of 1.73-2.87 eV, 
subject to change. However, [17,18] properly predicted the 
optical direct bandgap range of 0.9-1.6 eV, with the latter using 
first-principle DFT formulations to show the optical electrons 
excitation of the x-ray diffraction spectrum for single-junction 
solar cell application.

For the solar applications, distorted values of α-SrZrS3 
(1.53 eV) and β-SrZrS3 (2.13 eV) were used [19]. Various chal-
cogenides perovskites have been created recently with a focus 
on solar cells. Alkaline-earth metal chalcogenides [AECs], ac-
cording to researchers, are a theoretical works are beneficial in 
microelectronics, catalytic processes, and in uses beyond solar 
cells [20]. These advantages sparked a great deal of theoretical 
and practical studies, which eventually resulted in the creation 
of bright devices [21-23]. 

Si, GaAs, and CuInSe2 are currently the most popular 
solar-absorbing photovoltaic materials. Despite their accidental 
discovery, these materials have been steadily improved for cost-

effectiveness and future study. For usage as sun absorbers in 
optoelectronic and solar cell applications, more than 135 000 ma-
terials are currently being carefully studied. The conventional 
and widely used Shockley and Queisser limit (S.Q.), which 
only considers the energy gap value of approximately 1.3 eV 
and disregards the transition of the electron migration between 
the conduction and valence band, leaves room for other cru-
cial factors to precisely determine a better solar-absorber. The 
Spectroscopic Limited Maximum Efficiency (SLME) [24], 
which considered the absorption spectra, film thickness, and 
bandgap in addition to the S.Q. limit, performed better than the 
S.Q. limit. A range of materials, including perovskites [25-26], 
chalcogenides [27–28], straight band gap silicon crystals [29], 
and others [30], have been successfully treated with the SLME. 
Similar to this, I-III-VI2 ternary semiconductors, such as the 
well-known Cu (In, Ga) (S, Se)2 compounds, have frequently 
been used as absorber components to construct highly flexible 
and lightweight solar cells. Due to the high absorption coef-
ficients of these compounds, it has been possible to develop 
affordable absorber layers that are ideal for deposition on flex-
ible substrates [31]. The efficiency of CuIn (S, Se)2 thin film 
solar cells recently reached a record high of 22.3 percent [32]. 
Moreover, CuIn (S, Se)2 has been regarded as a good material 
for the top cell in tandem systems [33]. It has also been regarded 
as luminous solar concentrator based on quantum dots [34]. The 
quick succession of new efficiency records suggests that these 
applications still have the opportunity for development.

Few studies have been done on chalcogenide perovskites, 
despite the fact that there is literature accessible on the optical and 
electrical characteristics of oxides and halide metal perovskites 
[35–38]. Instead, perovskites made of halides and their oxide 
counterparts have received all of the attention from researchers. 
[39-41]. These advancements have demonstrated that chalco-
genide perovskites have stronger photovoltaic properties than 
previously thought. Further investigation into the optical prop-
erties and theoretical electrical band structure of orthorhombic 
chalcogenide perovskite compounds was conducted [42-44].

This study examines the electronic and optical character-
istics of the MgXS3 (X = Ti and Zr) magnesium titanium and 
magnesium zirconium sulfides in response to the development 
on the photovoltaic effects of chalcogenide perovskites. DFT 
calculations on the electronic, optical, and structural (lattice 
parameter, bulk modulus, equilibrium volume) properties were 
carried out in this study using the QUANTUM ESPRESSO 
program. Band structure, real and imaginary dielectric constants, 
reflectance, energy-loss spectrum, absorption coefficient, optical 
conductivity, and SLME are among the electronic properties that 
have been estimated.

2. Computational methods

The MgXS3 (X = Ti and Zr) structure has been studied 
using a first-principles approach within the Density Functional 
Theory (DFT) formalism [45-50], as implemented in the Quan-
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tum Espresso Package [51-52]. In this research, the Projector 
Augmented Wave (PAW) method [53] was used in the package 
execution. The exchange-correlation function was calculated us-
ing the Generalized Gradient Approximation (GGA) of Perdew-
Burke-Ernzerhof (PBE) [53]. The optimal cutoff energy was 
40Ry after the converged energies between 10 Ry and 100 Ry 
were determined using the k-point converged value. The energy 
cutoff for the plane wave basis was set to 40Ry, and a 4×5×6 
for MgTiS3 and 6×7×9 for MgZrS3 Monkhorst-Pack 30 (M.P.) 
mesh were used for sampling the first Brillouin zone. Electronic 
convergence is normally obtained when the energy difference 
between two electronic steps is smaller than 10−5 eV. Therefore, 
the structure is considered converged when the forces on the 
atoms are all below 10−3 eV/Å. 

The Birch-Murnaghan equation of state was fitted to all the 
lattice parameters, as shown below. 
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The internal energy, E(v) is found by integration of the 
pressure.
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Where P is the pressure, Vo is the reference volume, V is the 
deformed volume, Bo is the bulk modulus, Bo is the derivative 
of the bulk modulus with respect to pressure. 

The cell relaxation for atomic locations was carried out 
within the Broyden-Fletcher-Goldfarb-Shanno (BGFS) tech-
nique for a unit cell. Iterating until the lattice constants stay intact, 
the output of the variable-cell relaxation provided a new lattice 
constant that was then utilized for additional computations [54].

As a result, an extension of the HSE06 functional compu-
tation was carried out in order to accurately update the quasi-
particle energies inside the HSE06 functional approximation. 
This is because an accurate band gap is crucial for determining 
the efficiency of solar absorbers. Thus, in the PAW structure, the 
semi-core electron would as well serve as a valence electron. 
The Kramers-Kronig connection was used to calculate the opti-
cal characteristics’ dielectric constant [55] while the Kramers-
Kronig (K.K.) formulations, which are mathematical tools for 
optical characteristics, were used to calculate the dielectric 
constants for the attributes [56].

 εr = ε1 + iε2	 (3)

This equation is the sum of the real and imaginary part of 
the dielectric function, where εr is the dielectric function, ε1(ω) 
is the real part of the dielectric function and ε2 is the imaginary 
part of the dielectric function and ω is the angular velocity
where
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The efficiency of the solar absorbers was calculated using 
the spectroscopic limited maximum efficiency (SLME) for the 
materials. In the ideal scenario when the hole-electron pairs re-
combination process is radiative, Yu and Zunger's generalization 
of the detailed balancing efficiency limit of a p-n junction SC 
is applicable. The absorptivity, thickness, and recombination 
process of possible PV absorber materials are not taken into ac-
count in the SQ model; only their band gaps are considered [57]. 
The SLME method accounts for the non-radiative recombina-
tion (NRR), which is important for a material with an indirect 
fundamental band gap, by modelling the proportion of radiative 
recombination as a Boltzmann factor (i.e. Eq. (7)). For a material 
having an indirect fundamental band gap, this is significant. The 
SQ model's drawbacks were addressed by the SLME method by 
including the absorptivity (i.e., Eq. (8) [58]. 
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h = the Planck’s constant, c = light speed, and K̂(E) = extinction 
coefficient value. 
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The photon absorptivity α(E ) depends on both the optical 
absorption ccoefficient α(ω) (Eq. (9)) and the absorber thick-
ness L of the material. α(E ) is expressed as:

   2 ( )1 LE e      	 (8)

Eq. (8) calculates the photon absorptivity for solar absorber 
thickness L with reflective coated back [50]. 
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The calculated maximum solar efficiency factor is calcu-
lated as 
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Pm = the maximum/output power density and Pin = Incident solar 
spectrum for input power.
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The J-V characteristic determines the power density (max) 
of the solar cell.

 J = Jsc – JD	 (11)
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J = max current density, V = the absorber layer potential diff, 
k = heat energy constant, T = temperature of the device and 
e the charge quantity. Jsc = current density (short-circuit) and 
JD = current density (reversed saturation). All other parameters 
were calculated from the absorptivity of materials α(E ). 

The radiative recombination fraction fr is modelled using 
the Boltzmann factor:
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Where Eg and Eg
da are respectively, the main and materials al-

lowed bandgap value. The fill factor measurement is calculated 
using the equation below: 
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The open-circuit voltage of the material is given as follows: 
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and the maximum power for conversion and efficiency is given 
below:
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3. Results and discussion

3.1. Structural properties

The majority of a material’s characteristics are dictated by 
its crystal structure. The arrangement of atoms with the lowest 
energy at a specific temperature and pressure is a stable crystal 
structure [59]. This analysis considered an orthorhombic phase 
of CaZrS3 with a crystal structure similar to BaZrS3 (space group 
Pnma (62) point group D2h (mm)). Each Ca atom in the lattice, 
which is made up of deformed ZrS6 corner-sharing octahedral 
as shown in Fig. 1, is centrally positioned in the spatial region 
defined by its neighbouring S and Zr atoms. Ca+2, Zr+4, and S2 
ions make up the ions.

(a)	 (b)
Fig. 1. The CaZrS3-type crystallographic structures of (a) MgZrS3 and (b) MgTiS3

(a)	 (b)
Fig. 2. Optimization graphs for (a) MgTiS3 and (b) MgZrS3
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As shown in Fig. 2. the convergent volumes of MgTiS3 and 
MgZrS3 are 9.27 and 9.19, respectively, on the plot of total energy 
against volume for MgXS3. Recent theoretical and experimental 
findings for lattice volume and other relevant parameters are 
close matched by both volumes. More pertinent optimization 
points were therefore used for additional calculations.

The Birch-Murnaghan equation of state in Eqs. (1 & 2) were 
used to derive the structural lattice values of the two materials. 
These are shown in Table 1 (1). The equilibrium volume V0 
values were found to be 117.06Å3 for MgTiS3 and 424.04 Å3 for 
MgZrS3, as shown in Table 1. The volume discrepancies with 
other theoretical results may be because of the pseudopotential 
used because PBEsol [60] improves the structural properties of 
compound when compared to other pseudopotentials, which 
validates the improvement of generalized gradient approxima-
tion, GGA over local density approximation, LDA [61]. There 
is a good correlation between our results and those obtained by 
references [63,64] after analysis. The results of computations 
were then used to identify the additional physical characteristics 
of the materials. Hence, a list of additional approximated data 
from the Murnaghan equation of states is given in Table 1.

3.2. Electronic properties

The plane-wave pseudopotential method was used in this 
study’s electronic calculations for the semiconductor materials 
MgTiS3 and MgZrS3. The resulting band structures of MgTiS3 
and MgZrS3 are depicted in Figs. 3 and 4. The graph shows the 
relationship between wave-vector trajectories and energies be-
tween –5.0 and 4.0 eV. Further analysis of the two plots reveals 
that MgTiS3 has a near direct bandgap at gamma point of 1.1 eV 
and MgZrS3 has a direct bandgap at gamma point of 1.3 eV. The 
bandgap obtained in this study and those of [61,62], and [63] 
are in good agreement. The findings also support the notion 
that alkaline earth chalcogenides are advantageous materials 
for photovoltaic applications due to their potential for direct 
band gaps with high optical absorption coefficients that are 
comparable to those of traditional optoelectronic semiconductors 
like GaAs and their substantial band dispersion, which suggests 
good carrier mobility. Some chalcogenides in the phase, such 
as SrZrS3, BaZrSe3, and SrHfSe3 [64], display more acceptable 

band gaps (1.0 eV-1.5 eV), which are identified as the promising 
materials for solar energy conversion. Furthermore, the results 
of our studies compare favourably with existing experimental 
and theoretical reports.

(a)	 (b)	 (c)
Fig 3. (a) Band Structure of MgZrS3 (b) Total Density of states of 
MgZrS3 (c) PDOS of MgZrS3

(a)	 (b)	 (c)
Fig. 4. (a) Band Structure MgTiS3 (b) Total Density of states MgTiS3 
(c) PDOS of MgTiS3

Table 1

Calculated lattice constant a0 (Å), bulk modulus B, equilibrium volume V0 (Å3) and band gap Eg for MgTiS3, MgHfS3  
and MgZrS3 compared to other theoretical studies and experiment

Physical parameter MgTiS3 MgZrS3
MgHfS3 

[61] Theory CaZrS3 
[62]

SrZrS3 
[62] BaHfZr1S2 Experiment [63]

Lattice constant a0 (Å) 9.27 9.19 9.59 10.077 [64] 9.66 9.85 10.022 9.98 [30]
Bulk modulus B (GPa) 251.3 170.6 78.9 — — — 74.28

Volume V0 (Å3) 117.06 424.09 439.53 511.059 [71] 450.80 480.63  501.2 441.89 [30]

Band gap Eg (eV) 1.1 1.3 1.43 0.9-1.6 [76],  
1.0-1.75 [64], 1.12 [30] 1.17 1.18 3.96 1.73-1.85 [30], 

0.99 [71]
Emin (Ry) –517.07 –2125.22 –2470.2 — — — –25873.04

Tolerance factor 0.79 0.75 0.76 — — — –0.953
[71,64] Sun et al., 2015 [40] Wang et al., 2000 [76,6] Niu et al., 2018 [61] Balogun et al., 2021 [62] Liu et al., (2023). [63] Chami et al., (2021)
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The chemical bond hybridization of Mg-2p, Zr-5d or Ti- 5d, 
and S-2p was dominant in the electronic structure of MgZrS3 
or MgTiS3. The density of states, TDOS in Figs. 3 and 4 shows 
that the binding link is positioned inside the atoms closer to the 
Fermi energy level. The computed DOS and PDOS show the 
semiconductor nature of the materials. The bandgap estimate, 
based on the band structure, provided additional confirmation 
of the materials’ conducting nature for solar applications. In the 
s, p, and d configurations, the atomic states of Mg, Ti, Zr, and S 
were carefully investigated.

Figs. 3 and 4 show that Ti-5d occupies the valence band 
region more frequently than Zr-5d occupies the open conduc-
tion band. This is because Zr-5d and Ti-5d have more energy; 
consequently, they inhabit different conductivity bands. Greater 
titanium doping would increase the material’s energy level in 
contrast to Zr doping, which reduces the material’s energy level 
because fewer electrons are occupied in the conduction bands. 
These increase the electron-hole recombination’s use in solar 
energy. The materials are bonded chemically by covalent bonds 
with little ionicity, as evidenced by the clear overlap between 
the zirconium, sulfur, and magnesium equivalents of the DOS 
structures across the energy range. The high-symmetry locations, 
which some prior theoretical studies have overlooked, are also 
present in the first Brillouin zone. The wave-like characteristics 
of the band structures of magnesium zirconium and titanium 
sulfides were used to calculate the bandgap values.

3.3. Optical properties

The results of the optical investigation were utilized to 
establish the compounds’ eligibility for usage in photovoltaic 
applications, including their absorption spectra, reflectivity, re-
fractive index, dielectric function, and extinction coefficient. The 
parameters were plotted using Grace, which shows plot snippets 
that illustrate P.V. applications. A comparison of our findings with 
the theoretical and experimental results is shown in Table 2.

An explanation for the medium’s optical behaviour at each 
photon energy is provided by the dielectric constant as follows: 

 ε = ε1 + ε2	  

The real component ε1 is connected to the photon energy ab-
sorbed in the medium, whereas the imaginary part ε2 is related to 
the behaviour of materials with electronic characteristics (band-

gap structure) in terms of absorption [65-66]. The dielectric of 
the two materials are shown by the peaks in Fig. 5. The dielectric 
function of MgTiS3 is at 71.5, as shown in Table 2. A value 
of 38 has the sharpest peak at 0.7 eV, and the imaginary ε2. The 
value of 32 has the highest energy value of 1.35 eV. Altogether, 
these values make up the dielectric constant = 70 for MgZrS3. 

The energy variation for the two materials spans from 0.5 eV 
to 3 eV, showing that they can function well as semiconductors. 
These values are in good agreement with those of silicon and 
other perovskite materials, making them an alternative to sili-
con [67]. Also, the dielectric constant has a significant impact 
on solar cells’ power conversion efficiency (PCE). A reduced 
coulombic interaction between weakly coupled electron-hole 
pairs will have less of an impact on charge-transfer states, and 
recombination involving mobile carriers will have less of an 
impact on radiative losses. According to our findings, MgZrS3 
has a higher dielectric constant value than MgTiS3, making it the 
better material for solar cells. This compares well with GaAs, 
Silicon, and BaZrS3 [68].

Fig. 5. Calculated Dielectric function (Real & Imaginary) of MgTiS3 
and MgZrS3

The refractive index formula describes the determined 
absorption coefficient and refraction indices of the materials: 

 N(ω) = n(ω) + ik(ω)	

where n(ω) is the refractive index and k(ω) the extinction coef-
ficient, as shown in Fig. 7. The refractive index is between the 

Table 2
The calculated optical properties for MgTiS3 and MgZrS3

Materials Dielectric Refractive Index Reflectivity Absorption coefficient Extinction coefficient
MgZrS3 R = 32, I = 38 6.8 0.75 5.02×108 m–1 6.25
MgTiS3 R = 17, I = 32 9.5 0.70 2.73×108 m–1 3.25
Si [30] — 3.9 0.73 108 m–1 0.03020

BaTiS3 [17] R = 60, I = 78 8.2 0.7 7×108 m–1 5.5
GaAs R = 24, I = 26 5.0 0.82 2.2×108 m–1 4.2

BaZrS3 [64] R = 55.6, I = 19.6 5.7 0.6 5.93×107 m–1 6.0
MgHfS3 [51] R = 18, I = 58 6.11 0.52 5.12×108 m–1 4.5
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energy levels of 0.0eV and 3.0eV. Furthermore, the refractive 
index shows a proportional increase with energy, peaking at  
n(ω) = 10 for MgTiS3 within 0.7 eV and n(ω) = 6.3 for MgZrS3 
within 0.60 eV. The decreasing curve for the two compounds 
achieves a constant decline at n(ω) = 3, 1.3 eV energy area, 
which almost exactly matches their bandgaps. This fluctuation 
was brought about by a small number of electron oscillations 
[69], the curve in Fig. 7 shows that as energy levels rise photon 
transmission also rises. 

The Extinction Coefficient k(ω) shows how solar radiation 
energy is diminished or attenuated as it travels through various 
materials. The attenuation coefficient of the substance is another 
name for the extinction value [60]. Prior to decline and stabiliza-
tion, Fig. 7 shows that the extinction values peaked at roughly 
6.5 for MgZrS3 and 3.4 for MgTiS3. In addition, their energy 
bandgaps of 1.1 eV for MgTiS3 and 1.3 eV for the zirconium 
material roughly match the point of their stability. At the stability 
point, it was found that the extinction coefficient for both materi-
als had a greater energy value of around 2.5 eV, allowing more 
incident solar energy to be absorbed by the material bandgap 

values. The production of solar absorber material will also result 
from the material becoming transparent as the radiant flux rises. 

The strength of a material’s ability to reflect radiation 
is measured by its reflectivity. Similarly, the reflectance factor 
is independent of the material’s thickness. Thus, for MgZrS3 and 
MgTiS3, the reflectivity in Fig. 8. is at 0.72 and 0.68, respec-
tively. This is contained inside the necessary 0.7 eV band gap for 
complete transmission. But before they settled for no reflectivity, 
the lowest troughs for titanium and the zirconium atom were 
detected at 0.41 and 0.52, respectively. As light energy exceeds 
the bandgap at the points of lower reflectivity, more radiation will 
be absorbed, ultimately leading to the development of materials 
with higher reflectivity for use in solar cells [64,70]. 

About the frequency or the wavelength of photon energy 
interaction with a material, the absorption coefficient quantifies 
how much radiation is absorbed by the substance. As shown in 
Fig. 7, the maximum for MgZrS3 is at 4.8×108 and MgTiS3 is 
at 2.8×108. The constant rise of the two materials was caused 
by photons transitioning from the occupied valence band (V.B); 
hole states to unoccupied hole states in the conduction band 

(a)	 (b)
Fig. 6. (a) Refractive indices of MgTiS3 and MgZrS3 (b) Extinction coefficient of MgTiS3 and MgZrS3

(a)	 (b)
Fig. 7. (a) Calculated Reflectivity of MgTiS3 and MgZrS3 (b) the Absorption coefficient of MgTiS3 and MgZrS3



950

(C.B.) [71-73]. The relationship between the growing spectra 
and the increasing absorption coefficient is reciprocal [74]. The 
solar absorbers’ SLME efficiency increased as a result of the 
zirconium atoms’ growing absorption coefficient. This corre-
sponds to the ultraviolet area of electromagnetic radiation, one 
of the regions with promising photovoltaic and optoelectronic 
applications [75-78]. 

3.4. SLME analysis of the Solar cell absorber 
for applications

The spectroscopic limited maximum efficiency (SLME) 
was employed to compute the potential of the solar absorbers of 
the materials. The data from the band structures and the materials’ 
dielectric properties were utilized to estimate the photovoltaic 
potential. The SLME considers the film thickness when calculat-
ing the material efficiency. Thus, we achieved an acceptable and 
effective efficiency of between 1.5 µm and 3 µm thickness, with 
MgZrS3 having 32.50% efficiency and MgTiS3 having 29.45% 
respectively. The reference thickness would use the wavelength 
collected from the electronic, structural characteristics, and opti-
cal bandgaps to harness the penetration of visible light. Fig. 9 
displays the computed findings and compares them. Addition-
ally, the MgTiS3 exhibits little to no variation in the primary and 

direct permitted bandgap. But this may be owing to the metallic 
character of titanium at Ti-5d orbitals, which is essential for 
non-radiative processes inside the material. Findings in this 
research are juxtaposed with perovskite materials because they 
are conceptually linked [79-82]. 

As shown in Fig. 9, the findings in this research outper-
formed the CdTe, barium and calcium zirconium sulfides, and 
traditional lead-halide perovskites in short-circuit current density 
to open-circuit voltage. It is inferred from the findings that the 
radiative penetration over the reflecting surface of the solar ab-
sorbers increases with increasing Hf, Zr, and Ti concentrations 
[83-84]. By allowing more radiant energy to pass over the surface 
of the solar cells, a high fill factor demonstrates the efficiency 
of the solar cell. In comparing silicon to other monocrystalline 
and thin-film solar cells made of CdTe and CIGS, the fill factor 
for silicon now gives about 80.

An examination of the implications of Figs. 10 and 11 
indicate that MgTiS3 and MgZrS3 demonstrated the superior 
performance and unique solar absorbers for photovoltaic ap-
plications, which are superior to standard silicon, CdTe, and 
other polycrystalline cells [76-78]. Also, the variance of this 
research’s efficiency demonstrates a consistent rise in the ma-
terials and matches the fill factor outcomes, which are intended 
to be proportionate. 

4. Conclusion

This research has demonstrated that, for the first time, the 
optoelectronic characteristics of MgXS3 can be investigated 
utilizing the DFT approach of the plane-wave pseudopotential 
method. The properties of the ground state lattice parameters 
were established. The values of specific chosen actual and 
theoretical chalcogenides and our computed results are similar. 
The research also discovered that the semiconductor materials 
have direct band gaps of 1.1 eV for MgTiS3 and 1.3 eV for 
MgZrS3 at their gamma point. In addition, the compounds’ re-
fractive indices, reflectivity, extinction coefficients, absorption 
coefficients, and dielectric function responses were calculated. 
The materials’ high absorption spectra coefficient and reflec-
tivity values explain why they help construct solar cells and  

Table 3

The calculated factors affecting the efficiency of the photovoltaic application. fractional loss of radiation Fr, short-circuit current density Jsc, 
efficiency η, open-circuit voltage Voc, fill factor FF, maximum input voltage Vmax and maximum power Pmax

Compounds Fr Pmax Jsc (mA/cm2) Voc (V) Jmpp (mA/cm2) Vmpp (V) η (%) FF
MgHfS3 1 42.55 16.36 2.75 16.16 2.55 43.02 93.50
MgZrS3 1 32.55 27.70 1.16 27.50 1.36 32.50 86.67
MgTiS3 1 29.45 24.34 1.21 24.54 1.24 29.45 80.64

BaHf1-xZrxS3 1 22.46 14.73 1.65 14.50 1.55 22.45 92.18
BaZrS3 1 30.86 27.19 1.26 26.61 1.16 30.45 90.30
CdTe 1 30.07 27.82 1.20 27.20 1.10 30.01 89.94

Ca2Zr2S7 16.10 1.63 23.01
MAPbI3 25.27 1.31 30.06 91.00

Fig. 8. Calculated SLME for MgZrS3 and MgTiS3
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Fig 9. (a) Fill factor- thickness relationship of solar cells (b) Efficiency-thickness variations of solar cells (c) Open-circuit voltage thickness 
relationship of solar cells (d) Current density thickness variations of solar cells

Fig.10. (a) Energy gap – current density variations of solar cells (b) Energy gap-thickness variations of solar cells (c) SLME variation with 
energy-gap of solar cells (d) Maximum Power-Fill factor relationship for solar cell

optoelectronic devices. Moreover, the potentials of the mate-
rials’ solar absorbers were calculated using the spectroscopic 
limited maximum efficiency (SLME), which further show that 
MgZrS3 has a higher efficiency value of 32.54% when compared 
to MgTiS3 with a value of 29.45%. Fundamentally, this research 

yields optical results that are comparable to [32]. It therefore 
serves as a model for further theoretical and experimental 
studies on metal chalcogenides. For any upcoming study, the 
materials are affordable, non-toxic, effective solar absorbers,  
and abundant. 
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