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ARTICLE INFO ABSTRACT
Keywords: Perovskites are presently being considered as a feasible choice for hole-transport materials in photovoltaic de-
Band gap vices. One material that stands out among the options is Cs2SiXe, where X indicates Cl, Br, and I. This material is

Density of states
Perovskite
Photovoltaic devices
Dielectric function

of special interest due to its potential as a lead-free alternative, offering a variety of halide options. Moreover,
several experimental inquiries have exhibited favorable outcomes; nevertheless, their theoretical or computa-
tional framework is limited and insufficient. As a result, the present investigation has opted for the crystal
Cs2SiXg and synthesized Cs3SiXe, Cs2SiClg, Cs2SiBrg and CsaSilg to examine their electronic structures and optical
properties using the DFT functional. The electronic structure of CsySnBrg, was calculated using GGA with PBE
functional, yielding a band gap of 2.434 eV. It should be noted that the experimental value of CsySnBre was
2.450 eV. Furthermore, the band gaps of Cs,SiCle, Cs2SiBrg, and CsgSils were calculated by GGA with PBE to be
1.540 eV, 1.291 eV, and 0.261 eV, respectively. In this study, various pseudopotential techniques are employed
to investigate the electrical structures. Five different densities functional theory (DFT) functionals are utilized to
determine the most accurate functional. Additionally, the study focuses on the LDA, a unique junction photo-
voltaic material. In addition, the six optical properties, specifically absorption, reflection, refractive index,
conductivity, dielectric function, and loss function, are calculated to provide additional understanding of ma-
terial qualities in the presence of visual evidence. The utilization of the Density of States (DOS) and the Partial
Density of States (PDOS) was employed in order to calculate the electronic structure and bonding properties. For
a material to effectively operate as a single-junction photovoltaic, it is imperative that its band gap remains
within the specified range of 0.261-1.540 eV. The materials being discussed are conserved within this designated
range and employed for their intended purposes. In summary, our research yields strong evidence suggesting that
the aforementioned materials lack carcinogenic qualities and demonstrate only moderate degrees of toxicity. In
sharp contrast, it has been observed that perovskites containing lead exhibit considerably higher levels of

toxicity.
1. Introduction interest in Perovskite materials owing to their potential utility in third-
generation solar devices. Moreover, the investigation of perovskite cells
The scientific and research communities have shown considerable holds significant importance within the framework of the prevailing
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energy crisis [1,2]. Despite the extensive research and development of
various perovskite materials for their efficient utilization, certain limits
have been found. The principal considerations pertaining to the
advancement of innovative perovskite materials, encompassing cells,
revolve around the issues of toxicity and efficiency. Organic-inorganic
hybrid perovskites have gained recognition for their favorable attri-
butes in terms of toxicity and environmental sustainability, rendering
them a feasible choice for the utilization in optoelectronic device ap-
plications [3],The organic ligand of methylamine was employed as a
distinctive organic high-end component [1,2].The aforementioned
properties, namely high absorption coefficients, long carrier diffusion
lengths, and cost-effective processing expenses, are distinctive charac-
teristics of the subject under consideration. [3], where the lead was the
other end as metal [4].In addition, they showcase economically viable
equipment for prospective future utilization, along with straightforward
preparation methodologies [8]. Meanwhile, significant progress has
been made in the utilization of lead halide perovskites for various ap-
plications such as photovoltaic cells [9], light emitting diodes [10], la-
sers [11], and photo detectors capable of detecting near infrared,
ultraviolet, and visible light [12].

Recently, there are some reports on metal halide based crystal
(Cs2SnXg; X = halogen atoms) type which is able to absorb light in the
visible to infrared (IR) region, The discovery has engendered a sense of
optimism regarding the potential for the advancement of chemically
stable materials that are in accordance with principles of environmental
sustainability [5].As a result, it produces low toxicity or not easily
degradation. One of the crystal of CsySnXe,CsoSnlg, with a cubic crystal
structure having +4 oxidation state, is regarded as a potential candidate
for new applications in perovskite solar cells (PSCs) [6]. The efficacy of
these applications is primarily determined by the band gap, which
directly controls the absorption of light and must be considered for the
construction of optoelectronic devices. However, the diffused reflec-
tance measurements of CspSnlg shows an optical band gap in 1.25-1.30
eV for comparison to the thin film band gap with 1.60 eV. A functional
can be characterized as a mathematical mapping that operates on a
function, with the Density Functional Theory (DFT) serving as a specific
functional that operates on the basis of the electron density with respect
to both spatial and temporal variables [15-17]. The utilization of elec-
tron density in Density Functional Theory (DFT) distinguishes it from
Hartree-Fock theory, as it is intimately correlated with the many-body
wavefunction [18,19]. The application of several functionals with
different correlation approximations in density functional theory (DFT)
led to a significant discrepancy between the experimentally measured
value and the expected direct transition with a band gap (varying from
0.13 to 1.26 eV) [20]. Furthermore, this particular class of compounds
demonstrates the capability to propagate through N-type semiconductor
materials that are distinguished by their heightened electrical conduc-
tivity, substantial absorption capability, and resilient moisture stability
[7]. Secondly, the CsySnlg has higher air stability than CsSnlgdue to the
tetravalent chemical nature of Sn. A number of transition metals exhibit
stable +4 oxidation states and possess either non-toxic properties or
demonstrate minimal levels of toxicity. This characteristic has paved the
way for the discovery and exploration of halide perovskites that exhibit
favorable properties, such as by replacing the Snj in CsySnlg with
appropriate transition-metal cations [8]. Previously, Sakai et al.2017
confirmed this when they investigated to CsyPdBrg as a novel perovskite
for use in PSCs [9]. The optical band gap of CspPdBrg calculated from
optical absorption was at 1.60 eV [9].Next, Ju et al.2018carried out an
integrated experimental and theoretical study of Ti-based vacancy-or-
dered double perovskites (DPs) A;TiXg (A = K+, Rb+, Cs+ In+; X =1,
Br, or Cl) and Cs,TilxBrg-X, conveying a suitable band gap in from 1.38
eV to 1.78 eV range for photovoltaic applications [10]. According to
Zhao et al.2018, who studied the CsyBX¢ family of vacancy-ordered DPs
(B=Pd, Sn, Ti, Te; X = Cl, I), the compounds demonstrated a wide range
of electronic structures and optical characteristics. [11]. A group of re-
searchers used the hybrid functional (HSE06) to computationally study
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compounds of the type A;MXg (A =K, Rb, and Cs, M = Sn, Pd, Pt, Te, and
X =), reporting the band gap and effective mass change as the A-site
cation changes from K to Rb to Cs [12].There is a noticeable lack of
scholarly literature concerning the examination of band gaps and optical
properties, which are crucial for understanding their intrinsic attributes,
practical uses, and potential environmental hazards. The objective of
this study is to perform a comparative analysis by employing compu-
tational screening and theoretical evaluation of several density func-
tional theory (DFT) functionals using different basis sets. As the DFT is
one of the reliance and the most acceptable functional to investigate the
electronic and optical nature of ApMXg type crystals. In our study, the
DFT has been used to investigate new variants of the A;BXg family for
becoming single or double perovskites with possible A = Cs; B=Si; and
X = Cl, Br, and I. The focus of this study revolves around the application
of various metal substitutions within the field of photovoltaics and op-
toelectronics. Before delving into the examination of the electrical
configuration and optical properties of these compounds, it is crucial to
analyze their structural characteristics and determine the most stable
structural configuration.

To find new materials for perovskite solar cells, the behavior of the
associated Lead-Free Halide perovskite solar cell is established and
related to the impact of the halogen atom on the electronic structure,
DOS, PDOS, and optical properties of CsySiClg, Cs2SiBrg and Cs,Silg
crystals. In addition, we also report on the open circuit voltage (V) and
the elastic constant stability of these compounds by calculating their
formation energies. The present study has assessed the toxicity levels by
analyzing the provided reports.

These compounds’ unique properties can be leveraged in innovative
solar cell architectures, including tandem cells, quantum dot-sensitized
solar cells, and other novel device concepts that capitalize on their op-
toelectronic characteristics.

Theory and Experiment Synergy: The combination of theoretical
calculations and experimental characterizations can elucidate the rela-
tionship between band structure, DOS, and optical properties. This
synergy can guide material design and optimization for enhanced solar
cell performance.

2. Computational methods

The GGA with PBE method was used to structurally optimize the
CspSnlg, CsoSiClg, CsaSiBrg, and CsySilgerystals. For simulation, the
convergence criterion for the force between atoms was at2 x 107% eV/
atom, 1 x 107> A° acting the maximum displacement, and 1 x 1975 ev/
atom was accounted to the total energy. The same condition was also
applied to the CsySnlg, Cs2SiClg, Cs2SiBrg, and Cs,Silg systems, keeping
the cut-off at 523 and the k-point at 4 x 4 x 2.The investigation utilized
several pseudopotential techniques, including OTFG Ultra soft, OTFG
norm conserving, Ultra soft, and Norm conserving, in order to optimize
and identify the best appropriate strategy for attaining optimization.
Using the same condition, the GGA with PBE, GGA with RPBE, GGA with
PW9, GGA with WC, and GGA with PBEgo;, methods were applied to
calculate the electronic structure. Finally, LDA with CA-PZ was applied
to determine the electronic structure and optimization.

The structural, electronic, and optical properties of CsySnlg, Cs2SiClg,
Cs,SiBrg, and CsySnlg were designed to simulate using the 2 x 1 x 1 cell
models shown in Fig. 1(a), (b), 1(c), and 1(d), respectively. In order to
determine the electronic structure of the crystals of CsySnlg, CsSiClg,
Cs,SiBrg, and Cs,Silg, the method of GGA with PBE was first applied
using the CASTEP code from Material Studio 8.0 [13-17].Following
that, the calculation of the density of states and optical properties was
performed using the same set of parameters. We used the stress-strain
method to calculate the elastic stiffness constants of Cs;Snlg, Cs,SiClg,
Cs,SiBrg, and CsaSnlg at zero pressure. The application of the general-
ized gradient approximation (GGA) with the Perdew-Burke-Ernzerhof
(PBE) functional was employed in a uniform manner for all crystal
structures, with the aim of further investigating the computational
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Fig. 1. a) Optimized structure of Cs,SnBrg, b)Optimized structure of Cs,SiClg, ¢) Optimized structure of Cs,SiBrgand c) Optimized structure of Cs,Sil.

determination of the band gap.
3. Results and discussion
3.1. Optimized structure and lattice parameters

After the simulation, the stable structure of Cs2SnBre crystallizes in
the cubic F 3 m space group. Moreover, the Cs!* is bonded to six
equivalent X!~ atoms to form CsBrgshown in Fig. 1 with cubic-octahedra
shape. The a, b and c are 10.67 Z\, 10.67 A and 10.67 A which are fixed
for all crystals. All Cs-Br bond lengths are 4.27 A. Sn* is bonded to six
equivalent I'- atoms to form Snls octahedra that share faces. All Sn-Br
bond lengths are 2.91 A. Br'- is bonded in a distorted single-bond ge-
ometry to four equivalent Cs'* and one Si* atom. The Cs-site atoms are
located at the 8¢ Wyckof site and in the fractional coordinates (3/4, 3/4,
1/4), the Sn-site cations are at the 4a Wyckof site with the fractional
coordinates (0, 0, 0). Lastly, the X-anions are at the 24e Wyckof site with
the fractional coordinates (0.755, 1/2, 1/2). The values of the lattice
parameters for CspSnBrg, Cs2SiClg, Cs2SiBrg and CsaSilg were determined
from the studio of the materials after optimizing their crystal structures,
which had been listed in Table 1 as the basic structural unit, through the
four methods and trying to maintain its similar parameters getting a
comparative study at a point. In addition, it is noteworthy to highlight
that the structural optimization depicted in Fig. 1(a)-(d) was conducted
using the Generalized Gradient Approximation (GGA) with the Perdew-
Burke-Ernzerhof (PBE) functional. This optimization specifically
focused on investigating the electronic structure and optical properties
of a crystal composed of heavy metal atoms. The usual role of density
functional theory (DFT) was considered to be as such.

Investigating the relationship between the band gap, DOS, and

stability of these compounds is crucial for designing durable and
commercially viable solar cells. Additionally, understanding the toxicity
of these compounds is important for their safe use in photovoltaic
applications.

3.2. Electronic band structure

The band gap or energy gap of semiconductors is a term usually used
to describe the energy difference between the high-energy conduction
band (CB) and the low-energy valence band (VB). This region represents
a range of energy levels that are prohibited or disallowed. The presence
of a substantial difference in energy levels between the conduction band
(CB) and valence band (VB) is commonly acknowledged to hinder and
disturb the movement of electrons following the absorption of solar
radiation. This study employed the GGA with PBE functional as the
initial screening method for determining the structure and structural
geometry of CsySiBrg. The band gap of 2.434 eV was subsequently
determined using this approach. Additionally, it is observed that the
band gap of the generalized gradient approximation (GGA) with
Perdew-Burke-Ernzerhof (PBE) functional coincided with the reference
value of 2.450 eV for Cs2SnBr6. If the band gap of inorganic Pb-free
perovskite solar materials falls within the range of 0.9-1.6 eV, it is
possible for them to achieve an efficiency above 25 %. [18]. However,
the band gap in this study of Cs,SiClg, Cs2SiBrg, and Cs,Silg is stayed in
1.540 eV, 1.291 eV, and 0.261 eV, respectively by GGA with PBE which
is to maintain the reference of 25 % efficiency but the main crystal of
Cs2SnBry is not satisfied the band gap range in targeting 25 % efficiency.
Fig. 2(b)-2(t) show the calculated band structures for A;BXg and each
figure represents the band structure of a fixed A-site cation in the Bril-
louin zone along the high symmetrical direction, highlighting a

Table 1

Structural calculation by four methods of CspSnBrg, Cs,SiClg, Cs»SiBrg and Cs,Sile.
Compounds a b c a p 4 Crystal type Space group Density
Cs,SnBrg 10.67 A 10.67 A 10.67 A 90.00° 90.00° 90.00° Cubic Fm3 il 3.27 g em™
Cs,SiClg 10.67 A 10.67 A 10.67 A 90.00° 90.00° 90.00° Cubic Fm3 m 3.27 g em™
Cs,SiBrg 10.67 A 10.67 A 10.67 A 90.00° 90.00° 90.00° Cubic Fm3 7 3.27 g em™
Cs,Sils 10.67 A 10.67 A 10.67 A 90.00° 90.00° 90.00° Cubic Fm3 3.27 g em™
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semiconducting property. Next, the CsySiClg, Cs2SiBrg, and CsySilgare
shown as the direct band gap materials. Furthermore, the Fig. 2(b)-2(t)
demonstrate that the substitution of Cl with Br and the fixed presence of
B in X site cations result in a decrease in the band gap. Although the
PBE-GGA method predicts the Cs,SiClg, Cs2SiBrg, and Cs,Silg crystals are
as a semiconductor and both predicted crystals have narrow band gap
semiconductor properties [19-23]. This series of compounds’ k-path is
W-L-G-X-Z-K. The application of OTFG Ultra soft, OTFG norm
conserving, Ultra soft, and Norm conserving pseudopotential methods is
of paramount importance in elucidating the electronic structure of
crystals being studied.

As OTFG Ultra soft, OTFG norm conserving, ultra soft, and Norm
conserving of pseudopotential methods conveys the significance role for
determination of the electronic structure of studied crystals, the Table 2.

On the other hand, the second main finding of this study relates to
the comparative examination of five density functional theory (DFT)
functionals using the generalized gradient approximation (GGA) meth-
odology. This analysis is presented in Table 3 and employs the norm-
conserving pseudopotential technique. First of all, the GGA with PBE
is found to have the almost same value of experimental data for CsySnBryg
(Mother Crystal) as a result it is referenced as the more adequate method
for calculating the electronic structure. In addition, according to the
basis of the band gap study, the Cs,SiBrg may show the maximum solar
efficiency in perovskite.

The band gap of a semiconductor affects its ability to absorb light and
generate photoexcited carriers. CsySiClg, Cs2SiBrg, and CsaSilg exhibit
different band gap values due to the variation in halogen atoms (Cl, Br,
D). This allows for the tuning of the material’s absorption properties to
match specific regions of the solar spectrum, potentially enhancing solar
cell efficiency.

By exploring compounds with different halogen atoms, the band gap
can be tuned across a wide range. This versatility enables the design of
multi-junction or tandem solar cell configurations that can capture a
broader spectrum of sunlight, potentially improving overall efficiency.

3.3. Density of states (DOS) and partial density of states (PDOS)

The analysis of the density of states (DOS) and partial density of
states (PDOS) offers significant insights into the electrical characteristics
of a given system, encompassing the influence of orbitals and spin. The
provided illustrations serve to elucidate the role of electrons in the
development of electronic band structures and can be employed as a
means of comprehending the phenomenon of orbital splitting [25-28].
The concept of the Total Density of States (TDOS) pertains to the
comprehensive characterization of the distribution of electronic states
over various energy levels inside a given system. The total density of
states (TDOS) in CsySnBrg, CsySiClg, CsaSiBrg, and CsySilg crystals is
determined by the contributions of the constituent elements found in-
side these crystals, namely cesium (Cs), silicon (Si), tin (Sn), chlorine
(CD, bromine (Br), and iodine (I). The visualization and characterization
of the Total Density of States (TDOS) can be achieved through the uti-
lization of a plot, such as Fig. 3(a)-(f) and Fig. S1(a)-S1(k). This plot
effectively illustrates the distribution of electronic states in relation to
energy.

In general, the DOS is a concept used in solid-state physics to
describe the distribution of energy levels available to electrons within a
material. It plays a crucial role in understanding the electronic proper-
ties and behavior of materials, including semiconductors used in solar
cells. Perovskite solar cells, such as those based on Cs3SiXg compounds
(where X represents a halogen atom: Cl, Br, I), have gained significant
attention due to their potential for high-efficiency photovoltaic
applications.

The DOS of a material depends on its electronic band structure,
which describes the allowed energy levels and the corresponding elec-
tron states. However, providing specific density of state plots for these
Cs3SiXg compounds is not possible without detailed electronic structure
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calculations using methods like density functional theory (DFT) or other
quantum mechanical techniques.

Generally, the DOS of a semiconductor like these perovskite com-
pounds will show a continuum of energy states, separated by energy
band gaps. The band gap is the energy range that electrons cannot
occupy unless they gain enough energy to transition from the valence
band (lower energy states) to the conduction band (higher energy
states). The presence and size of this band gap significantly affect a
material’s electrical and optical properties.

Perovskite solar cells have been researched extensively, and their
DOS and electronic properties can vary based on factors such as the
specific chemical composition, crystal structure, and defects present in
the material. In these compounds, Cs;SiXe, the Cs represents cesium
ions, Si represents silicon ions, and X represents halogen ions (Cl, Br, I).
The choice of halogen can affect the band gap and other electronic
properties.

Fig. 3(a), which compares the DOS of Cs3SnBrg, CsSiClg, CsoSiBrg,
and Cs,Silg crystals, shows that Cs,Silgconfirms having a higher valance
band electron density than CsySnBrg, CspSiClg and Cs2SiBrg. The illus-
tration of the PDOS for CsySnBrg, Cs,SiClg, CsaSiBre, and CssSilg can be
found in Fig. 3(b—f) and Fig S1 (a-k), the nature of the elernentsﬁsl, and
5p® for Cs,3s2 and 2p° for Si,5s2 5pZand 4 d'° for Sn,3s?and 3p° for Cl,4s>
4p®and 3 d'° for Br, 5s2, 5p°and 4 d'° for I, has been explored to help the
explanation how electrons undergo hybridization and transition from
the maximum valence band (MCB) to the minimum conduction band
(MCB) as seen in the simulation of the DOS.

The electronic band structure, as well as the density of states (DOS)
and partial density of states (PDOS), exhibit a clear correlation with
chemical reactivity descriptors. The aforementioned characteristics
encompass the highest occupied molecular orbital (HOMO), the lowest
unoccupied molecular orbital (LUMO), and the HOMO-LUMO gap. The
highest occupied molecular orbital (HOMO) is indicative of the energy
level that accommodates electrons inside a given system, whereas the
lowest unoccupied molecular orbital (LUMO) signifies the energy level
that remains vacant. The HOMO-LUMO gap is defined as the disparity in
energy levels between the highest occupied molecular orbital (HOMO)
and the lowest unoccupied molecular orbital (LUMO). The aforemen-
tioned descriptors play a crucial role in ascertaining the reactivity and
electronic characteristics of a given substance or molecule. Through
analysis of the Density of States (DOS) and Projected Density of States
(PDOS) diagrams, it is possible to discern the energy levels associated
with the Highest Occupied Molecular Orbital (HOMO) and Lowest Un-
occupied Molecular Orbital (LUMO). The highest occupied molecular
orbital (HOMO) is observed as a discernible peak in the density of states
(DOS), whereas the lowest unoccupied molecular orbital (LUMO) is
typically observed as either the subsequent highest peak or as the onset
of a band. The energy difference between the HOMO and LUMO levels
can be used to ascertain the HOMO-LUMO gap. The HOMO and LUMO
energy levels, as well as the HOMO-LUMO energy gap, are significant
indicators of the chemical reactivity and electrical characteristics of a
given system. These phenomena exert an impact on various processes,
including electron transfer, light absorption and emission, and chemical
reactions.

Determining whether a material is p-type or n-type based solely on
its density of states (DOS) can be challenging because it depends on the
distribution of energy levels within the valence and conduction bands.
P-type and n-type behavior in semiconductors is primarily determined
by the majority carrier type (holes or electrons) and the presence of
acceptor or donor states, which are related to the position of the Fermi
level relative to the energy bands. In a p-type semiconductor, the Fermi
level (E_F) is situated closer to the valence band (VB) than to the con-
duction band (CB). This means that there is an abundance of holes
(positively charged carriers) in the material due to the presence of
acceptor states that are relatively close to the valence band. Acceptors
create energy levels within the band gap that can trap electrons, leaving
behind holes. This results in a DOS that has a higher density of states
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GGA with PBEgq,, for Cs,SnBrg, ) Band structure by GGA with PBEgqy, for Cs»SiCle, s) Band structure by GGA with PBEgq;. for Cs,SiBreg and t) Band structure by GGA
with PBESOL for CSZSiIﬁ.
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Table 2

Band gap by four pseudopotential methods, eV.
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Crystals OTFG Ultra soft OTFG norm conserving Ultra soft Norm conserving
GGAwithPBE ~ LDAwithCA-PZ GGAwithPBE  LDAwith CA-PZ GGAwithPBE  LDAwith CA-PZ GGAwithPBE  LDA with CA-PZ
Cs;SnBre (Mother 2.227 2.315 2.110 1.911 2.169 1.973 2.434 2.326
Crystal)
Cs,SiCls 1.468 1.397 1.339 1.402 1.401 1.436 1. 540 1.437
Cs,SiBre 1.231 1.144 1.296 1.171 1.227 1.145 1.291 1.256
Cs,Sils 0.207 0.116 0.212 0.105 0.201 0.128 0.216 0.182
Tabl is determined by the difference in energy levels between the highest
Ba de 3 ith t ious functional of cals. eV occupied molecular orbital (HOMO) of the donor electrons and the
and gap with respect to various functional of crystals, eV. . )
8ap P y lowest unoccupied molecular orbital (LUMO) of the acceptor electrons
Crystals GG‘; GGﬁ GG’; GG‘]: GG‘; Reference [30]. The Vo parameter is determined by the formula below [31]. Voc =
wit] wit] wit] wit wit]
PBE RPBE PWO1 WwC PBEsor, EHOMO(D) — ELUMO(A) — 0.3. . .
The LUMO-HOMO gap of the most chemically and physically stable
CsoSnBre  2.434  2.388 2233 2174 2161 E‘EO ev organic compound is commonly observed to fall within the range of
Cs:SiCls  1.540  1.502 1511 1.521 1.507 Newly 4.0-9.0 elect'ron vo’lts (eV). [32,33].Furthermore, 'a‘larger ene':rgy gap
Predicted serves as an indication of enhanced chemical reactivity and heightened
CsoSiBrg  1.291 1.249 1.265 1.251 1.236 Newly physical stability. Within the framework of HOMO, the presence of a
. N 202 102 ) Pred;“ed green hue indicates the positive node, whereas the navy-blue hue rep-
il . . . . . N - .
CsaSils 0216 0.209 0.20 019 0.194 Pree";i}c'te J resents the negative node of the orbital. In the case of LUMO, cyan color

near the valence band. In an n-type semiconductor, the Fermi level is
positioned closer to the conduction band than to the valence band. This
indicates that there are an abundance of electrons (negatively charged
carriers) in the material due to the presence of donor states. Donors
create energy levels within the band gap that can provide extra electrons
to the conduction band. From the Fig. 3(a), it is found the DOS of
CsSnBrg, Cs2SiClg, CsaSiBrg, and CsySilg, so, they are p-type materials.
P-type materials play a crucial role in the construction of solar cells and
other semiconductor devices, including perovskite solar cells like those
based on Cs;SiXg compounds (where X = Cl, Br, I). In a solar cell, a p-n
junction is formed between the p-type and n-type materials. The p-n
junction facilitates the separation of photo-generated electron-hole
pairs. P-type materials are used to form the other half of this junction,
allowing efficient charge separation and current generation. It’s
important to note that the choice of p-type material and its properties,
such as its energy levels, carrier mobility, and stability, greatly influence
the overall performance of the perovskite solar cell. Different com-
pounds like Cs,SiXg (X = Cl, Br, I) might exhibit different behavior based
on the specific p-type material used. Therefore, careful selection and
optimization of the p-type material are essential for achieving high-
efficiency perovskite solar cells.

The density of states (DOS) is closely linked to electronic transport
and charge recombination in a solar cell. Understanding and engineer-
ing the DOS in CsySnBrg, Cs2SiClg, Cs2SiBrg can lead to improved charge
carrier mobility, reduced recombination, and enhanced device perfor-
mance. Moreover, they are specific p-type material.

3.4. Photovoltaic application

The electrical potential difference of an electric device is related to
open circuit voltage (Vo) which completely depends on terms of HOMO
and LUMO for the organic solar cell [29].Moreover, the energy expen-
ded during the generation of the photo charge is attributed to the energy
difference between the valence and conduction bands, or alternatively,
the discrepancy between the highest occupied molecular orbital and
lowest empty molecular orbital. The effectiveness of charge transfer
between the donor and acceptor relies on the energy levels of the highest
occupied molecular orbital (HOMO) and lowest unoccupied molecular
orbital (LUMO) of both the donor and acceptor components. The open
circuit voltage (Voc) of a solar cell is influenced by the energy dissipa-
tion that occurs during the generation of photo charge. This dissipation

is positive and deep orange is negative shown in Fig. 4 and Fig. 2.The
current study presents the LUMO-HOMO gap values of crystals, which
are listed in Table 4 as 3.318 eV, 8.753 eV, 8.098 eV, and 6.718 eV,
respectively. However, the V, is found at 3.018, 8.453, 7.798 and 6.718
for CsySnBrg, CsoSiClg, CsoSiBrg, and Cs,Silg crystals, respectively where
the Cs;SiClg maintains the maximum value of V.,

3.5. Optical properties

The implementation of solids is significantly impacted by a range of
parameters, including band structure, excitations, impurity levels,
localized defects, and lattice vibrations. In addition, it is crucial to
examine optical parameters such as absorption, refractive index,
dielectric function ¢(w), optical conductivity, and loss function [34].The
primary characteristic associated with the reflectivity of a surface is its
ability to reflect radiant energy. This term pertains to a specific portion
of electromagnetic radiation that experiences reflection when it en-
counters a boundary, which is commonly referred to as the incident
wave. The phenomenon of reflectance can be understood as the response
of a material’s electrical structure to an electromagnetic field generated
by light. The aforementioned property typically relies on the charac-
teristics of the light, including its frequency or wavelength, polarization,
and angle of incidence. Several previous research studies have provided
evidence that reduced reflectivity is a reliable indicator of increased
absorption of ultraviolet (UV) or visible light [35-39]. Fig. 5 shows the
reflectivity of CspSnBrg, Cs2SiClg, CsaSiBrg, and CsySilg at energies
ranging from 0.0 to 5.0 eV. Initially, Cs,Sils had a reflectivity of about
0.45, while Cs,SiClg and Cs,SiBrg had reflectivity of 0.35 and 0.25,
respectively. The reflectivity of CsaSnBre increased gradually with
increasing photon energy to reach 0.32, whereas the reflectivity of
Cs,SiClg, CsaSiBre, and Cs;Silg decreased until energy 2.5 eV.

Fig. 6 displays calculated absorption coefficients a (o) for crystals of
CspSnBrg, CspSiClg, CsaSiBrg, and CspSilg with absorption edges at
0.2-2.5 eV that are reasonably in agreement with the corresponding
band gap. The absorption peaks that have a positive correlation are
ascribed to the electronic transitions that take place between bonding
and anti-bonding states [40]. The maximum absorption spectra of
Cs,SiClg, Cs2SiBre, and CsySilgare higher than CseSnBrg in the visible
energy range. As a result, the Si atom is a viable alternative to Sn atom in
inorganic perovskite solar cells. The maximum of the absorption peaks
within this group (Cs2SiXe) significantly decreases as photon energy
raises as a result of increasing halogen radii. The leftover compounds
demonstrate ultraviolet peaks that are suitable for utilization in optical
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a)

e)

Fig. 3. a) Total DOS for Cs,SnBrg, Cs,SiClg, Cs2SiBrg, and Cs,Sils, b)Partial Density of States forCs,SnBrs, ¢) Partial Density of States forCs,SiClg,d)Partial Density of
States forCs,SiBrg, e)Partial Density of States for Cs,Sile, f) Cs atom forCs,SnBre.
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Table 4
Data of HOMO, LUMO Open circuit voltage.
Cs,SnBrg Cs,SiClg Cs,SiBrg Cs,Silg Formula
LUMO, eV —3.623 —0.587 —0.546 -0.771
HOMO, eV —6.941 —9.340 —8.644 —7.489
AE, 3.318 8.753 8.098 6.718 Egap = (Erumo —
(LUMO- Enomo) ~ IP — EA
HOMO)
gap
Open 3.018 8.453 7.798 6.718 Voc = EHOMO(D) —
circuit ELUMO(A) — 0.3
voltage
(Voo), €V
0.4
= (s,SnBr,
——Cs,SiCl,
= Cs,SiBr,
0.3 1 s
Cs,Sil,
£
=
= i
c y
= 0.2 g
&
0.1 1
T T T T T T T T T

Photon energy (eV)

Fig. 5. Reflectivity.
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Fig. 6. Absorption.

devices operating within this specific wavelength range. The efficacy of
the spectroscopic-limited maximum efficiency (SLME) criterion in
assessing the photovoltaic efficiency of a solar absorber has been suc-
cessfully proven [41]. This study examines various aspects including the
band gap, optical absorption spectrum, recombination mechanism, and
fundamental transition. Fig. 6 depicts the computed SLME for our
compounds. CsSiClg, CspSiBrg, and CsySilg crystals have a higher

Hybrid Advances 4 (2023) 100084

spectroscopic-limited maximum efficiency than the Cs;SnBrg, which can
be attributed to their favorable band gap and optimal light absorption.

The refractive index is an essential and distinctive physical property
that holds significant importance in the characterization of materials,
specifically in the domain of semiconductors. The determination of a
semiconductor’s refractive index relies on the analysis of its band gap
[42]. The growth circumstances of III-V alloy semiconductors have a
substantial impact on their properties, mostly due to the presence of
defects, mismatches, and impurity diffusion inside the bulk of the
semiconductor [43].The refractive index of Cs;SnBrg, Cs3SiClg, Cs2SiBre,
and Cs5Silg as a function of photon energy is shown in Figs. 3(a) and S3
(b). For crystals of CspSnBrg, CsySiClg, CsaSiBrg, and CsySile, the
refractive index is at 1.9, 1.7, 2.1, and 2.6 in the infrared region (0.2
eV-1 eV), drops quickly in the visible region, and then rises once more in
the ultraviolet region up to 5 eV. The refractive index demonstrates a
noticeable rise within the infrared range, followed by a progressive
decrease in the visible and ultraviolet ranges. A uniform reflectance
value of 100 % was consistently recorded across the energy range
spanning from 2.2 to 30 electron volts (eV) [44]. Consequently, the
results show that Cs,SiClg, CsoSiBrg, and CsoSilg are the best reflectors
and can also reduce solar heating [45]. The reflectivity refractive index
spectrum of Cs,Silg is always significantly larger than among Cs;SnBrg,
Cs,SiClg, and Cs2SiBrg crystals.

Fig. 7(a) and (b) contain real ¢1(») and imaginary ¢2(o) parts of the
dielectric function. The real part of the dielectric constant of Cs;Silg is
much greater than others, and the larger value of the dielectric constant
indicates the large efficient light absorption. The observed phenomenon
possesses the capability to reduce the occurrence of radioactive electron-
hole recombination and facilitate the maintenance of low levels of
charge defects [46]. It is clear from Fig. 7(a) that the real part, ¢1(w) of
Cs,SiClg, Cs2SiBrg and CsySilg are shifted towards the visible region by
replacing the halide ions (Cl-Br—I) across the selected compounds,
resulting in an increase in €1(®), and shifting of peaks towards the low
energies. In the case of the imaginary parts of the dielectric function, the
threshold energies of 2.434 eV (Cs2SnBrg), 1.540 eV (Cs2SiClg), 1.291 eV
(Cs3SiBrg), and 0.216 eV (Cs,Silg) are found shown in Fig. 7(a) and (b).
The estimated intensities of £2(w) for the compounds containing iodide
exhibit a higher magnitude in comparison to the compounds containing
bromide and chloride, as depicted in Fig. 7 (b). The primary factor seems
to be that the band gap of the preceding phases is somewhat smaller than
that of the subsequent ones. Based on the principles outlined in the
Fermi golden rule, it can be observed that compounds containing
bromine (Br) and chlorine (Cl) have a comparatively reduced transition
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Fig. 7. a). Dielectric Function (Real part).
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probability [47].

The determination of conductivity and the majority of charged re-
actions heavily relies on the analysis of the band gap and optical fre-
quencies associated with electrical conduction [48]. The term
“electronic conduction” pertains to the ability to facilitate the movement
or transfer of unbound electrons by providing the necessary energy for a
transition. Furthermore, optical conductivity determines the free elec-
tron in the valance bond. The Fig. S4 depicts the conductivity spectra of
Cs,SiClg, CsySiBrg, and Cs,Silg crystals at 0.2-5.0 eV and demonstrates
the semiconductor nature of CspSnBrg, CssSiClg, Cs2SiBrg, and CssSilg
crystals. From Fig. 4, it is found that the conductivity of Cs,Silg is ach-
ieved the largest possibility for the free electrons transition after 4.0 eV
although other crystals show the similar trend having the changing of
halogen.

The Fig. S5 conveys the computed energy loss spectra. In order to
fully understand the excitation spectra obtained from screening, it is
beneficial to have a thorough understanding of the energy loss function
of materials. This information is essential since it represents a significant
constraint within the dielectric formalism [49], as well as speed of
electron transports in a material [50], valence inter-band transitions or
electrons in the atom’s outer shell [51]. Additionally, the loss function
consists of two discrete photon energy areas, specifically the lower
photon energy region and the higher photon energy region, which are
relevant to crystal materials. The dielectric function refers to the
response of a semiconductor to an external electromagnetic disturbance,
as observed by the energy loss function. In comparison to Cs»Sile, the
energy loss functions of CsySnBrg, Cs2SiClg, and Cs,SiBrg are all quite
low in the visible energy range.

The optical properties of these crystals, such as absorption and
emission spectra, can be tailored by adjusting their composition. This
tuning can enable efficient light absorption and charge generation,
contributing to higher power conversion efficiencies in solar cells.

3.6. Aquatic toxicity

The public’s view and acceptance of perovskite solar cells are
impeded by apprehensions over their toxicity, primarily attributed to
the inclusion of lead. The subject matter in question has incited dis-
cussions and resistance, notwithstanding the acknowledgment of the
industrial significance of CdTe solar cells, which consist of hazardous
heavy metals, dating back to the 1990s. Despite apprehensions
regarding their potential health and environmental ramifications [52].
The second notable issue concerns the biodegradability and instability of
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crystals. The presence of great biodegradability in these crystals holds
considerable promise for the reduction of environmental and health
risks [53].

Aquatic toxicity refers to the investigation of the effects of both
anthropogenic and natural compounds on aquatic species. These effects
can have significant consequences on entire ecosystems and commu-
nities by impacting individual organisms.

The AMES toxicity of the mentioned perovskite compounds (Cs2SiXe,
where X = Cl, Br, I). The AMES test is a bacterial reverse mutation assay
used to assess the mutagenic potential of chemicals or compounds.
Toxicity studies and assessments can change over time as new research
is conducted and more data becomes available. It suggests that these
compounds have exhibited mutagenic potential in the AMES test, which
could indicate that they have the potential to cause genetic mutations. If
these compounds have indeed shown positive results in the AMES test
for mutagenicity, it raises concerns about their safety, especially in
terms of potential effects on human health and the environment. Further
assessment and research would be necessary to understand the extent of
their toxicity, potential exposure pathways, and appropriate safety
measures to mitigate their negative impacts. It is concerns for CsySnBrg
but not applicable for CspSnClg and CsySnlg due to having no AMES
toxicity. Secondly, all of newly designed crystals are not carcinogenic
but parent crystal of lead (CsyPbBrg) can show carcinogenetic character
even not found the inhibition character show in Table 5.

(Cs2SiXg, where X = Cl, Br, I) are inorganic compounds, and in
general, inorganic compounds tend to have low or no biodegradability.
This means that they are not easily broken down by natural biological
processes, unlike organic compounds that contain carbon-carbon or
carbon-hydrogen bonds which are typically more susceptible to
biodegradation. As a result, (Cs»SiXe, where X = Cl, Br, I) might exhibit
toxicity to various organisms, including aquatic life, plants, and poten-
tially humans, depending on the specific compound and its properties.

Water solubility is an important property that affects how a chemical
compound interacts with water and its potential for dispersion in the
environment. The water solubility value of a compound can influence its
transport, distribution, and potential impact. For compounds like
$2SiClg, Cs2SiBrg, and CsySilg, which are inorganic compounds, their
water solubility values can have various environmental impacts. It’s
important to note that the specific impacts depend on the water solu-
bility value, the toxicological properties of the compounds, their con-
centrations in the environment, and the characteristics of the ecosystems
they interact with. To fully assess the potential impacts of s5SiClg,
Cs,SiBrg, and Cs,Silg, additional information about their water solubil-
ity values and toxicological profiles would be needed.

Investigating the relationship between the band gap, DOS, and sta-
bility of these compounds is crucial for designing durable and
commercially viable solar cells. Additionally, understanding the toxicity
of these compounds is important for their safe use in photovoltaic
applications.

4. Conclusion

In this study, using the same condition, the GGA with PBE, GGA with
RPBE, GGA with PW9, GGA with WC, and GGA with PBEgo;, methods
have been employed using first principles of DFT to calculate the elec-
tronic structure and electronic band gap of perovskites A;BXg (A = Cs,
B=Si; and X = Cl, Br, and I). Among the several approaches considered,
the GGA with PBE method was found to be the most accurate for elec-
trical structure calculations, as it closely matched the experimental data
on band gap. Additionally, the GGA with RPBE method exhibited a
similar level of accuracy to the GGA with PBE method. Secondly, the
calculated electronic structure of AyBXe family is a narrow band gap
contained Cs,SiClg, Cs2SiBrg, and CsySilg crystals. The band gap was
obtained in the optimal range of 0.9-1.6 eV only for Cs,SiClg (1.540 eV),
Cs,SiBrg (1.291 eV), and Cs,Silg (0.216 eV) among the entire group of
compounds studied. Thirdly, an alternative method for the Local Density
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Table 5
Aquatic and non -aquatic toxicity.
Crystal AMES Inhibition  Carcinogenicity =~ Water Acute Oral Oral Rat Acute  Honeybee Fish T.Pyriformis Biodegradation
toxicity solubility, Toxicity, Toxicity Toxicity Toxicity toxicity (log
Log S kg/mol (LD50) (mol/ pLC50 mg/ pg/L)
kg) L
CsyPbBrg  Yes No Yes —3.368 0.490 2.781 High 1.417 High 1.228 High Not readily
(high) biodegradable
CspSnBrg  Yes No No —4.532 0.473 2.751 High 0.8185 1.128 High Not readily
(slightly High biodegradable
Cs,SiClg No No No —4.757 0.388 3.006 low 0.8616 0.954 High Not readily
High biodegradable
Cs,SiBrg  Yes No No —4.464 0.473 2.751 High 0.818 High ~ 1.128 (High)  Not readily
(slightly biodegradable
Cs,Silg No No No —3.417 0.440 2.821 low 0.767 low 0.845 low Not readily
biodegradable

Approximation (LDA) demonstrates notable differences in the calcula-
tion of electronic structure for the crystals being studied, suggesting that
the Generalized Gradient Approximation (GGA) is somewhat more ac-
curate than LDA methods. In general, a significant association is
observed between the ideal band gap and the attainment of high solar
efficiency. Materials that demonstrate a high level of solar effectiveness
have the potential to be utilized in single-junction solar cells. All the
crystals stay in the band gap region of more than 25 % solar efficacy
which is more verified by the calculation of open circuit voltage (Voc).
In the case of V., the value of crystals (CsSnBrg_ Cs2SiClg, Cs2SiBre, and
Cs,Silg) is in 3.018, 8.453, 7.798 and 6.718 eV, respectively. However,
the V. indicates the better efficiency for all crystals where CsSiClg
shows the highest value. Moreover, it is likely that the differences in
electronegativity or atomic size among the atoms present in the X-sites
are accountable for the observed discrepancies in the band gap. It has
been shown that there is a negative correlation between the atomic size
of halides and the band gap, wherein an increase in atomic size leads to a
decrease in the band gap. Based on computer research, it has been
observed that an increase in the atomic size of halide ions can lead to a
corresponding enhancement in solar efficiency. Furthermore, we con-
ducted calculations on the optical properties of these substances, such as
reflectance, absorption, refractive index, complex dielectric function,
conductivity, and loss function, in order to provide evidence for their
potential applicability in various optoelectronic applications. In
conclusion, the newly developed crystals demonstrate an absence of
carcinogenic activity, while the crystals containing lead do not possess
this characteristic. In addition, these substances demonstrate a low level
of AMES toxicity and possess favorable solubility characteristics. In
summary, it can be asserted that these materials do not possess inherent
stability and may not easily undergo biodegradation, thereby presenting
a possible environmental risk due to their ability to disperse widely.
However, investigating the environmental impact of these compounds,
considering factors like toxicity and long-term stability, is crucial for
their practical use in solar cell technologies.
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