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Abstract—Organo lead halide perovskite has received a 

great deal of attention in the past couple of years due to its 

excellent optoelectronic properties. However, the presence of 

toxic lead in these materials is a significant concern for human 

health. Therefore, it is essential to select the elements for solar 

cell design that are environmentally friendly and conducive to 

human health. Many non-toxic alternatives can be used to solve 

this problem. Among those alternatives, Bismuth-based 

perovskite has become a promising alternative due to similar 

photovoltaic properties and enhanced environmental stability. 

Bismuth ternary based halide has interected due to their superior 

stability, but the main disadvantage is their wide band gap 

for single junction solar cells. The incorporation of the 

chalcogenide anions into bismuth chalcogenides was reported to 

have smaller bandgaps than that of the halide 

bismuth perovskites, which could reduce their bandgaps without 

affecting their photovoltaic properties. Band gap and dominant 

band to band absorption could be predictable from electronic 

property calculations using ground state density functional 

theory (DFT) as the lowest energy difference between the 

conduction band minimum (CBM) and the valence band 

maximum (VBM). As a result, for photovoltaic applications, the 

structural and band gap properties of mixed chalcogen and 

halogen anions, CH3NH3Bi(Ch, X)3 (Ch = chalcogen; X = 

halogen), were calculated using a combination of density-

functional theory calculations. Results reveal that the band gaps 

of CH3NH3BiI2S and CH3NH3BiI2Se are 1.39 eV and 

1.34 eV, which are in the range of band gaps required for 

photovoltaics. 
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I. INTRODUCTION 

Metal chalcogenide research has centered on 
comprehensive studies over the last few decades [1]. The 
word "chalcogenide" originates from the Greek word 
"chalcos."Chalcogenides are compounds that incorporate one 
chalcogen component, such as S, Se, or Te, also one or more 
metallic elements from groups IVA and VA [2]. However, 
because of its unique and massive chemistry, oxygen is not 
utilized and must be dealt with separately [3]. Chalcogenide 
is a substance with amorphous or crystalline covalent bonds 
with bands between 0.0 and 3.5 eV. They are translucent in 
the infrared domain in a comparable environment, which 
distinguishes them from ordinary inorganic and obscure 
glasses such as silica or silicates. Chalcogenide has received 
significantly few research than semiconducting or insulating 
materials owing to its intricate structure, chemical 

constitution, and remarkable interatomic coordination. The 
three solid form Chalcogen components S, Se, and Te have 
low thermal stability. This prompted scientists to combine 
them with other elements in order to create chalcogenides 
with unique features in addition to the group's IVA and VA 
components [4]. The ability to generate new bonds and 
complexes is the most prized and important attribute of these 
three components[5]. Physical and chemical features of 
transition-containing chalcogenide compounds and main 
group metals are conceptually appealing, systemically 
exciting, and frequently useful in a variety of technology 
disciplines. Optical storage devices, thermoelectric devices, 
radiator detectors, nonlinear optics, thin-film electronics, 
solar energy conversion devices, catalysis, spintronics, and 
even superconductivity are few examples [5]. Chalcogenides 
perovskites are a promising group of photovoltaic materials 
that are more stable and less hazardous than the commonly 
used perovskite lead halides [6]. Chalcogenides perovskites 
of the  A.B. (Ch, X)3 (A = MA or CH3NH3; B = Sb or Bi; Ch 
= chalcogen; X = halide) is one of the areas of research in 
which the perovskite family has given a affluence of 
chemical and structural capabilities. They developed their 
new    features and photovoltaic application by examining 
structural-electronic/optical properties and stability utilizing 
various testing approaches[7].Transition metal and 
chalcogenide doping could be used to improve the 
photovoltaic performance of the materials through bandgap 
engineering. Perovskites are well developed to create 
prospects for a wide variety of photonic, optoelectronic, and 
energy technologies, based on a combination of ultra-high 
absorption coefficient and projected high carrier mobility, 
tunable bandgap, solid thermal and aqueous stability, benign 
and earth-abundant materials, including solar cells, photo 
electrochemical systems, and photo detectors.  

Previous theoretical study has shown that the Pb lone-
pair s orbital also has a crucial role within the imperfection 
of Pb halide perovskites.To preserve great photovoltaic 
capabilities and minor toxicity in substitute perovskites, Pb 
must be replaced with other benign ions having lone-pair 
energy levels.  Among other lead-free alternatives, bismuth 
is favoured over Sn, Cu, Ge, Sb and alkaline-earth metals. 
Despite its position in the periodic table among hazardous 
heavy metals, bismuth (Bi) is recognised as a "green 
element" due to their  very low toxicity. Bismuth is a 
reasonably low-cost element for a rare metal because its a  
by-product of refining Cu, Pb and Sn [8]. Bi is less damaging 
than Pb due to "low trap state densities, long carrier 
lifetimes," as well as the functional capacity to survive 



defects as expected based on theoretical and empirical 
research.  Bismuth halide perovskites, (CH3NH3)3Bi2I9, 
which includes zero-dimensional octahedra, has been stated 
to be fairly stable in the ambient atmosphere other than under 
moist conditions, with a PCE of 1.64%. Especially double 
perovskites,have been broadly explored for potential solar 
cells and Cs2AgBiBr6, which contains a three-dimensional 
octahedral network, has a PCE of 2.43%[9]. Bismuth 
perovskites will crystallize in a 2D hexagonal layered 
structure, supporting intrinsic defect sites. Another issue is 
that bismuth has a indirect wide bandgap nearly 2.0 eV for 
perovskite solar cells, despite the fact that the bandgap isnt 
suit. However bismuth chalcogenides shows smaller 
bandgaps than bismuth halide perovskites like Bi2S3 and 
Bi2Se3, they are nevertheless useful.  In such circumstances, 
the perovskites consist with a mixture of chalcogenides and 
halogen negatively charged ions, A.B.(Ch, X)3 where A 
represents alkaline earth or alkaline (or organic) positively 
charged ions, Ch represents a chalcogenide negatively 
charged ion, and X represents a negatively charged ion. The 
B-Ch interfaces are likely to be covalent, leading to total 
covalent bonding in the compound and improved 
atmospheric air stability, which is a major potential benefit 
of such mixed chalcogenide-halide systems. Previous studies 
have shown that the perovskite-based CH3NH3BiSeI2 and 
CH3NH3BiSI2 create a sufficient bandgap for solar 
technologies [10]. Negatively charged chalcogenide and 
halogen ions, on the other hand, give compounds more 
flexibility and ensure better environmental stability. Hence 
this study, structural and band gap properties of lead-free 
bismuth chalcogenide halide perovskite CH3NH3BiX3 
(X=I2S, I2Se) are studied. 

II. MATERIALS AND METHODS 

 
All calculations are performed within the framework of 
density functional theory using the plane-wave 
pseudopotential method as implemented in the Vienna Ab-
initio Simulation Package (VASP). The electron-ion 
interaction is described using projector-augmented wave 
pseudopotentials. Valence electron configurations of 
6s26p3 for Bi, 3s23p4/ 4s24p4 for S/Se are employed along 
with the Perdew–Burke–Ernzerh of generalized gradient 
approximation. A plane-wave basis set with an energy 
cutoff of 340 eV, 392 eV and the Monkhorst-Pack. k-point 
mesh with a grid spacing of ~2π × 0.03 Å−1are used for total 
energy minimization and ground-state electronic structure 
calculations. All schematic representations of the crystal 
structures were generated using the VESTA program. 
 

III. RESULTS AND DISCUSSION 

Conversion of hazardous organic-metal halides perovskite 
CH3NH3PbI3 to non-toxic substances CH3NH3BiX (X = I2S, 
I2Se) compounds were studied and split-anion technique 
was selected to attain neutrality of these compounds. Before 
analyzing the electronic properties of these material, the 
structural stability of the compounds were investigated by 
determining the total energies corresponding to different 
lattice parameters and were plotted as a function of the cell 
volume. The cell volume of minimum free energy structure 
was taken as the most stable configuration of the system and 
resulted minimum cell energy parameters are listed in Table 

1. Those minimum cell energy parameters were used to do 
further ab-initio calculations to obtain the band structures. 
 
TABLE.1. OPTIMIZED LATTICE PARAMETERS a, b, AND c (IN Å)  
 

Structure 
Lattice parameter 

a(Å) b(Å) c(Å) 

CH3NH3BiI2S 9.44 10.79 8.66 

Ref 9.47 [10] 10.81 [10] 8.61 [10] 

CH3NH3BiI2Se 9.34 9 .43 11.33 

Ref 9.43 [10] 8.61[10] 11.21 [10] 

 

The stability of the chemical was evaluated by means of 
Goldschmidt's tolerance factor (equation 1) . The tolerance 
factor is defined as  
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Where,  rA and rB are the ionic radii of cations A and B,  

and rX is the ionic radius of anion in ABX3 perovskite, and 

0.75 t 1.0 is seen for a stable perovskite structure [11]. for a 

stable structure, the octahedral factor (µ) (equation 2)  tends 

to have µ > 0.41[11]. The calculated Goldschmidt's 

tolerance and octahedra factor  are shown in Table 2. 

According to the calculated values, it can be called that 

suggested compound exists in the stable zone of a 

perovskite structure. 
 

TABLE.2.TOLERANCE AND OCTAHEDRA FACTOR 

OF  CH3NH3BII2S  AND  CH3NH3BII2SE  

 
The halide perovskite CH3NH3PbI3 crystallizes in a 
tetragonal structure with the I4/mcm space group [12], with 
each Pb atom coordinating with six I atoms and four atoms 
in the I4/mcm spaces group. two atoms in the apical 
direction (4a Wyckoff sites) and eight atoms in the 
equatorial direction (8h Wyckoff sites) sites. The Se, and S 
atoms occupied the 4a site in this investigation, while the I 
atoms were absent. CH3NH3BiChI2 demonstrated the 
orthorhombic structure in Figures 1(a) and 1(b). The 
orthorhombic Pnma structure of CH3NH3BiChI2 has four 
BiCh2I4 (PbI6) octahedra and four CH3NH3

+ cations in its 
unit cell, which has 48 atoms in total. Ch (S, Se, Te) atoms 
are located at the apical position (4c Wyckoff sites) and I 
atoms are located at the equatorial position (8d Wyckoff 
sites) in the BiCh2I4 octahedron used in this study. 
 
When considering the density of states of CH3NH3PbI3, it 
has been mentioned that the CBM is Pb-p orbitals 

 CH3NH3BiI2Se CH3NH3BiI2S 

Goldschmidt Factor 0.86 0.87 

Octahedra Factor 0.52 0.53 



contribute, whereas the VBM is a mix of Pb-s and I-p 
orbitals [13]. 
 
 
 
 

 
 
 

 
 
Fig 1. Crystal structures (orthorhombic Pnma structure) as seen along a axis 
(x), b axis (y), and c axis (z); a)  CH3NH3BiI2Se,  b) CH3NH3BiI2S  (dark 
grey: lead, red: bismuth, purple: Iodine, green: sulfur, yellow: selenium)  

 
 Although CBM is derived from p orbitals, the energy of a 
cation Pb-p orbital is substantially larger than that of an 
anion p orbital. Fig.2 illustrations the density of states for 
CH3NH3BiI2S, showing some similarities with lead when 
considering dual contributions. [14].  First, the Bi-s orbital 
and I-p orbital contribute to the VBM, but the conduction 
band consist of Bi  orbitals. The Bi-p orbital is not 
connected to the I orbital and there is still an ionic bond 
between the Bi, and Bi-s orbital is connected to the I-p 
orbital, forming anti-binding. The indirect bandgap is 1.39 
eV, and it comes from the S contribution at the upper part of 
the valence band, which was initiated CH3NH3BiI2Se itself. 
The band structure illustrations that for CH3NH3BiI2S and 
CH3NH3BiI2Se, the CBM still looks dispersive and lesser 
than CH3NH3PbI3. VBM points flat because of the sp 
orbitals at the top of the valence band, although the mass of 
the holes is greater than the amount of the electrons, there is 
still have the anti-bonding s-p coupling that can form the 
hole mass adjacent to the electrons and  allowing a big 
diffusion length. Optimal bandwidth is a basic requirement 
for specific optoelectronic applications and is in the range of 

1.0–1.7 eV is required for effective solar absorbance [15].  
Therefore, as shown in Fig.3a and 3b the band structure 
analysis CH3NH3BiI2Se and CH3NH3BiI2S, optical band 
gaps are found in between 1.3-1.4 eV.  It  
 
 

 

 
Fig 2. Density of States: a) CH3NH3BiI2S, b) CH3NH3BiI2Se 

 
 
indicates their potential applicability in photovoltaic 
applications (Table 3). 
 
TABLE 3. BAND GAPS OBTAINED FOR CH3NH3BII2SE AND    
CH3NH3BII2S AND THEIR NATURE 
 

IV. CONCLUSION 

Band gap has energetic significance in photovoltaic 
related applications. Theoretical calculation shows that the 
efficiency for a single junction solar cell, is maximum 33% 
at a band gap 1.4 eV for AM1. Hence it is stated that the 
bandgap for solar cells should be around 1.5 eV. Hybrid 3D 
perovskites CH3NH3PbI3 is a good absorbance in the visible 
region and has extraordinary absorbance coefficients 
showing a direct bandwidth of about 1.55 eV [16]. Hence in 

 CH3NH3BiI2Se CH3NH3BiI2S 

Bandgap values (eV) 1.34 1.39 

Bandgap nature indirect indirect 

y
x 

z 

b 

a a 

b 

x 

z 
x 

y 



this study first principle calculations based on DFT were 
performed to investigate the band gap behavior of  lead-free 
Bismuth chalcogenide halide perovskites, CH3NH3BiI2S and 
CH3NH3BiI2Se as a solar absorbing material. CH3NH3BiI2Se 
and CH3NH3BiI2S are found the band gaps as 1.34 and1.39 
eV respectively.  Therefore, the obtained results revealed that 
the band gap is in the appropriate region  (1.3-1.6 eV) for 
solar cell . However, other electronic properties, including 
the effective mass, optical absorption, charge density and 
dielectric properties should be investigated to check the 
applicability in solar cell devices. 

 

 
 

 
 
Fig 3. Band structures; a) CH3NH3BiI2S, b) CH3NH3BiI2Se obtained from 

DFT calculations 
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