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Lead (Pb) free metal halide perovskites by atomistic design are of strong interest to photovoltaics and
optoelectronics industries because of the pressing need to resolve Pb-related toxicity and instability
challenges. In this study, structural, mechanical, electronic, and optical properties of Pb-free RbSnXz (X =
Cl, Br, I) perovskites have been evaluated by using ab initio density functional theory (DFT) calculations.
The computed elastic constants suggest that the Rb-based halide perovskites are mechanically stable
and highly ductile, making them suitable as flexible thin films in optoelectronic devices. Besides, the
investigated electronic band structures reveal that the RbSnXs compounds are direct bandgap
semiconductors, suitable for photovoltaic and optoelectronic applications. Furthermore, several optical
parameters such as dielectric functions, reflectivity, photon absorptions, refractive index, optical
conductivity, and
optoelectronic efficiency of RbSnXs. Also, the computed mechanical and optical properties of RbSnX3z (X
= Cl, Br, ) have been compared with the previously studied CsBXs (B = Ge, Sn, Pb; X = Cl, Br, I) phases,
revealing that the Rb-based perovskites are extremely ductile and possess excellent light absorption and
optical conductivity compared to the Cs-based perovskites. Importantly, RoSnls shows superior ductility,

loss functions have been investigated and the results predict the excellent
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absorption coefficient, and optical conductivity compared to the CsBXs (B = Ge, Sn, Pb; X = Cl, Br, )
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1. Introduction

Halide perovskites presented by the general formula ABX;
(where, A = inorganic or organic cation, B = metal cation, and X
= halogen anion) have outstanding prospects for industrial
applications due to natural abundance and low cost." Further-
more, the materials can be deposited as thin films and other
essential forms such as quantum dots, nanocrystals, nanowires,
nanorods, nanoparticles, and millimeter-scale crystals, which
are actively pursued by a broad range of devices." Therefore, it
is expected that the technology associated with perovskites can
be competitive with the conventional Si-based technology.®* On
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perovskites. Superior absorption at the ultraviolet region of RbSnls holds great promise of this perovskite
to be used in next-generation ultraviolet photodetectors.

the other hand, halide perovskites represent an emerging class
of materials due to a combination of highly desired physical
properties such as a tunable direct bandgap, high photonic
absorption along with a wide absorption spectrum, low carrier
effective masses, and high charge carrier mobility with long-
range charge diffusion as well as high optical conductivity
and photoconductivity.>® Because of these exceptional opto-
electronic properties, this group of semiconductors have the
potential to be employed in a wide range of device applications
such as photovoltaic cells, color light-emitting diodes (LEDs),
field-effect transistors (FET), lasers, light-emitting electro-
chemical cells (LECs), photocatalysts, X-ray detectors, photo-
detectors, photoluminescence (PL), electroluminescence (EL),
and solar-to-fuel conversion devices.”

Temperature-dependent structural phase transitions are very
common in halide perovskites.>” Different perovskites have
been found in multiple crystallographic phases at different
temperatures and the common phases are cubic, tetragonal,
and orthorhombic.®*” However, the cubic phase is the most
common phase among the perovskite materials.® Moreover, the
cubic perovskite phase is widely accepted as a room-
temperature phase which is generally found at a higher
temperature compared to other existing phases, therefore the
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cubic phase is also called the high-temperature phase.”
Although perovskites have been well recognized for many
years,® they have become popular in the science community
after the discovery of perovskite solar cells in 2009.° In partic-
ular, the demand for halide perovskites has been boosted
recently due to their very rapidly rising power conversion effi-
ciency (PCE) in photovoltaic cells, because the PCE of the
photovoltaic cells based on perovskites has climbed from 3.8%
(2009)° to 25.2% (2019)" within 10 years. Generally, good light-
absorbing material is also a good candidate as a light emitter
and the concept further inspires the scientists to search for
other possible applications of inorganic and hybrid perovskites.
Research suggests that perovskites can also be utilized in other
optoelectronic devices in addition to their most common
application in photovoltaic cells." Because of their high pho-
toluminescence quantum efficiencies, it has been found that
the perovskites are suitable in light-emitting diodes (LEDs)."
Additionally, the bandgap of the perovskites can be easily
adjusted within the energy range of visible light spectra by
changing the halogen content which makes these materials
potentially suitable for color light-emitting diodes.”® Impor-
tantly, research also suggests that the mixed halide perovskite
materials showed a clearly semiconducting behavior making
them suitable for optically pumped vertical-cavity surface-
emitting lasers (VCSELSs)."

Although a substantial amount of research work has been
reported recently, the halide perovskites are still under devel-
opment as some difficulties are yet to be resolved. For the
commercial applications of perovskites, low cost, high effi-
ciency, and especially long-term stability are required.** To date,
the most promising perovskites are based on MAPbX; (X = Cl,
Br, I) and they contain organic MA which causes the materials to
be decomposed upon exposure to air or moisture. As a result,
these perovskites do not show sufficient stability.” In addition,
a low dielectric constant is observed in Pb-based hybrid perov-
skites MAPbX; (X = I, Br, Cl) compared to that in silicon. This
low dielectric constant of hybrid perovskites is a disadvantage
for photovoltaic applications as the low dielectric constant
causes an increase in the recombination rate of charge carriers
which in turn affects the device photovoltaic performance.®
Besides, the materials contain lead (Pb) constituent and it is
considered as a toxic element that can cause severe damage to
the environment.? The best possible strategy to avoid toxicity is
the replacement of Pb with non-toxic elements.*® Therefore, it is
extremely vital to obtain Pb-free stable perovskites for the
further development of the highly promising perovskites-based
technology.

Interestingly, the potentiality of inorganic perovskites in
device applications cannot be ignored as the materials have
a similar crystallographic structure and show similar physical
properties as hybrid perovskites.” Furthermore, the inorganic
perovskites are expected to be more stable than their hybrid
counterparts.® Therefore, Pb-free inorganic metal halide
perovskites could be a game changer in perovskite based
photovoltaics and optoelectronics. From this perspective,
a significant amount of research works have been reported on
Pb-free inorganic metal halide perovskites.>* For instance,
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mechanical, electrical, and optical properties of CsBX; (B = Ge,
Sn, Pb; X = Cl, Br, I) have been thoroughly analyzed.* However,
the Rb-based metal halide perovskites have not attracted the
attention they merit. Hence, we consider Rb-based perovskites
RbSnX; (X = Cl, Br, I) to investigate their physical properties of
interest for photovoltaics and optoelectronics. Like other
perovskites, our considered perovskites have been found in
different phases.”*”'®* However, we focus on the cubic phase,® as
the perovskites with promising photovoltaic and optoelectronic
properties are mostly cubic.”* Nevertheless, studying the cubic
phase of RbSnX; (X = Cl, Br, I) can provide a great opportunity
to compare our results with other perovskites and it will lead to
obtaining optimum properties for photovoltaics and optoelec-
tronics. Limited relevant analyses have been previously
described in the literature.>”**>* Specifically, results on phase
change and phase stability of RbSnX; (X = Cl, Br, I) have been
published by several groups.®”*** In addition, the electronic
bandgap of the considered perovskites has been reported either
for a group of compounds or individual compounds.**** A
recent study® reports on the structural, electronic as well as
optical constants of RbSnCl; and RbSnBr;. However, the
detailed optical properties of these materials are yet to be
explored. To the best of our knowledge, the mechanical prop-
erties of the RbSnX; (X = Cl, Br, I) perovskites and the optical
properties of RbSnI; have not been studied yet. Therefore, here
we investigate the various physical properties of Pb-free metal
halide cubic perovskites RbSnX; (X = Cl, Br, I), primarily
focusing on the unexplored mechanical and partially explored
optical properties. Also, a thorough comparison with Cs-based
perovskites has been carried out and it shows that the consid-
ered Rb-based perovskites are promising for photovoltaic and
optoelectronic applications.

2. Theoretical approach

The Density Functional Theory (DFT)-based®**® plane-wave
pseudopotential methodology implemented in the CASTEP*
code is employed to accomplish the theoretical calculations. It
is acknowledged that the van der Waals (vdW) correction
scheme with standard DFT is also a popular theoretical
approach and is basically used to account for the molecule/
surface long-range interactions, useful in studying the adsorp-
tion of molecules in the surface, and so on.?*° However, the
present work reports the structural and optoelectronic features
of bulk metal halide perovskites, where atoms are bonded by
covalent bonding and therefore the vdW correction may not
necessary. Overall, the standard DFT is widely used to investi-
gate the properties of bulk materials like halide perovskites as
evident in the literature.*® In this work, Generalized Gradient
Approximation (GGA) with the Perdew-Burke-Ernzerhof (PBE)**
exchange-correlation functional is utilized for approximating
the exchange-correlation energy. A plane wave cutoff energy of
600 eV is employed to expand the wave function, and the
Monkhorst-Pack scheme® is utilized to encompass the k-point
sampling of the Brillouin zone. The geometry optimization as
well as other calculations are performed by using 16 x 16 x 16
k-points. Certainly, the number of k-points is sufficient for the

© 2022 The Author(s). Published by the Royal Society of Chemistry
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excellent convergence of all the studied compounds. Ultrasoft
pseudopotential®*® is applied for defining the electron-ion
interaction. The geometry optimization is achieved by the
Broyden-Fletcher-Goldfarb-Shanno (BFGS)* relaxation
scheme. A convergence threshold of 5 x 10™® eV per atom,
0.01 eV A™!, 0.02 GPa, and 5 x 10~* A are used for the total
energy, maximum force, maximum stress, and maximum
displacements, respectively for the optimization of the crystal
geometry.

3. Results and discussion

3.1. Structural properties

It is essential to know the structural stability of a hypothetical
compound before evaluating its merit for practical applications.
It has been reported several times in the literature that our
considered perovskites RbSnX; (X = Cl, Br) are expected to be
stable in the cubic structure.®” The crystal structure of the
conventional unit cells of the considered cubic perovskites is
shown in Fig. 1. The calculated lattice parameter for the fully
relaxed optimized conventional unit cell of cubic RbSnX; (X =
Cl, Br, I) is presented in Table 1. The estimated optimized lattice
parameters have been observed to be in excellent agreement
with the available reported data,®** as compared in Table 1.
Moreover, the first principle computation implies that the
structural features of RbSnX; (X = Cl, Br, I) might be changed
on a routine basis when atoms are replaced by analogous
halogen atoms. Furthermore, the swapping of Cl for Br and I
result in an increase in structural parameters. Since the changes
in structural parameters are predicted to modulate the elastic
and optoelectronic properties, this periodic shift in structural
parameters may be utilized to adjust the optical as well as the
electronic properties of RbSnX; (X = Cl, Br, I).

3.2. Mechanical properties

It is vital to calculate the intrinsic mechanical characteristics
such as shear modulus (G), bulk modulus (B), Young's modulus
(Y), Poisson ratio (v), softness and failure mode (ductile or
brittle) of a material considered for practical industrial imple-
mentations.*® The mechanical characteristics of RbSnX; (X =
Cl, Br, I), however, are still unexplored. Herein, the elastic
constants of the selected halide perovskites are calculated by
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Table 1 Calculated lattice constants (a) in A for fully relaxed optimized
structures of cubic RbSnXs (X = Cl, Br, |) perovskites

Lattice parameter

Perovskites This study Prior study
RbSnCl, 5.581 5.596% 5.596°
RbSnBr; 5.853 5.863% 5.891°
RbSnI, 6.249 —

@ Ref. 23. ? Ref. 24.

using the finite strain theory,*® which is incorporated in the
CASTEP code and is widely used to compute the elastic char-
acteristics of a wide range of materials, including semi-
conductors.® According to this theory, a system is subjected to
a series of homogenous deformations, and the resulting stress
is quantified.*'* The elastic constants are then determined
using the formula o; = Cjjej, which relates the applied strain to
the generated stress.®'* The proportionality constants, Cj;, are
the elastic constants in this case.®'* Afterward, the Voigt, Reuss,
and Hill techniques®* have been used to obtain the elastic
moduli such as bulk modulus (B) and shear modulus (G) of the
polycrystalline sample from the single crystal elastic constants.
For a cubic crystal, the bulk modulus can be obtained directly
from the elastic constants by the formula:*”

_ Ci+2Cp,

B
3

On the other hand, the equations for shear modulus
according to Voigt (Gy) and Reuss (Gg) approximations can be
written for the cubic crystal as:*”

1

szg

(3Cu+ Ci — C1a)

5(Cii — C12)Cay

Gr = .
A 4Cy +3(C1y — C1p)

Finally, the shear modulus (G) can be estimated by using the
Hill approximation®® as:

O®Rb®Sn @ C1

Fig. 1 Crystal structure of cubic perovskites. Conventional unit cell of cubic Rb-based perovskites; (a) RbSnCls, (b) RoSnBrs and (c) RbSnls.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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G- GvtGr
2
. 9BG 3B—2G
Also, using the formulas, Y = ,and v= —;
3B+G 6B + 2G

Young's modulus (Y) and Poisson ratio (v) have been deter-
mined, respectively.***

Table 2 represents the estimated elastic constants and
modulus from the DFT calculations. The mechanical stability of
a crystal can be predicted by examining the elastic constants. It
is worth mentioning that the cubic crystal has three indepen-
dent elastic constants which are C,4, Cy,, and C,4, also the well-
known Born stability requirements for this crystal are C;; — Cy,
>0, C;; +2C1, > 0, and C,4 > 0.%® Based on these criteria, the
studied RbSnX; (X = Cl, Br, I) has been confirmed to be
mechanically stable. Note that B is a measure of the volumetric
stiffness of a particular compound, and is specified as its
resistance to volume deformation.*'* The predicted B of the
RbSnX; (X = Cl, Br, I) varies from 23.02 GPa (RbSnCl;) to
17.07 GPa (RbSnl;). Furthermore, G is a measure of plastic
deformation of a material, in other words, shape change;
a lower value of G implies that the compound is less stiff and
has poor resistance to shape change.® The G of the Pb free
halide perovskites in this study varies from 6.70 GPa (RbSnl;) to
9.36 GPa (RbSnCl;). Importantly, the low B and G of RbSnX; (X
= Cl, Br, I) imply that they are flexible.* As a result, these Pb-
free inorganic metal halide perovskites may be easily trans-
formed into thin films, rendering them suitable for optoelec-
tronic applications such as photodetectors and solar devices.**
It is worth mentioning that the replacement of Cl and Br by I
reduces the mechanical resistance in RbSnX; (X = Cl, Br, I);
which can be ascribed to the low bonding strength in the RbSnI;
crystal owing to the high atomic size, and ionic radius of I (140
pm and 206 pm) compared to that of Br (115 pm and 182 pm)
and Cl (110 pm and 181 pm).** In fact, the huge atomic size and
ionic radius of the I imposes a notable amount of pressure
within the crystal, resulting in a decreased bonding strength.*

Table 2 Estimated three independent elastic constants (Cyy, Cyo and
Ca4) in GPa, in-plane bulk modulus (B) in GPa, shear modulus (G)
in GPa, Young's modulus (Y) in GPa, Pugh'’s ratio (B/G), and Poisson
ratio () of halide perovskites RbSnXs (X = CL, Br, 1)

Compounds Cyy Ci» Cus B G Y B/G v
RbSnCl; 52.23 8.42 4.85 23.02 9.36 24.74 2.45 0.32
RbSnBr; 45.68 6.67 4.29 19.67 8.31 21.86 2.36 0.31
RbSnI; 36.27 7.47 3.79 17.07 6.70 17.78 2.54 0.32
CsPbI;¢ 34.23 4.46 3.24 14.38 6.30 14.49 2.28 0.32
CsPbBr;* 42.32 6.51 4.24 18.45 7.90 20.74 2.33 0.31
CsPbCl;* 48.97 7.83 5.08 21.54 9.27 24.32 2.32 0.31
CsSnl;* 21.34 1.22 5.74 6.30 7.55 16.18 0.83 0.07
CsSnBr;* 43.89 6.69 5.21 19.09 8.94 23.19 2.13 0.30
CsSnCl;* 50.66 8.71 6.01 22.70 10.20 26.61 2.22 0.30
CsGel;* 40.32 8.18 8.87 18.89 11.28 28.32 1.67 0.25
CsGeBr;* 48.08 10.82 10.07 23.24 1292 32.70 1.8 0.27
CsGeCl3* 54.93 13.08 12 27.03 15.02 38.02 1.80 0.27
“ Ref. 4.
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The B/G ratio, also recognized as Pugh's ratio, is used to
identify the failure mechanism of a particular material, ie.,
ductility or brittleness.* The Pugh's ratio has a critical value of
1.75 to differentiate brittle from ductile materials, whereas the »
does have a critical value of 0.26 to separate brittle from ductile
materials.* If the Pugh's ratio is larger than 1.75 and the » is
greater than 0.26, the material is regarded as ductile; otherwise,
it is referred to as brittle.** Additionally, the greater Pugh's and »
values indicate excellent ductility, rendering the material more
attractive for optoelectronic devices.*® All the Pb free halide
RbSnX; (X = Cl, Br, I) perovskites in this assessment are found
to be highly ductile in nature, according to the criteria. The
more ductile materials are more appropriate for optoelectronic
devices.**' It is reported that Pb-based perovskites are highly
ductile.* However, our results suggest that all the considered
RbSnX; (X = Cl, Br, I) compounds are also highly ductile, even
higher than the previously reported Pb-based perovskites* as
summarized in Table 2. Therefore, it can be mentioned that our
studied samples show excellent ductility compared to other
halide perovskites of the same classes such as CsBX; (B = Ge,
Sn, Pb; X = Cl, Br, I) as manifested in Table 2 and Fig. 2. These
findings suggest that the Pb-free halide perovskite; RbSnX; (X =
Cl, Br, I) are the worthy candidates to be used in optoelectronic
devices. Noteworthy, RbSnI; exhibits prominent ductility
compared to other halide perovskites of similar classes, even
higher than Pb-based perovskite as presented in Table 2 and
Fig. 2.

3.3. Electronic properties

The electronic characteristics of a material are one of the most
significant aspects considered for optoelectronic applications.
To assess the functionality of a material for a particular appli-
cation, it is necessary to systematically investigate the bandgap,
bandgap type (direct or indirect), the total density of states
(DOS), as well as partial density of states (PDOS). Furthermore,
by examining these characteristics for a set of materials, the
required characteristics for optoelectronic applications can be

CsGeCl,
CsGeBr,
CsGel,
CsSnCl,
CsSnBr,
CsSnI3
CsPbCl,
CsPbBr,
CsPbI,
RbSnI]
RbSnBr,
RbSn(‘ll e
0.0 0.5 1.0 1.5 2.0 2.5 3.0
Pugh's Ratio

Metal Halide Perovskites

Fig. 2 Pugh's ratio of RbSnXs (X = Cl, Br, 1) in comparison with CsBX3
(B = Ge, Sn, Pb; X = Cl, Br, |) perovskites.*

© 2022 The Author(s). Published by the Royal Society of Chemistry
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tuned.*** We estimate the electronic bandgap by using the GGA-
PBE approach and the results are presented in Table 3, along
with the available results obtained using the GGA-PBE and
other functionals.”?*** The GGA-PBE functional may underesti-
mate the bandgap and it is expected that a hybrid functional
could give a better estimate.” However, it has been reported
that a hybrid functional only cause the shift of the conduction
band towards the higher energy and consequently increases the
bandgap whereas the other characteristics of the band structure
remain unchanged.”” The bandgap of our considered
compounds for hybrid functional has been reported in the
literature**** and the reported values can be used for other
explanations. Therefore, we have not considered the hybrid
functional in bandgap calculation to avoid repeating the
calculations and focused on revealing new properties. Our
calculated results of the bandgap of RbSnX; (X = Cl, Br, I) are in
good agreement with the available reported results for GGA-PBE
as compared in Table 3.

It can be noted that the bandgap value reduces mono-
tonically due to the replacement of halogen atoms from Cl to I.
In this case, I-containing compounds have a lower bandgap
value, whereas Cl-containing perovskite has a higher bandgap
value. Therefore, by substituting halogen atoms, the bandgap of
the considered semiconductors may be controlled in practical
applications, which is a significant attribute of the materials to
be used in optoelectronic devices. The computed electronic
band structure, DOS, and PDOS for the considered Pb-free
halide perovskites are presented in Fig. 3 and 4. Furthermore,
the electronic band structure indicates that the halide perov-
skites under consideration are direct bandgap semiconductors
since the conduction band minimum and the valence band
maximum occurs at the same k-vector of the Brillouin zone;
these findings suggest that these compounds might have
excellent optoelectronic applications.*** Moreover, there seem
to be no active states in the DOS at the Fermi level, implying that
these materials are semiconductors, which validates the esti-
mated electronic band structures as presented in Fig. 3a-c. The
total density of states below the Fermi level or top of the valence
band is determined by the p orbital of the halogen atoms,
whereas the p orbital of Rb and Sn atoms dominate the lower
section of the conduction band as shown in Fig. 4.

Table 3 Calculated electronic bandgap, E4 in eV for GGA-PBE
functional along with available reported data for different functionals
of cubic RbSnXs (X = Cl, Br, I) perovskites

Electronic bandgap

GGA-PBE functional Other functional

Perovskites This study Prior study Prior study

RbSnCl, 0.878 0.887, 0.94° 1.46% 1.61¢, 1.43%,
1.44¢

RbSnBr; 0.556 0.61%, 0.59° 0.98% 1.10°

RbSnI; 0.383 — 0.82°

@ Ref. 24. ? Ref. 23. ¢ Ref. 20. ¢ Ref. 21. © Ref. 22.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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3.4. Optical characteristics

In this section, the detailed optical functions of RbSnX; (X = Cl,
Br, I), including the real and imaginary parts of dielectric
functions, reflectivity, light absorption spectra, refractive index,
optical conductivity, and loss function have been investigated
up to 40 eV photon energy to reveal the response of RbSnX; (X =
Cl, Br, I) to solar and highly energetic radiation. It is noteworthy
that the optical constants are calculated by using some well-
known equations as described in the literature**** and imple-
mented in the considered CASTEP code. Generally, the linear
response of a test sample to electromagnetic (EM) waves is
explained by the dielectric function ¢(w), which relates to the
interaction of photons with electrons. Importantly, it is recog-
nized that the imaginary portion of the dielectric function,
&(w), might be determined using the momentum matrix
elements between the occupied and unoccupied wave func-
tions. On the other side, the Kramer-Kronig relations are used
to obtain the real portion of the dielectric function e;(w).
Thankfully, the complex dielectric function can be used to
obtain the other optical constants such as reflectivity R(w),
absorption «(w), refractive index n(w), optical conductivity o(w),
loss function L(w), and the corresponding equations are listed
below .**

2 “ w'e (w’)da)/
=

81(&)):1+—P.0 m

2°T , , . ,
e2(0) = g =D Wl OB — B~ E)
ke
_Je(w) — 1 :
R(w) = e(w)+1

a0) = Vo |\ @F + {a()f - a) "

12
n(w) = %N (@) 1 {e2@)) +e (w)]
o(w) = (Z—:
L(w &2(w)

)= G @F @]

It is well known that the dielectric function describes
a material's response to incoming EM waves and is thus
essential for the successful implementation of material in
optoelectronic devices. The real and imaginary parts of the
dielectric constant as a function of the energy of the incident
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Fig. 3 Estimated (a—c) electronic band structure of Pb free RbSnXs (X = Cl, Br, 1) metal halide perovskites.

photon are displayed in Fig. 5a. A substantial shift in dielectric spectra which render it suitable for optoelectronic devices. In
function is noticed as a result of the substitution of the halogen addition, replacing I with Br and Cl cause a move of the peaks to
atoms. Subsequently, the I-containing compounds display the the high-energy range of the spectra. We emphasize that
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Fig.5 Different optical functions of RbSnXs (X = Cl, Br, |) perovskites; (a) dielectric function, (b) reflectivity, (c) absorption, (d) refractive index, (e)

conductivity, and (f) loss function.

a remarkable dielectric constant, because a low dielectric
constant increases the amount of electron-hole recombination,
lowering the overall performance of the device.** The y-intercept
of the real part of the dielectric function (Fig. 5a) is regarded as
the static dielectric function, or simply the dielectric constant. It
can be noted that replacing I with Br or Cl leads to a reduction
in the dielectric constant and therefore the dielectric constant
of I-containing perovskite is higher compared to Br and CI-
containing perovskites.

Reflectivity is another important optical parameter for
photovoltaic modules and other perovskite systems.** In the
infrared-visible-ultraviolet region of the EM spectrum, all of the
examined halide perovskites have a low reflectivity (<35%) as
shown in Fig. 5b. Generally, a material's optical absorption
quantifies the amount of light of particular energy (wavelength)
that may pass through it before being absorbed.** Also, it offers
valuable insights into the solar energy conversion efficiency,
which is significant to be used in solar cells.*® In general, all
compounds have four light absorption peaks as shown in
Fig. 5¢. The substitution of I with Br and Cl, cause the peaks to
shift to the higher energy band. Moreover, the majority of the
compounds have excellent absorption in the energy range of 8-
16 eV. Importantly, I-containing halide perovskite demonstrates
marginally higher absorption in the low energy area (<4 eV),
followed by Br and Cl-containing perovskites which suggests
that I-containing halide perovskite might have outstanding
optoelectronic performance compared to other halogen-
containing groups.

The optical conductivity, however, is an excellent reflection
of photoconductivity.*” Fig. 5e shows the real and imaginary
portions of the optical conductivity. I-based perovskite

© 2022 The Author(s). Published by the Royal Society of Chemistry

compounds, as can be seen, have a strong optical conductivity
(real part) in the low energy range, followed by Br and Cl-
containing perovskites. Afterward, we also estimate the refrac-
tive index and loss function for the materials which has been
presented in Fig. 5d and f, respectively. The prominent refrac-
tive index and lower loss function of I-containing perovskite
render it more suitable for solar cell applications compared to
the Cl and Br-containing groups.

Finally, the maximum absorption coefficient, as well as the
optical conductivity of RbSnX; (X = Cl, Br, I), have been
compared to prior studies* of Cs-containing perovskites as
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Fig. 6 The utmost optical conductivity and maximum absorption of
RbSnXs (X = Cl, Br, 1) in comparison with CsBXz (B = Ge, Sn, Pband X =
Cl, Br, 1) perovskites.
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presented in Fig. 6. Note that the strongest peak in the ultra-
violet zone (>3.1 eV) of the absorption and conductivity plots
has been designated as the highest absorption, and conduc-
tivity, respectively. Impressively, it has been found that our
studied perovskites might have excellent optoelectronic aspects
as evidenced by the highest absorption coefficient and optical
conductivity. Moreover, RbSnl; exhibits remarkable light
absorption capabilities as well as optical conductivity in the
ultraviolet zone, which makes it suitable for ultraviolet photo-
detection applications.

4. Conclusions

In summary, the comprehensive structural, mechanical, and
optoelectronic characteristics of the Pb-free metal halide
perovskites RbSnX; (X = Cl, Br, I) have been predicted by using
first-principles atomistic calculations, and the outcomes have
been compared to CsBX; (B = Ge, Sn, Pb; X = Cl, Br, I) coun-
terparts. The obtained results demonstrate that the structural
parameters of RbSnX; (X = Cl, Br, I) can be tuned systematically
by substituting halogen atoms which imply that the corre-
sponding electronic, and optical functions can also be adjusted
by choosing the appropriate halogen atom. Importantly, these
perovskites are expected to be mechanically stable and also have
a low shear modulus (G), bulk modulus (B) with a high B/G ratio,
rendering them easier to form into thin films. Besides, the
electronic band structure and DOS data confirm that these
compounds exhibit semiconducting behavior and feature
a direct bandgap. Another merit of these Pb-free materials is the
excellent light absorption and optical conductivity, indicating
that they could be used in solar panels, ultraviolet photode-
tectors, and other optoelectronic applications. Finally, our
calculated results have been compared with prior studies of
CsBX; (B = Ge, Sn, Pb; X = Cl, Br, I) compounds which reveal
that RbSnI; exhibits outstanding ductility, absorption, and
optical conductivity in this family of perovskites. Remarkable
light absorption capabilities, as well as excellent optical
conductivity in the ultraviolet range, implying that the RbSnlI;
perovskite is an excellent candidate for ultraviolet photo-
detection applications.
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