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The main impediment to practical application is the toxicity of lead ions in halide perovskite
absorbing materials. Computing tools based on density functional theory (DFT) were used to
predict the intrinsic properties of potential for double perovskites to be effective and suitable for
optoelectronic  applications, replacing the conventional lead halide perovskites with
environmentally friendly elements. The Generalized Gradient Approximation (GGA) with
Perdew-Burke-Ernzerhof (PBE) functional was used to screen homovalent alternatives for B and
X-site ions in vacancy-ordered double perovskite Cs2BXe (B=Pt, Ni, X= Cl, Br) for solar cell
applications. Using the GGA with PBE functional, the band gap was calculated to be 1.411 eV,
0.482 eV, and 0.378 eV for the Cs2PtBrs, CsaNiCls, and Cs2NiBre, respectively. The
experimental band gap value of mother crystal's (Cs2PtBre) was at 1.42 eV. Next, the DOS,
PDOS and optical properties were computed using GGA with PBE functional. Then, the local
density approximation (LDA) with Ceperley and Alder with Perdew and Zunger (CA-PZ) was
executed to compare the GGA with PBE for electronic band structure. In addition, the OTFG
ultra soft, OTFG norm conserving, ultra soft and norm conserving methods of pseudopotential
were used for both GGA with PBE and LDA with CA-PZ to make and ensure the right or accurate
DFT functional for those crystals. At last, the optical properties and their toxicity have been
evaluated for their rational design of potential double perovskite materials with improved
optoelectronic properties.

© 2023 by the authors; licensee Growing Science, Canada,

1. Introduction

Due to their superb optoelectronic and photovoltaic properties, all-inorganic metal-halide perovskite nanocrystals (NCs)
have received a lot of attention in solar cells, ' light-emitting diodes (LED), ? temperature sensors, > lasers, ¢ and
photodetectors °. These characteristics consist of a large absorption cross-section, a long diffusion distance, and high carrier
mobility . Perovskites perform very differently depending on their composition. As a result, numerous efforts have been
made in recent years to design and prepare various types of all-inorganic halide perovskites. Most lead-containing
perovskites currently lose structural integrity when exposed to moisture, oxygen, or light . Typical lead-based hybrid
perovskites utilize the APbXs structure, in which A site is an organic or inorganic cation (such as methyl ammonium, Cs+),
and X is a halide (mainly I or Br) 3. Their exceptional optoelectronic characteristics, including their high optical absorption
coefficient, carrier diffusion lengths up to 1 mm?® low trap density in the range of 1016-1017 cm?, shallow defect states, and
low excited binding energy, are the reason behind their high performances '°. Perovskite-based nanomaterials use in
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photoelectron chemistry (PEC) and photocatalysis, particularly in the aqueous phase, has been constrained by these stability
issues ''. Consequently, Lead is one of the three major heavy metal contaminants, as well as a heavy metal element, that
poses serious risks to humans and the environment 213, The lead can seriously endanger health even with minor exposure,
leading to issues like impaired brain development, renal failure, and nerve damage '*. As a result, it also impedes large-
scale production and commercialization of lead halide perovskite although applied sciences are very important in different
fields and this concept was reported before in a lot of papers '3-2!.To overcome these constraints, researchers are focusing
on replacing Pb with non-toxic metals, and the development of stable alternatives is urgently needed. The Pb?" can be easily
replaced with less harmful group IV metal ions like Sn>* or Ge?* due to their similar electronic structure to Pb in order to
produce lead free ternary A;M,+X; halide perovskites 22. Optoelectronic devices perform poorly when using Sn?*/Ge*
halide perovskites because they are incredibly unstable in the air and easily oxidize to Sn*/Ge*" 3. Lead-free quaternary
A MM X double perovskites (A = Cs™; M" = Cu”, Ag", Na*; M3 = Bi**, Sb**, In*"; X = CI, Br’, I) are another option

which have been prepared by replacing two Pb?" cations with a pair of nontoxic heterovalent metal ions (2Pb>* —M" + M?3")
24

According to the perovskite frameworks, a suitable and direct band gap is a crucial requirement for photovoltaic (PV)
systems used in light-absorbing applications. For M+/M3+ sites, the most commonly reported double perovskite
combination is Ag and Bi or in elements. In general, these perovskites have large bandgaps (Cs;AgBiClg for 2.77 eV,
Cs2AgBiBrs for 2.2 €V, 2 and Cs,AgInClg for 3.23 eV, 27), and they only absorb light in the ultraviolet region, 2® which
makes them unsuitable for the vast number of photovoltaic applications °. In order to date, bandgap engineering techniques
such as metal alloying, *° anion-exchange reactions, ' and metal ion doping have all been tried in an effort to reduce the
bandgap of double perovskite.

According to the formula of A;M4+Xe, it is a general formula that can be used to maintain charge neutrality by using
one tetravalent metal cation and one vacancy site 32. Cai et al. reported that they calculated the electronic structure and
energy stability of A,BX¢ halide compounds (A= Rb and Cs; B= Sn, Pd, and Pt; and X= Cl, Br, and I) using density
functional theory (DFT) and hybrid (HSE06) functional theory 33. A few promising candidate materials, mainly based on
theoretical predictions, have been successfully synthesized such as Cs;Snls and Cs,PdBrs 3+, Therefore, it is still today
very important to investigate stable Pb-free halide perovskites with a small band gap.

The most advanced hierarchical calculation method based on first principles is used for primary screening throughout
the DFT framework *¢. There are many DFT functional (basis set) for calculating the electronic properties, optical properties
and structural geometry. In general, the Perdew—Burke—Ernzerhof (PBE), revised Perdew—Burke— Ernzerhof (RPBE),
Perdew—Wang (PW91), Wu—Cohen (WC), and Perdew—Burke—Ernzerhof for solids (PBEsol) nonlocal functionals of the
generalized gradient approximation (GGA) are very common basis sets for calculation 374!, The geometric structure of the
perovskites, bandgaps of the optimized perovskites, and optical properties were calculated using the GGA with PBE method
which is the most accurate method for the crystallographic properties. We used a single process to prescreen the materials
with solar cell application potential. This study also revealed that the first vacancy-ordered perovskite material, the Cs,NiClg
and Cs;NiBrg had a narrow bandgap (0.482 eV and 0.378 eV), excellent photoelectric performance, and highly stable air-
tolerant properties, with high absorption value in the visible range. The dielectric constant and absorption coefficient of
Cs,PtBrs were lower than those of other perovskites. This research establishes a solid theoretical foundation for
understanding the structural and electronic properties of these compounds.

2. Results and discussion
2.1 Structural properties

According to our calculations, the vacancy-ordered C,BXe (B=Pt, Ni, and X=Cl, Br) have a face-centered cubic structure
with the space group Fm3m (International Number 225). The geometrical arrangement and atomic positions of C,BXG,
which is an example of an ABX3 perovskite with a [BXs] cluster. The empty spaces between [BX¢] octahedra are filled with
A-site atoms. The A,BX; structure consists of six [BXs] octahedra that are isolated from one another and form a 12-fold
coordination environment for discrete X anions. The [BXs] octahedra form a cubic environment when placed at the corners
and face center positions. The A-site atoms are located at the 8¢ Wyckof site and in the fractional coordinates (1/4, 1/4,
1/4), the B-site cations are at the 4a Wyckof site and in the fractional coordinates (0, 0, 0), and the X-anions are at the 24¢
Wyckof site. The variable x is near 0.2.

After optimizing their crystal structures, which were listed in table 1 as the fundamental structural unit, using the PBE
methods and attempting to maintain their similar parameters to appear at a comparative study at a point, the values of the
lattice parameters for Cs,PtBrs, Cs:NiClg, and Cs;NiBrs were determined from the Materials Studio. Furthermore, it is
important to point out that the structural optimization simulated by GGA with PBE in Fig. 1(a)-(c) calculated the electronic
structure and optical properties of a crystal containing heavy metal atoms, which was thought to be the standard function of
DFT.
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Table 1. Structural calculation by four methods of Cs;PtBrs, Cs;NiClgand Cs;NiBrg

Compounds a b C a 15 Y Crystal Space  Density
type group

Cs2PtBre 11.05A  11.05A 11.05A 90.000° 90.000° 90.000° Cubic  Fm3m 4.63g-cm™

Cs2NiCle 11.05A  11.05A 11.05A  90.000° 90.000°  90.000° Cubic Fm3m 4.63g-cm™

Cs:NiBre 11.05SA  11.05A  11.05A  90.000°  90.000°  90.000° Cubic Fm3m  4.63g-cm™

i
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Fig. 1. ¢) Optimized structure of Cs;NiBrs
2.2 Electronics structure

Table 2. Band gap with respect to various functional of crystals

Crystal Band gap references

Cs:PtBrs (Mother Crystal) 1.411 eV 1.420 eV #
Cs2NiCls 0.482 eV New predicted
Cs2NiBre 0.378 eV New predicted

The bandgap of these perovskite materials is one of their key properties. The DFT method was used to determine the
bandgaps of these three perovskites at the PBE levels, and the results were used as a pre-screening benchmark. However,
The PBE functional typically overestimates the bandgaps of periodic systems. The bandgap was across at 1.411 eV, 0.482
eV and 0.378 eV for Cs,PtBrs, Cs:NiCls and Cs,NiBry crystals, respectively, through the GGA with PBE functional. In
accordance with the results of theoretical calculations, perovskites containing Cs,PtBrs have bandgaps that are too wide for
single-junction perovskite solar cells, but Cs;NiCls and Cs;NiBrs have incredibly narrow bandgaps and obtain
semiconductor properties as shown in Fig. 2(a)-2(b). It can be assumed that the investigated perovskites, composed of
double perovskites based on cesium, cannot perform a promising single solar cell. It should be noted that the bandgap
reduces as the B-site cations in Ni change, and the transition from chloride to bromide gradually narrows the bandgap; this
will be important for the bandgap regulation engineering of perovskites. Moreover, the Fermi level is at 0.0 eV, and the
conduction and valence bands are on opposite sides of the Fermi energy level, with the conduction band on the upper side
and the valence band on the lower side. The minimum conduction band (MCB) and maximum valence band (MVB) are
both found at point G for Cs,PtBrg, Cs:NiCls and Cs,NiBrg crystals, respectively. Table 2 explains the Cs,PtBrs experimental
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bandgaps from other literature and the theoretical results also demonstrate the bandgap of Cs,PtBre, Cs2NiCls and Cs:NiBrs

crystals.
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Fig. 2. ¢) Band structure for Cs,NiBre

In case of the OTFG ultra soft, OTFG norm conserving, ultra-soft and norm conserving method of pseudopotential, the
Norm conserving is the most accurate value among other accounting of experimental value (1.420 eV) by GGA with PBE

listed in Table 3.

Table 3. Band gap by four pseudo-potential methods in eV

OTFG Ultra soft OTFG norm Ultra soft Norm conserving
conserving
Crystals GGA LDA GGA LDA GGA LDA with  GGA LDA
with  with CA- with with CA- with CA-PZ with  with CA-
PBE PZ PBE Pz PBE PBE Pz
Cs2PtBrs (Ref Crystal)  1.390 1.268 1.394 1.270 1.402 1.262 1.411 1.379
Cs2NiCle 0.329 0.254 0.335 0.262 0.342 0.285 0.482 0.325
Cs2NiBre 0.262 0.240 0.275 0.255 0.295 0.271 0.378 0.285

2.3 The total density of states (TDOS) and partial density of states (PDOS)

The DOS was used to investigate the electronic properties of Cs,PtBrs, Cs:NiClg and Cs:NiBrs compounds. Fig. 3(a) to
3(d) displays the total density of states (TDOS) and partial density of states (PDOS) plots. The fact that the TDOS of VB
does not pass through the Fermi level indicates that all the materials are semiconducting. The understanding of orbital
properties helps to explain how each atom's electronic contribution to the stabilized structure. Fig. 3(a) and Fig. 3(b), which
show that the Cs orbitals of these four materials are located far from the Fermi level, suggest that the Cs has little influence
on the band edge states for Cs,PtBre. Additionally, the Pt -d and Br -p orbitals both contribute to the formation of this
conduction band edge (CBE). The Cs orbitals of Cs;NiCls are shown in Fig. 3(c) to be located far in the VB (-2.5 eV),
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contributing little to the VB and CB close to the Fermi level. The p orbital of Cl contributes significantly to a valence band
edge (VBE), and as carriers gain energy, electrons move from the VB to the CB. For Cs;NiBrs, the Br-p orbitals and Cs
orbitals both contribute significantly to the VBE, with Cs also present deep in the VB and CB (7 V) as shown in Fig. 3(d).
The Br-p orbitals dominate the CB region near the Fermi level, while Ni-d orbitals dominate the core region of CB.
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2.4 Optical Properties

Solid-state optical properties are highly sensitive to bandgap nature, electron recombination rate, and electron-photon
interaction. It is highly essential to describe the optical properties of any material because the dielectric constant is used to
calculate various optical parameters, including refractive index, absorption, conductivity, reflectivity, and loss function.
According to the Kramers-Kronig equations can be used to compute the frequency-dependent complex dielectric function
4.

e(w) =& (0) + &(w)

Dielectric function has been calculated using PBE function. The o represents the angular frequency of electromagnetic
radiations.

The angular frequency of electromagnetic radiation is represented by . The polarization and dispersion of the light
that is impinging have been defined by the &, (w) (real part of the dielectric constant), while the &,(w) (imaginary part of
the dielectric constant) depicts how light is absorbed by materials. Fig. 4 shows the calculated &, (w) and &, (w) of Cs;BXs
(B=Pt and Ni; X=ClI and Br) against incident energy. The &,(0) (static dielectric constant) can be calculated from the low
energy limit of &; (w), which begins at 4.40, 6.83, and 8.20 with the energy of the incident electromagnetic waves for
Cs,PtBrs, Cs:NiClg, and Cs;NiBrs crystals, respectively.

In the low energy region at 0.5 eV to 3.0 eV, it also seems that there are three resonance &1(®) peaks for Cs;NiClg, and
Cs:NiBrg crystals. These peaks represent the maximum light dispersion and specific light energy at plane polarization’®.
Furthermore, the value of €)(®) is positive in the lower energy region (0-5 eV) and ensures the predominant semiconducting
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behavior. The studied comparisons show good dielectric constants suitable for optical applications in the visible spectrum.
Furthermore, the calculated dielectric functions of CsoNiCls and Cs;NiBrs crystals are always greater than the mother crystal
(Cs,PtBrs). The larger the dielectric constant, the stronger the dielectric's ability to bind the electron and the less likely the
electron is to be polarized *.
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Furthermore the application of photoelectric or solar cells, the absorption coefficients a(w) are investigated from €1(w)
and £2(o) through the following equation *°:

1
2

a(w) =\2w s%(a}) + e%(w) —&(w)

Fig. 4 illustrates the calculated values of the a(w), which express how much light energy is absorbed by the
semiconductor. The &(®) also represents the material's light absorption capacity. When we compare the &,(®) and o(w)
curves, we can observe a similar trend; however, some peaks have been displaced as a result of the various theoretical
approximation methods that were applied to the computation of these two curves. Several absorption peaks in the energy
range of more than 1 eV are present in all of the materials under investigation, indicating that they are ideal for optoelectronic
devices that operate in both the ultraviolet and visible light spectrums. Compared to the Cs;PtBr; crystal, the peak absorption
values of the Cs;NiCls and Cs;NiBrs crystals are higher, ranging from 50000 cm1 to 58000 cm1 in the visible spectrum
(1.4- 3.5 eV). Moreover Cs,GeBrg has the lowest absorption peak at 2.5 eV, which is low to photoelectric performance in
the visible range compared with the absorption curve of other compounds.

2.5 Aquatic toxicity

The presence of the hazardous element Pb, whose use is severely restricted and regulated in many countries due to its
harmful effects on human health and the environment. The toxicity issue is primarily addressed by suggesting new
substituting materials for lead, even though their instability is a real, serious problem that needs to be (and has been partially)
mitigated. The study of chemical and other anthropological and natural materials' effects on aquatic organisms, as well as
how activity on these organisms affects communities and ecosystems through individual organisms, is known as aquatic
toxicity. The toxicity of used materials is an important consideration before use authorization in cases involving the safety
of aquatic organisms. To generate a toxicity profile for the predicted bio-inorganic crystals, computational tools, such as
AMES toxicity, honey bees, rats, and fish, carcinogenicity, and inhibition have all been implemented.

There is positive response for Cs,NiCls to AMES toxicity except but slightly danger for other two crystals. Secondly,
all crystals have no barrier of nature by any organism, so there is no chance of entering living cells to cause damage or
adverse effects for other diseases; even after entering the living cell, the carcinogenic effect is almost non-existent. On the
other hand, table 3 demonstrates that these crystals' solubility is close to that of organic compounds, which is close to -3.0
or lower. The novel response from these crystals is explained by the effect of halogen atoms, where the solubility changes
due to changes in the electronegative atoms in a way that is related to size rather than electronegativity. It grows larger as
the size is increased, and this is similar to other parameters. Finally, these crystals are eco-friendly materials. The most
important fact is noted that they are not ready biodegradable materials so that there is no scope for entering the human body
or environment.
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Table 4. Aquatic and non aquatic toxicity

AMES Inhibi Carci Water  Acute Oral Rat Honey Fish T.Pyrifo Biodegrad
toxicity  tion nogen solubili Oral Acute Bee Toxicity rmis to  ation
icity ty, Log Toxicity Toxicity Toxicity pLC50 xicity
S , kg/mol  (LD50) mg/L (log
(mol/kg) ug/L)
Q Not ready
::_g Yes No No -3.267  0.427 2.746 High 1.3334( 1.1491  biodegrad
;UE Low) (High)  able
A 1.4321 Not ready
32 Slightly  No No -3.317 0473 2.840 High (Low) 0.831 biodegrad
/& Danger (Low) able
& 13334 0.829  Notready
2 Slightly  No No -3.267  0.427 2.746 High (Low) (Low) biodegrad
%  Danger able

3. Conclusion

The creation and use of solar cells are significant technologies for renewable energy, particularly in light of the
expanding demand for clean energy and the focus on environmental protection technology. However, due to its toxicity, the
lead-based perovskite cannot be widely accepted for sustainable uses. Environmentally friendly materials are desperately
needed to overcome the main application bottleneck. The development of environmentally friendly materials may be
accelerated through the finding of promising alternatives to lead-containing perovskite through the theoretical prediction
results of perovskite properties covering various elements. The structural, electronic, and optical properties of Cs,BXs
compounds were calculated using first-principles PBE calculations with two combinations of B = Pt and Ni cations, X =C1
and Br halogen ion. For single-junction perovskite solar cells, the calculated bandgap of perovskites containing Cs,PtBrg is
too large, but structures combining Cs;NiCls and Cs;NiBrg also gave extremely narrow bandgaps. Theoretical results also
showed that every perovskite under investigation follows the typical pattern of replacing halogen (C1 > Br) to change the
bandgap. It serves as a guide for the application of Cs-based halide double perovskite bandgap engineering. The bandgaps
of the selected perovskites are predicted to range from 0.482, 0.378, and 1.411 eV for Cs;NiCls, Cs;NiBrg, and Cs,PtBrs,
respectively. They are suitable for optoelectronic devices under visible and ultraviolet light because they have multiple
absorption peaks in the energy range at 1 eV. The DFT study can provide theoretical guidance and support the rational
design of high-performance double perovskites for optoelectronic applications of solar cells.
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4. Computational methods

According to the CASTEP code **® implementation of DFT %%, the first-principle calculations were carried out using
the plane-wave basis and pseudopotential methods. We used to calculate the electronic structure and optical properties
through the generalized gradient approximations (GGA) -7 with Perdew-BurkeErzerhof (PBE) %7 functional. Each
exchange-correlation (XC) functional was calculated using a 3x7x5 Monkhorst-Pack grid and two different kinetic-energy
cutoffs, 500 eV at norm conserving. The tolerance for self-consistent fields (SCF) was 1.010° (eV/atom). The maximum
ionic Hellmann-Feynman force, maximum ionic displacement tolerance, and total energy tolerance were 2.0x10¢
(eV/atom), 0.006 (eV/A) and 2.0x10° (A), respectively. A dense mesh of uniformly distributed k-points is required for the
optical spectra calculations; thus, the Brillouin zone integration was performed using a 3x7x5 grid of Monkhorst-Pack
points. Following that, optical features such as dielectric function and absorption were optimized and simulated using the
GGA with PBE functional, with cut-offs of 508 eV at norm conserving pseudo potentials, grid 3x7x5, and minimum energy.
Following simulation, the optical properties of Cs,PtBrs, Cs;NiCls, and Cs,NiBrs were calculated using the materials studio
analysis option.
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