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Effects of Cr- and Mn-alloying on the band gap
tuning, and optical and electronic properties of
lead-free CsSnBr; perovskites for optoelectronic
applications

Md Ibrahim Kholil®®* and Md Tofajjol Hossen Bhuiyan™

Nowadays, lead-free metal halide perovskite materials have become more popular in the field of
commercialization owing to their potential use in solar cells and for other optoelectronic applications. In
this study, we used density functional theory to determine the different optoelectronic properties, such
as structural, optical, electronic, and elastic properties, of pure CsSnBrz and metal (Cr/Mn) alloyed
CsSnBrs. The present study suggests high absorption with a narrow band gap, a high dielectric effect,
high conductivity, and reasonable reflectivity in the visible region under metal alloying. The calculated
absorption coefficients indicate that the absorption edge mainly shifted (red-shift) towards the lower
energy region in the event of alloying, and a clear peak was observed in the visible region. The creation
of an intermediate state (dopant level) in the band structure of the alloying samples allows excited
photoelectrons to transfer from the valence band to the conduction band. The alloying materials exhibit
a highly ductile nature and are mechanically stable as pristine samples. The alloying effects seen in the
present investigation suggest that Mn-alloyed CsSnBrs is remarkable, showing appropriate characteristics
for use in solar cell devices and for other optoelectronic applications in comparison with other lead-free

rsc.li/rsc-advances (toxin-free) perovskite materials.

1. Introduction

Metal halide perovskite series semiconductor type materials
have recently gained significant interest in the scientific
community owing to their high performance in solar cell
applications and their extraordinary optoelectronic properties,
including their high absorption of visible light with a narrow
band gap, excellent mobility of the charge carrier, high dielec-
tric value, high conductivity, reduced reflectivity, reduced
charge carrier recombination rate, and low excitation binding
energy.”” This family of semiconductors with the chemical
formula ABX; (in which A represents the positive ion, B reveals
the metal ion, and X is a halogen anion) are also used in elec-
tronic devices, such as photodetectors, light-emitting diodes
(LEDs), and solar-to-fuel energy conversion devices owing to
their unique optoelectronic features.*® Moreover, nowadays,
metal halide semiconducting materials are more efficient and
profitable to use in photovoltaic applications compared to
silicon-based technology.’ In particular, the perovskite mate-
rials are affordable and numerously available on earth. There-
fore, research into these materials has shown rapid progress in
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the scientific community, as well as having potential uses in
photovoltaic applications.

Among the perovskites materials that have attracted signif-
icant interest owing to their excellent power-conversion effi-
ciencies in device applications, the majority are lead halide
perovskites. Although these materials reveal potential features
for photovoltaic applications, these materials are not suitable
owing to their anti-environmental nature. Consequently, lead
halide perovskite materials are not friendly in nature owing to
the presence of toxic Pb, and hence significant concerns natu-
rally arise about their practical uses in device applications. For
instance, the combination of Pbl, as a Pb-based perovskite
material is noxious under environmental conditions.” On the
other hand, lead-based perovskites show some drawbacks in
device applications such as device instability and J-V hyster-
esis.’ Therefore, researchers have aimed to replace the Pb
contained in perovskites with a suitable metal cation. As
a consequence, several theoretical and experimental investiga-
tions have been published in the literature in recent years
concerning the replacement of Pb."*"**

The optical properties of the Pb free perovskite material
CsSnBr; reported by Roknuzzaman et al.* reveal a medium
absorption and reduced conductivity in the visible region.
Consequently, CsSnBr; is not suitable for practical uses in solar
cells and other optoelectronic applications. Although this

This journal is © The Royal Society of Chemistry 2020
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material is ductile in nature, it shows a large experimental band
gap value of 1.75 eV.** The wider band gap is also another
reason for failure in device applications. A suitable metal alloy
can reduce the wider band gap by creating a dopant level and
significantly enhance the absorption in the visible region, as
well as the conductivity. Therefore, in this study, we have
created a plan to alloy a specific metal in the Sn position of
CsSnBr; that reduces the wider band gap and, hence, poten-
tially improves the absorption of the whole region in the solar
spectrum.

Coduri et al. recently experimentally studied the metal
halide perovskite CsSnBr; in order to tune the structural and
optical properties for potential use in photovoltaic (PV)
applications.” In 2018, Mahmood et al.*® theoretically pre-
dicted the mechanical, optoelectronic and thermoelectric
properties of CsSnBr; for solar cells, optoelectronic, and
thermoelectric devices, but the calculated band gap is rela-
tively large compared to the experimental band gap (1.75). In
2011, Brik" calculated the electronic, optical, and elastic
properties by using density functional theory (DFT) and sug-
gested that the material possesses a very small band gap.
Although the material shows a narrow band gap, the calcu-
lated value of the Poisson's ratio is 0.0809, which reveals that it
is brittle in nature. Another perovskite material CsGel; studied
by Roknuzzaman et al.™* suggested that it was the best inor-
ganic metal halide perovskite, but their study revealed the
brittle nature of CsGel;. On the other hand, their study
revealed that the conductivity of CsGeBr; and CsGeCl; perov-
skites are not desirable compared to the CsGel; perovskite, but
these are good compared to the lead halide perovskites. As
a consequence of the lack of perovskites to use in optoelec-
tronic applications, several doping effect calculations have
been carried out to tune the band gap and enhance the opto-
electronic properties.”**** It has been previously reported that
the metal-doped CsGeCl; has a Poisson's ratio that lies in
a critical position. Therefore, CsGeClj; is not considered highly
ductile in nature.'® On the other hand, CsSnCl;, using metal
doping, was reported in the literature and a high absorption
and high conductivity were predicted, but the metal-doped
samples revealed a high reflectivity. In contrast, metal-doped
CsGeBr; predicted by Islam et al.*> suggested an enhanced
band gap nature, but the material reveals a medium absorp-
tion and reduced conductivity in the visible region. The
symmetry of a supercell is essential to finding the appropriate
characteristic, which is not found in the metal-doping band
structures available in the literature.'®'® On the other hand, we
used supercell symmetry (as shown in the high symmetry
points in Fig. 5) that represent our calculation compared to
others. Therefore, in the present study, we aim to investigate
the metal (Cr/Mn) alloying effect in CsSnBr; to determine the
narrow band nature, as well as the optimum absorption and
conductivity nature with reduced reflectivity in the visible
region by using DFT. Furthermore, we also examined the
nature of the ductility along with other elastic properties.
Finally, we aim to create a comparison of significant features
among the lead-free perovskite materials with our metal-
alloyed CsSnBr; samples.

This journal is © The Royal Society of Chemistry 2020
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2. Computational methods

The DFT**** based computation investigations were performed
by using the Cambridge Serial Total Energy Package (CASTEP)
code® with the aid of the plane-wave pseudopotential. The
ultrasoft pseudopotential is used here as a Vanderbilt type for
the description of electron-ion interactions.”® The geometry
optimization was performed using the generalized gradient
approximation (GGA) within the Perdew-Burke-Ernzerhof
(PBE) functional for exchange-correlation interactions.> For
the geometry optimization calculations, the plane wave cutoff
energy was set to 600 and 350 eV for the pristine sample CsSnBr;
and the metal (Cr/Mn) alloyed CsSnBr;. A high symmetry points
(k-points) mesh was used of 14 x 14 x 14 and 3 x 3 x 3 for the
pure form of CsSnBr; and alloyed form of CsSnBr; to ensure
better convergence.> The ground state position of the crystal
structure was confirmed by minimizing the total energy,
internal forces, and external stresses, as well as using BFGS
(Broyden-Fletcher-Goldfarb-Shanno) techniques.?® The single
elastic constant was calculated by using the finite strain theory®”
and the theory employed set homogeneous strains, which were
performed on the unit cell to relax the atomic degree of
freedom.* In the set of the homogeneous strain, there are six-
stress components ¢; that work in a unit cell under each
strain d;. A scissor value of 1.196 was employed during optical
properties analysis to diminish the band gap within the theo-
retical (0.5539 eV) and experimental (1.75 eV) one. The formula
that was used to calculate the present optical properties is
available in the literature.”®

3. Results and discussion

3.1. Structural properties

The lead-free (non-toxic) metal halide CsSnBr; perovskite crys-
tallizes in a cubic structure with the space group Pm3m (no. 221)
and the unit cell consists of five atoms (one Cs atom, three Br
atoms, and one Sn atom). The fractional coordinates of these
atoms are (0, 0, 0) for Cs with a 1a Wyckoff site, (0.5, 0.5, 0.5) for
Sn with a 1b Wyckoff site and (0, 0.5, 0.5) for Br with a 3¢
Wyckoff site, respectively."* Here, we constructed a 2 x 2 X 2
supercell of the cubic unit cell for alloying (Fig. 1). Therefore,
the unit cell increases eight times in the supercell, as well as an
eight-fold increase in the number of atoms. Generally, in the
supercell 8 Sn atoms are found (one in the unit cell) and one of
these atoms is replaced by a Cr/Mn atom (substitutional alloy-
ing). Herein, the substitutional alloying is considered to be
12.5% and hence the following formula is found, CsSng g;5-
Cro.125Brz or CsSngg;sMng 1,5Brs. The optimized structural
parameter results for the pure cell and alloying cells are tabu-
lated in Table 1. The calculated equilibrium structural param-
eters a and V are in good agreement with the available
experimental and theoretical results. It is perceived that the
structural parameters are reduced owing to metal alloying. The
observed change in the lattice parameter and unit cell volume of
the alloyed samples occurred as a result of the smaller value of
the ionic radii of the (Cr/Mn) dopant elements [Cr*" (0.73
A)/Mn*" (0.67 A)] compared to the Sn atom [Sn*" (1.10 A)]."**
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Fig. 1 The crystal structure of CsSnBrs: (a) unit cell and (b) constructed (2 x 2 x 2) supercell.

Table 1 The calculated lattice constant a (A), and unit cell volume V (A3 of the pristine unit cell and metal-alloyed CsSnBrs

a(a)
Phase This work Other work Experimental V(A%
CsSnBr; 5.881 5.882 (ref. 11), 5.750 (ref. 17) 5.804 (ref. 30), 5.800 (ref. 14) 203.40
CsSn,_,Cr,Brs 5.816 — — 196.73
CsSn,_,Mn,Br; 5.812 — — 196.33

3.2. Optical properties

Studying the optical properties of material provides essential
information about the light energy interactions with
substances. The optical behavior is crucial to understanding the
inner electronic configuration of a substance, and thereafter the
efficient uses in the field of photovoltaic applications, such as
solar cells. The lead-free (non-toxic) pure material CsSnBr;
reveals a medium quality absorption and reduced optical
photoconductivity, and hence the pure form of the material is
not more desirable for use in solar cell technology." Accord-
ingly, we performed a detailed calculation of the different
optical functions, such as the absorption spectra, reflectivity,
photoconductivity, and dielectric function of the intrinsic and
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transition metal alloyed (Cr and Mn) non-toxic CsSnBr; perov-
skite to determine the optimum properties for solar cell devices,
as well as other optoelectronic applications.

The calculated absorption spectra of pure CsSnBr; and
alloyed CsSnBr; perovskites are shown in Fig. 2. The absorp-
tivity nature of material defines how much energy is absorbed
when light energy penetrates the substance. During the pene-
tration, the penetration of the light energy decreases until it is
fully absorbed by the materials. The nature of absorption can be
determined by the quality of the absorption coefficient, as
shown in Fig. 2. The absorption coefficient provides an idea of
the capability of a substance to achieve the highest solar energy
conversation, and hence whether it is a suitable high
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Fig. 2 Absorption spectra of pristine and metal-alloyed CsSnBr3 as a function of (a) light energy and (b) the wavelength of light.
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performance material for use in solar cell devices. The absorp-
tion spectra are presented in Fig. 2a as the photon energy.
Fig. 2a proves that the alloyed absorption spectra is significantly
shifted towards the lower energy region (red-shift). Both the Mn-
and Cr-alloyed spectra reveal high absorption in the visible
energy region. The addition peak has also been observed for the
Mn- and Cr-alloyed absorption spectra. The Mn-alloyed CsSnBr;
reveals the greater absorption coefficient compared to that of
Cr-alloyed CsSnBr;. The clear reason for this separation
between the two-alloyed samples is revealed in the section on
electronic properties. On the other hand, the absorption coef-
ficient of the pure form of CsSnBr; revealed that there are no
high peaks in the visible energy region compared to the alloyed
samples. The enhanced absorption coefficient of CsSnBr; is
achieved in the visible region owing to the metal alloying effect.

The absorption coefficient as a function of the wavelength of
light was also investigated to ensure the light absorption
phenomena in the visible region and the results are presented
in Fig. 2b. The observed results of the absorption coefficient as
a function of the wavelength are higher for both the alloyed
samples compared to the pristine sample. A significant change
has also been noted from Fig. 2b between the pure and alloyed
materials owing to the metal-alloyed effects in the whole region.
Semiconducting materials with a wider band gap are capable of
capturing 4% of the ultraviolet (UV) light of the solar energy that
arrives on Earth.** On the other hand, the materials are capable
of capturing visible light that makes up about 43% of the solar
energy spectrum.*” Consequently, the pure form of the CsSnBr;
perovskite with a wider band gap (1.75 eV) does not have the
ability to properly utilize the visible light energy of the solar
spectrum and hence is not preferable to use in the solar cell.
The visible light absorption of the Mn-alloyed CsSnBr; showed
more absorption compared to the Cr-alloyed. Considering the
absorption nature, it is concluded that the Mn-alloyed sample
could be an appropriate candidate for utilization of the solar
energy spectrum and hence its performance might be suitable
for use in solar cells.

The calculated optical conductivity (real part) or photocon-
ductivity spectra is shown in Fig. 3a, which is responsible for the
electrical conductivity and hence increases owing to the
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absorption of incident light energy. The optical conductivity is
calculated for up to 12 eV of photon energy. The conductivity of
Cr- and Mn-alloyed CsSnBr; is approximately equal above the
photon energy 4.0 eV. A very sharp peak is observed in the low
energy region for both metal-alloyed cases. The conductivity of
the Mn-alloyed is higher compared to the Cr-alloyed, as shown
clearly in the low energy region. In the low energy region, the
highest conductivity is observed owing to the higher absorption
that occurs in the visible region (Fig. 2).

The reflectivity of a material measures the ability of a mate-
rial to reflect the incident light energy of the material surface
and hence this phenomenon is crucial for determining a suit-
able substance for photovoltaic applications. The optical func-
tion, reflectivity, is calculated for up to 20 eV photon energy, and
the calculated reflectivity spectra are shown in Fig. 3b for both
pure and alloyed samples. The calculated reflectivity spectra
show that a low reflectivity is exhibited over the energy region
for a pristine sample, whereas the alloyed sample exhibited
a higher reflectivity. However, the reflectivity of the metal-doped
CsSnBr; was comparatively small in comparison to CsSnCl; and
CsGeCl;.'®"° Peaks are also observed for the alloyed materials in
the UV region and the reflectivity becomes zero at around 17 eV.
From Fig. 3b, it can be seen that the reflectivity of the Mn-
alloyed material is higher compared to the Cr-alloyed mate-
rial. Consequently, the high reflectivity of the alloyed sample is
not suitable for solar cell applications. In that case, further
investigation should be performed to reduce the higher reflec-
tivity in the visible region of the metal-alloyed CsSnBr; perov-
skites, which may significantly enhance the absorption and,
hence, may increase the performance of the solar cells.

The real and imaginary parts of the dielectric function
(Fig. 4a) are calculated up to a photon energy of 12 eV. Studying
the dielectric function is essential to understanding the infor-
mation about the charge-recombination rate, as well as the
efficiency of optoelectronic devices.*® The high static value of
the dielectric function is important to reducing the high charge-
recombination rate to a low charge-recombination and hence
significantly improves the performance of optoelectronic
devices. The studied real part and imaginary part clearly
represent the remarkable dielectric value of the alloyed
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Fig. 3 Calculated optical spectra: (a) conductivity and (b) reflectivity of pure and (Cr/Mn)-alloyed CsSnBrz perovskite.
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Fig. 4 The (a) real part and (b) imaginary part of dielectric function as a function of the photon energy of the pristine and alloyed materials.

material, whereas the pure form of CsSnBr; has a negligible
effect compared to the alloyed material. In comparison, the
wider band gap material shows a low dielectric value.** In
addition, the band gap increases, whereas the value of the
dielectric constant decreases.®® As a result, the free carriers
decrease during the increasing band gap and hence there is
a decrease in the value of the dielectric constant. Therefore, the
studied metal-alloyed material shows a high dielectric value
owing to the lower band gap compared to the pristine material,
which is clearly shown in the electronic band structure. The
imaginary part of the dielectric function (Fig. 4b) is responsible
for a clear representation of the electronic band structure and
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the optical function, such as the absorptive behavior of
a material.*® The sharp peaks of the imaginary part of dielectric
functions in the visible region indicate that high absorption
occurs in the visible region, which is clearly shown in the
absorption spectra (Fig. 2). The Cr-alloyed and Mn-alloyed
material both have a high dielectric constant value, but the
Mn-alloyed material is comparatively high, and hence the Mn-
alloyed material is expected to be a promising candidate for
optoelectronic applications. The studied metal-alloyed sample
becomes transparent in the high-energy region (above 7 eV)
owing to the negligible dielectric effect.
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Fig. 5 Electronic band structures: (a) the pure unit cell, (b) the 2 x 2 x 2 supercell, and (c) the Cr-alloyed and (d) the Mn-alloyed CsSnBrs

perovskite.
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Table 2 Electronic band gap (Eg) values of pure and metal-alloyed
CsSnBrz

Electronic band gap, E, (in eV)

Sample This study Other calc. Expt.

CsSnBr; 0.614 0.615 (ref. 11), 0.64  1.75 (ref. 14)
(ref. 37)

CsSn,_,Cr,Brs 0.726 —_ —_

CsSn; _,Mn,Br; 0.422 — —

3.3. Electronic properties

To elucidate the optical function of CsSnBr3;, here, we calculated
the electronic band structure represented in Fig. 5. Generally,
we know from the semi-conductive theory, the band close to the
Fermi level is significant for revealing the physical performance
of a material. The semi-conductive theory further states that the
valence band (VB) maximum and conduction band (CB)
minimum represent the band gap. Therefore, we mainly focus
on the VB and CB close to the Fermi level to signify the
performance. Fig. 5a represents the band structure of pure
CsSnBr;. The maximum of the VB and the minimum of the CB
reveals a R high symmetry point that indicates the direct band
gap material. The calculated band gap is 0.614 eV. This band
gap value of pure CsSnBr; is well-matched with the band gap
values published by Roknuzzaman et al.** and Korbel et al.,*”
which indicates the reliability of the present work. The calcu-
lated band structure of the pure supercell (eight times) (Fig. 5b)
also reveals the direct band gap semiconductor with the band
gap (E; = 0.5539 eV) at the R k-points. The pure supercell results
are consistent with those of the pure unit cell. The observed
band gap results of the pure single-cell and pure supercell
represent the large difference with an experimental band gap
value, 1.75 eV,* which occurs due to the GGA process. Under-
estimation is usually a significant limitation of the GGA process
and this emerged mainly because of the correlation effects and
electron-electron exchange approximation. Using hybrid func-
tions*® and the GW method®’ instead of GGA, can help overcome
the underestimation but still, there are some limitations. On
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the other hand, the GGA+U method partially fixed the under-
estimation.” However, we mainly focus on the comparative
analysis of the pure form and alloy form of CsSnBr;, and the
GGA approach does not influence the comparison.

The electronic band structure of the Cr-alloyed supercell
(Fig. 5¢) indicates that the VB maximum occurs at gamma (I')
points and the CB minimum occurs at R points. As we know, the
two different points of the VB maximum and CB minimum
denote the indirect band gap of the material. Therefore, the
indirect band gap of Cr-alloyed materials (E, = 0.726 V)
semiconductor was considered. However, an intermediate state
is observed between the VB and CB. The intermediate state acts
at the electron donor level and the donor level contains an
additional valence electron. The valence electron in the inter-
mediate state holds energy close to the conduction band. The
band gap between the intermediate state and CB minimum is
0.178 eV, which is much smaller compared to the pure form of
CsSnBr;. Owing to the intermediate state, the valence electron
close to the CB can be easily excited by gaining visible light
energy and spontaneously leaps from the VB to CB and hence
increases the absorptive nature of a material. Consequently,
a significant absorptive nature (Fig. 2) of the Cr-alloyed material
has been found compared to the pure form. The calculated
band structure of the Mn-alloyed CsSnBr;, represented in
Fig. 5d, reveals that the VB maximum occurs at gamma (I')
points and the CB minimum occurs at R points. Therefore, the
material is considered an indirect band gap material (E; = 0.422
eV). Here, a band gap of 0.241 eV was evaluated between the
intermediate state and CB minimum. The observed band gaps
of the pure and metal-alloyed samples are tabulated in Table 2.
The studied results of the pure and alloyed forms indicate that
the Mn-alloyed materials have a lower band gap by comparison
with the pure and Cr-alloyed samples. Consequently, in the Mn-
alloyed material, a large number of electrons were transferred
from the VB to the CB, and hence the absorption significantly
increased (Fig. 2) compared to the Cr-alloyed and pristine
materials. The higher results of the absorption coefficient of the
Mn-alloyed material suggest that it is a more promising candi-
date for solar cell devices in comparison to the pristine and Cr-
alloyed form. The observed band gap of the pristine CsSnBr;

2.0
1.8
1.6
1.4
1.2
1.0
0.8
0.6
0.4
0.2
0.0

mmmm CsSnBr;[This]
=== CsSuBr;[Cale."]
= CsSnBrj[Cale.”’]
. CSS"BT;[Exle”
mmmm CsSn, Mn.Br,
[ CsSn]_YCprr,,

(b)

Electronic Band Gap, Eg (eV)

Compounds

Fig. 6 A schematic diagram of the energy band (a), and the observed band gaps (b) of pure and metal-alloyed CsSnBrs.
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Fig.7 Totaland PDOSs of (a) the pure supercell and (b) Cr-alloyed and (c) Mn-alloyed perovskites, and (d) the dopant contributions close to the

Fermi levels of CsSnBrz perovskites.

and metal (Cr/Mn) alloyed CsSnBr; samples are represented in
Fig. 6a and b schematic diagram (Fig. 6a) is included to clarify

the energy band and band gap.

The calculated total density states (TDOSs) and partial
density of states (PDOSs) are shown in Fig. 7. The vertical dotted

43666 | RSC Adv, 2020, 10, 43660-43669

line between the VB and CB indicates the Fermi level. The
TDOSs of the VB (lower energy portion) of a pure supercell
(Fig. 7a) mainly arise owing to the contribution of the Sn-5p and
Br-4p states with a little admixture of the Cs-6s, Cs-5p, and Sn-
5p states. On the other hand, the upper energy portion (CB)

This journal is © The Royal Society of Chemistry 2020
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consists of the Cs-5p and Br-4s states with some admixture of
Cs-6s, Sn-5p, Sn-5s, and Br-4p.

Fig. 7b and c illustrate the TDOSs and PDOSs of the Cr-
alloyed and Mn-alloyed CsSnBr;. The observed results of the
alloyed samples indicate that the density of states (DOSs)
contribution in conduction mainly arises from the Sn-5p states.
A similar contribution appears for both alloyed materials. An
important observation between the pure and alloyed samples is
that the Fermi level is shifted towards the conduction and this
occurred due to the alloying effect. The creation of the extra
peaks that are observed in the dopant DOSs, are mainly a result
of the Cr-3d states for the Cr-alloyed and the Mn-3d states for
the Mn-alloyed samples of CsSnBr;.

Fig. 7d elucidates the dopant contribution close to the Fermi
level that contributes to the change in the band gap energy and
hence a dopant energy state that is exhibited inside the band
gap, called the intermediate state. The intermediate states are
mainly responsible for the transfer of the valence electron to the
CB. In this case, the excited electron, under visible light
absorption, first moves to the dopant energy states and finally
goes onto the CB. These results are the prime cause for the shift
of the Fermi level towards the CB, in addition to the large
increase in the absorption coefficient in the visible region of Cr-
and Mn-alloyed CsSnBr; in comparison to pure CsSnBr;.

3.4. Elastic properties

The mechanical stability of the material is crucial for under-
standing the exact ground state physical performance of
a substance. Here, we used finite strain theory*” in a CASTEP
code to calculate the elastic constant. As we know, the cubic
crystal has three elastic constants C;4, Cy,, and Cyy. To confirm
the stability of a cubic crystal, these elastic constants must
satisfy the following well-known Born stability criteria:** Cy4 +
2C15 > 0, Cqy > 0, and C;; — Cqy > 0. The calculated values of the
elastic constants, recorded in Table 3, satisfied the stability
criteria and hence ensured the stability of the studied pristine
and alloyed compounds. The elastic constants of pristine
CsSnBr; are in good agreement with the available results;
proving the accuracy of the present calculations.

Cauchy pressure (C;,-C,4) represents the ductile-brittleness
nature of a substance.*” If the Cauchy pressure is negative
(positive) then the material is brittle (ductile) in nature. Here,
the studied pure and alloyed form materials show a positive
Cauchy pressure and this therefore indicates the material is
ductile in nature. The mechanical properties, such as the bulk
modulus (B), shear modulus (G), Young's modulus (E), B/G

Table 3 Calculated single elastic constants (Cy) and Cauchy pressures
of the cubic perovskite CsSnBrs and metal-alloyed samples

Phase Ci1 Cip Cua C15-Cyy Ref.
CsSnBr; 44.31 7.12 5.22 1.90 This work
43.89 6.69 5.21 1.48 Cale.™
CsSn;_,Cr,Br; 44.92 8.47 5.82 2.65 This work
CsSn;_,Mn,Br; 45.53 7.94 6.13 1.81 This work
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Table 4 Calculated mechanical parameters of pristine and metal (Cr/
Mn) alloyed CsSnBrz

Phase B(GPa) G (GPa) E(GPa) B/G v Ref.
CsSnBr; 19.52 8.95 23.29 2.18 0.301 This work
19.09  8.94 23.19  2.135 0.30 Cale."
CsSn,_,Cr,Br; 20.62 9.39 24.46 2.19 0.302 This work
CsSn;_,Mn,Br; 20.46  9.79 25.33  2.09 0.293 This work

ratio, and Poisson's ratio (v) were calculated here using the
Voigt-Reuss-Hill (VRH) averaging method.®® The equations
used here to acquire the results of the mechanical properties are
available in the literature.** The calculated mechanical param-
eters, tabulated in Table 4, reveal that the pure form of CsSnBr;
is consistent with the available theoretical values.

The bulk modulus is responsible for defining the stiffness of
a material. The recorded results of the bulk modulus of the
pristine and alloyed materials indicates the low value and hence
ensures the flexible and soft nature. We observed that the values
of bulk modulus somewhat increase in the metal-alloyed
sample compared to the pure sample. However, the bulk
modulus value is still low compared to the metal-alloyed in the
perovskites available in the previously published literature.*»*
Consequently, the studied Cr- and Mn-alloyed sample consid-
ered here is soft and flexible. Hence, the alloyed materials are
promising for making thin films and more desirable for use in
optoelectronic applications. In the case of the shear and
Young's modulus, similar results were noted for the pure
CsSnBrj;, Cr-alloyed, and Mn-alloyed CsSnBr;.

To describe the failure mode, such as the ductility and
brittleness of a material, Pugh's ratio (B/G) is one of the
essential criteria.** The border value of Pugh's ratio that sepa-
rates ductility and brittleness is 1.75.* The upper value of 1.75
denotes a ductile nature; otherwise, the material is brittle in
nature, as shown in Fig. 8. The larger values of Pugh's ratio,
compared to the critical one suggests the highly ductile nature
of the pure and alloyed samples. Another criterion used to
describe the failure mode is Poisson's ratio. The critical value

250 032
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Fig. 8 Variations of Pugh's ratio and Poisson’s ratio values of pristine
and metal-alloyed CsSnBrs.
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(0.26)"* separates the brittle and ductile nature. The lower value,
compared to the critical one, indicates a brittle nature and
above the border the values reveal a ductile nature. We observed
clearly from Fig. 8 that both the values of pristine and alloyed
materials are far from the critical value. Consequently, the
studied compounds indicate the material is highly ductile in
nature. The Pugh's and Poisson's ratio both indicate the highly
ductile nature of the Cr- and Mn-alloyed samples compares to
the pristine one and hence the metal-alloyed materials show
promise for use in optoelectronic devices.

3.5. Significance of metal alloying in lead-free perovskites

Lead-free perovskite materials with a high absorption and high
conductivity are significantly preferred in solar cells and other
optoelectronic applications. These characteristics have been
found in CsGel;, which was suggested in the theoretical litera-
ture."* However, CsGel; has not been previously considered in
practical device applications owing to its brittle nature. On the
other hand, CsGeCl; is suggested to have a high absorption and
high conductivity in a theoretical study,'® but the material rea-
ches the critical value (0.26) for a ductile and brittle nature.
Therefore, CsGeCl; is not considered as a highly ductile material.
A Ni-doped CsGeBr; in a DFT study' was predicted to exhibit
a high absorption in the visible region. Although the peak shifts
in the visible region, this peak does not reveal a high absorption
compared to pure CsGeBr;. Therefore, CsGeBr; is not highly
preferable for use in solar cell devices. On the other hand, metal-
doped CsGeCl; and CsSnCl; previously reported in the litera-
ture'®*® were suggested to possess a high absorption and high
conductivity, but the reflectivity is too high compared to CsGeBrs;.
A reasonable value of reflectivity is highly demanded in opto-
electronic devices. Another study on CsSnBr; (ref. 11) suggests it
is ductile in nature, but the material possesses a medium
absorption and reduced conductivity owing to the large experi-
mental band gap of 1.75 eV." Consequently, the pure form of
CsSnBr; is needed to enhance the optical, as well as the elec-
tronic, properties for use in optoelectronic applications. Alloying
the material is an effective way to enhance these properties. The
obtained results for metal (Cr/Mn) alloyed in CsSnBr; in our
study suggest that the high absorption and high conductivity,
compared to a pristine single cell in the visible region, means its
behavior is highly ductile in nature. The alloyed materials also
exhibit a low value for the bulk modulus compared to the pristine
samples. Therefore, materials of alloyed cases are expected to be
suitable for making thin films. The observed results of the Cr-
and Mn-alloyed samples indicate that the Mn-alloyed sample
exhibited a greater absorption and conductivity than the Cr-
alloyed sample. Our study finally suggests that Mn-alloyed
CsSnBrj; is a more suitable lead-free perovskite, compared to all
of the other halide perovskite materials, for use in solar cells and
other optoelectronic applications.

4. Conclusions

In summary, the structural, optical, electronic, and elastic
properties of pure CsSnBr; and metal (Cr/Mn) alloyed CsSnBr;
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were studied using DFT. The investigated structural parameters
are in good agreement with the available experimental and
theoretical results. The highly ductile nature of metal-alloyed
CsSnBr; and the low value of the bulk modulus reveal its suit-
ability for use in thin films. The wide value of the band gap of
pure CsSnBr; is not considered suitable for utilizing its solar
spectrum for photovoltaic conversation; instead, the metal-
alloyed samples with a narrow band gap possess higher
absorption and photoconductivity and are suitable for the
utilization of the solar spectrum. The Fermi levels of metal-
alloyed samples shifted toward the CB, and the creation of an
intermediate state helps excited photoelectrons to transfer to
the CB more easily, hence enhancing the optical properties
significantly. Comparative analysis of the various optoelectronic
properties of pure CsSnBr; and metal (Cr/Mn) alloyed CsSnBr;
suggests that CsSn;_,Mn,Br; was the most environmentally
friendly (non-toxic) candidate for use in solar cells and for other
optoelectronic applications.
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