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Organic—inorganic hybrid halide perovskites are widely used in optoelectronic devices, such as solar cells
and light-emitting devices. Pursuing solutions to overcome the key problem of instability shown by most
used MAPbIs materials, all-inorganic perovskites like CsPbls are attracting considerable attention.
Unfortunately, CsPbls still suffers from significant issues relating to chemical instability and toxicity due to
the presence of Pb atoms; therefore, it is necessary to carry out a profound review of the properties of
all-inorganic perovskites to overcome these problems. Experimental laboratories cannot afford, in terms
of money and time, to synthesize and characterize large numbers of compounds to rigorously assess the
outcomes. Therefore, a systematic density functional theory study of the family of all-inorganic perovs-
kites with the general formula CsPby_,Sn,(l1_«Br)s has been performed, covering the entire chemical
composition range and elucidating the connections between composition and the structural, thermo-
dynamic, and mechanical properties, in addition to any effects on stability. Our results allow us to gain
significant insight in the search for new all-inorganic perovskites with tailored structural, thermodynamic,
and mechanical properties via fine-tuning the chemical composition.
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However, when analyzing this revolutionary family of
materials, besides their PCEs, it is compulsory to look also at

Introduction

Perovskites have turned out to allow great advances in the
photovoltaic field in recent years, showing a record power con-
version efficiency (PCE) of 25.2% (29.1% when used in a
tandem configuration with Si cells) compared with efficiencies
lower than 10% barely 7-8 years ago.' This vertiginous
growth has arisen due to much work by research groups
devoted to these materials, mainly hybrid organic-inorganic
methylammonium lead iodide (MAPI), which has exhibited
the most outstanding efficiencies, and, to a lesser extent, for-
mamidinium lead iodide (FAPI). These studies have been
specifically focused on all the properties related to solar
efficiency, like band gap,® absorption,”® and charge-carrier
transport™'® and recombination processes,'"'* among others.
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their stability, one of the biggest weaknesses of these emerging
perovskites that has attracted a lot of attention in recent
years."*'® Generally, perovskites present instability under the
influence of moisture, oxygen, UV light, and heat due to
various mechanisms like polymorphic transitions, hydration,
oxidation, and decomposition,'®™® achieving lifetimes of no
more than 10 000/1000 h during storage/under illumination
during testing.”® To overcome the gap from laboratory develop-
ment to reaching the commercial market, stability should be
considered as a key criterion when selecting a material,'**
while trying not to compromise the properties which lead to
high efficiencies. Apart from the utilization of different
materials for the different layers and interfaces and the devel-
opment of diverse device engineering,"***>° the main method
for solving this problem involves adjusting the chemical com-
positions of these materials, introducing new ions by means of
partial substitution'****” or total replacement,”®*® which
allows the properties to be finetuned. For that reason, the
effects of chemical composition modification on perovskite
stability, assessed based on the structural, thermodynamic,
and mechanical properties, need to be further studied.

The formula of a standard perovskite structure, ABX;, is at
this point perfectly well known, where A is a univalent cation,
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B a divalent cation, and X a halogen. Despite efforts aimed at
increasing the stabilities of MAPI and FAPI hybrid perovskites,
those with the best efficiencies that have been studied for a
longer time, the latest research is pointing towards the use of
inorganic perovskites,>®>> trying to solve the stability pro-
blems caused by the rotation of the complex organic molecule
located at the A position.”*™* Concretely, the all-inorganic
CsPbl; perovskite is gathering special attention because of its
adequate bandgap and stability, although it is identically toxic
due to the presence of lead. It is well known that lead s- and
p-states play a major role in the high efficiencies already
achieved, as they comprise the external levels of the VB and
CB, respectively, dominating optical transitions between
them.’® Additionally lead-free perovskites seem to exhibit
lower stabilities than their lead-containing counterparts.*’
These facts make it difficult to get rid of this toxic element,
although this an established goal that has been thoroughly
studied.’” "' Nevertheless, following this line of research,
several compounds have been proposed with promising
results, especially through the partial substitution of lead with
tin.*>** To stabilize the CsPbl; photoactive perovskite black
a-phase, avoiding its spontaneous deformation into the light-
inactive yellow 6-phase, which occurs under ambient con-
ditions because cesium cations are too small to hold Pblg
octahedra,">*® different approaches have been used; among
these, the partial replacement of iodine with bromine has
been carried out,**° considering the idea that a smaller
halogen atom will reduce the size of the octahedra. Besides,
halogen substitutions change the bandgap but not the shape
of the external bands as in the case of lead.”"*>

This paper is focused on the effects of chemical compo-
sition modification on the structural, thermodynamic, and
mechanical stabilities of all-inorganic cesium perovskites with
the general formula CsPb,_Sn,(I;_,Br,);. The study of the
whole chemical composition range would require a large quan-
tity of experimental work, which would be time- and cost-con-
suming. Thus, an ab initio study based on density functional
theory (DFT) calculations allows us to feasibly cover a wide
range of chemical compositions, knowing in detail how com-
position changes will affect the different properties of the per-
ovskites. Some of the compounds proposed herein (those with
b = 0.4 and 0.3, and x = 0) have been previously studied as
good candidates for use in solar cells.">* Firstly, stability has
been assessed through a series of structural tolerance para-
meters, like the Goldschmidt factor,>® Sun’s parameter,®* and
the bonding strength.>® Also, thermodynamic stabilities have
been evaluated by means of formation enthalpies according to
standard procedures, taking into account two different
pathways.’®”” Furthermore, several mechanical properties
have been calculated based on the elastic constants of the
different compounds obtained from ab initio calculations,
trying to provide data that are harder to obtain experimentally,
as measurements are sometimes complex and difficult to
reproduce; this has sometimes led to these properties not
having been precisely described. Young’s, bulk, and shear
moduli and Poisson’s ratio data are presented to give an
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overall picture of the mechanical responses of these materials
to different stresses; the responses are important for their inte-
gration into complex multilayer devices®®*° or their use for
flexible and wearable applications,®”®" and they can also have
a big impact on absorptivity, which relies on the crystallinity
and stress state.”®° All of these properties define a complete
set that can suitably describe the different facets of the intrin-
sic stabilities of these halide perovskites, which, to our best
knowledge, has not been given up to now, providing details
about how to control these properties through composition
engineering.

Methodology
Theoretical methods

As mentioned above, this paper is focused on analyzing the
effects of chemical composition modifications on several
structural, thermodynamic, and mechanical parameters,
aimed at evaluating the adequacy integrating the studied per-
ovskites into complex electronic devices. Thus, this section
describes the different approaches applied herein to obtain
these calculated properties.

To explain better the structural properties, a simple sketch
of the perovskite structure is depicted in Fig. 1, paying special
attention to the bond-generated octahedra (BX, and XCs,B,,
according to the common and previously proposed nomencla-
ture), whose proportions and dimensions will be of particular

OCs

oX(IorBr)

O3 (Pb or Sn)

a)

b)

Fig. 1 The structures of perovskite crystals with the different octahedra
generated via atom bonding highlighted: {a) the BX¢ octahedron and (b)
the XCs,4B, octahedron.
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importance for determining the structural stability of the
crystals.

The Goldschmidt tolerance factor (¢), used to assess struc-
tural stability, is easily determined from ionic radii (rcs, s,
and rx, where the sub-indices indicate the respective positions
in the perovskite structure) according to the formula:®*

t = ((res +1x))/v/2(rs + 1x). 1)

When examining B = Pb/Sn and X = I/Br in cases involving
partial compositions, the radii of the different ions were
weighted according to the concentrations of the different
elements occupying equivalent positions. This weighting is
needed for many other calculated properties; the way that
partial concentrations of elements in equivalent positions are
defined from now on is through the use of x and b in the
different formulas. Additionally, all the parameters relying on
the ionic radii of the different atoms of the compounds have
been calculated with the set of radii proposed by Shannon
1% Other sets of radii have been used to check the non-
reliability of the results from the used set, and all the infor-
mation on those sets is presented in the ESILT

Sun et al.>* also proposed an alternative parameter or figure
of merit (here denominated as Sun’s parameter, {) to deter-
mine the stability of perovskites based on their structural con-
figuration, improving a correlation factor based on the
Goldschmidt parameter previously proposed by 1i et al;** it
additionally considers the octahedral factor ¢ and the atomic
packing factor n according to the following formulas, where a
is the lattice parameter of the cell and i is the total number of
atoms in it:

et a

C=(u+v) (2)

ﬂ:rB/rX

n= Z (gnrﬁ)/as.

l

The bonding strength (S), which is defined as an isotropic
quantity that defines the resistance of a material to bond
breaking, has been calculated based on the method first pro-
posed by Simtinek et al.,* later modified by Boyko et al.,”® to
study ternary compounds with spinel structures; afterwards, it
was tailored by us.°® Siminek introduced this concept as an
intrinsic parameter in proportion to the hardness of a
material, a measurement hard to assess through theoretical
calculations due to its complexity and quantity variations
according to the experimental methods used for its obtention.
This property has been calculated taking into account that in a
CsPb;_pSn,(1,_,Br,); perovskite, each halide X atom is in an
octahedral environment (see Fig. 1b), forming four bonds with
Cs atoms in the equatorial plane while two B atoms (Sn or Pb)
are located along the longitudinal axis. This way, considering
the bond lengths d(X-Cs) and d(X-B) and the average electron
density (e;), the definition of the bonding strength (S) is as
follows, with Z; and R; being the appropriately weighted elec-
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tronic valence charge and atomic radius of the corresponding
Cs, B, or X atoms:

€xCcat
§=_ vyIXFat 3
2dx_ + 4dx_cs ®)
where:

eear = 0.67ec + 0.33ep (3.1)
ex = (1 —x)e; + xeg, (3.2)
e = (1 — b)EPb + besn (3‘3)

Z.
ei == (i = Cs, BorX) (3.4)

R;
dxs = (1 —b)(1 — x)dpbg + b(1 — x)dsp 1+ (3.5)

(1 — b) X de—Br +b x dSmB, '

dx£s = (1 - x)dCst + deszp (3'6)

Thermodynamic stability has been assessed through two
different pathways. In this approach, standard formation
enthalpies (AH) have been calculated starting from indepen-
dent constituent elements in their ground states, but values
were also obtained considering the standard route from
known stable binary compounds, i.e., CsX and BX, (named
AH, from now on). Despite the different pathways, the stan-
dard procedure to obtain formation enthalpies considering
the chemical potential #° has been followed in all cases:>*"”

AHg = Eyoe[CSPby_pSnp(1;_«Bry),] — {uds + (1 — D)y + bug,
+3[(1 — X)) + xp,)
(4.1)

AHg = Eot[CsPb; S0y (11 _Bry);] — (1 — x){Eo[CST]+
(1 — b)Emt [Pblz] + bEmt[SnIZ]} — x{Emt[CSBI'H-
(1 = b)Eot[PbBr,] + bEto[SnBr,]}.

(4.2)

In general, a negative enthalpy determines the range of
chemical potentials within which the studied compound is
thermodynamically stable. The calculated AH; values provide
an energy scale that measures the strength of chemical
bonding in a compound relative to the strength of bonding in
its constituents, while AH; can be related to possible pathways
for the synthesis of the material.>*-%7%%

Regarding the mechanical properties, two kinds of VASP
calculations have been carried out to obtain all the desired
parameters. Firstly, to obtain the bulk modulus, energy/
volume variations have been assessed starting from the opti-
mized structures for each compound. In this manner, optimi-
zations at fixed volume for a series of structures covering a
range of lattice constants from 0.975 to 1.025 times the opti-
mized value have been done. The resulting energy/volume
curve has been fitted to the Birch-Murnaghan equation of
state,”””’® presented below, from which the bulk modulus is
deduced. E stands for energy, V for volume, and B for the bulk
modulus, while B’ is its derivative with respect to pressure; the
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only the cubic structure, that of the most useful phase for
solar applications in the most commonly used CsPbly

2

2 2 2
9V,B, Vo3 Vo3 Vo3
E(V) = Ey + 106 0 (70) —1| B+ (VO) ~1| |6—4 (7")

The rest of the parameters have been extracted from stress
tensors also calculated with VASP according to the strain-stress
methodology implemented in the program.”"”> In this way,
Young's modulus (Y), shear modulus (G), and Poisson's ratio
(v) values are calculated on the basis of elastic constants (c;;),
according to Voigt-Reuss-Hill approximations.””> The bulk
modulus (B) is also calculated based on the elastic constant to
compare and check that the results are in concordance with
those obtained from the fitting to the Birch-Murnaghan
equation. The correlations between these parameters and the
elastic constants are stated in the following formulas:

B = (611 + 2612)/3 (6)
G— {{c11 — €12 + 3¢42)/5} 4+ {5(c11 — €12)Caa/[4Caa + 3(c11 — c12)|}
2
(7)
9BG
T3B1G ®)
 3B-2G
UV = m (9)

Computational details

The calculations proposed herein have been performed with
the Vienna Ab initio Simulation Package (VASP). Structural
optimizations have been performed using the PBEsol func-
tional,”* specifically developed for solids and mechanical pro-
perties, by means of the conjugate gradient algorithm
implemented in the program with forces and total energies
converged to 0.01 eV A™* and 107" eV, respectively. The
Brillouin zone has been sampled using an 8 X 8 X 8 k-point
mesh for structural optimization and a 12 x 12 x 12 mesh for
static calculations. Structural, thermodynamic, and mechani-
cal properties were calculated using optimized geometries.
Additionally, the SCAN functional’®> has been used to obtain
accurate final energies for all compounds for thermodynamic
analysis. To obtain the elastic constants and mechanical pro-
perties, strain-stress methodology has been applied with finite
distortions of the lattice, allowing maximum degrees of
freedom during subsequent optimization. For this step, the
plane-wave cutoffs were increased to 400 eV, way beyond the
30% increment recommended by the system to converge the
stress tensor. Considering the more demanding situation, a 4
x 4 x 4 k-point mesh was used at this point, although denser
grids were tested with no convergence differences.
CsPb,_pSn,(1,_,Br,); perovskites with partial concentrations
of group-IV cations and halogens have been studied, with b =
0.0, 0.125, 0.25, 0.5, 0.75, 0.875, and 1.0 and x = 0.0, 0.167,
0.333, 0.5, 0.667, 0.833, and 1.0. For comparison purposes,
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material,”® has been considered in this work, whether stable at
room temperature or not. In the cases of the four ternary com-
pounds, only CsSnBr; presents a cubic phase that is stable at
room temperature,”’ *® although different solutions to this
issue have been already proposed.®*™®* All possible chemical
configurations for each one of the studied complexes have
been generated starting from the 2 x 2 x 2 supercell of CsPbI
using the combinatorial methodology implemented in the
SOD (Site Occupancy Disorder) program,®® focusing our inter-
est on the structures of each composition with the highest
space group symmetry, which are also those with the lowest
energy.

Results

Contour maps have been chosen to present the variations in
the values of the studied parameters with composition; in this
way it is possible to distinguish between the different effects of
halogen and cation substitution. For every contour map, a
table with all the results from the studied compounds relating
to the corresponding property is presented in the ESL

Structural parameters

The principal lattice parameter values for the fully optimized
structures are presented in Fig. 2a. Considering distortion
during the optimization of some of the structures from the
initial cubic cell to a tetragonal lattice, the a/c ratio values are
also display in Fig. 2b, and the cell volumes are shown in
Fig. 2c. It must be noted that all the values relate to the
40-atom cells used to deal with the wide range of concen-
trations. The obtained values for the four ternary compounds
agree with an average deviation of 0.725%, and in all cases the
values deviate by less than 1.2% from experimental
results,”®*>*” improving the calculated parameters from The
Materials Project database,®® which show an average deviation
of 1.782%; this supports the results presented here and the
use of the PBEsol functional (the Materials Project results are
calculated with the standard PBE functional).

It can be seen that the cation concentration barely affects
the parameters, especially the a/c parameter, which remains
almost unaffected by this factor. For the lattice parameter a,
the tendency when lead is totally replaced by tin is to show a
small decrease, with total variations lower than 2% from one
extreme to the other, while for the volume the tendency is also
to decrease, by less than 5.5%.

On the other hand, changing the halogen concentration
results in a variation in volume of around 20% from one
extreme (only iodine) to the other (only bromine), with a very
uniform decrease; the CsSnBr; perovskite has the smallest value

This journal is © the Partner Organisations 2021
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Fig. 2 (a) Lattice constant a [A], (b) shape ratio a/c [dimensionless], and
(c) volume [A%] data for the unit cells of CsPby_pSNny(l1_Br,)s perovskites.
For more details relating to calculated numerical values as a function of
chemical composition, see the ESI.}

and CsPbl; has the biggest value, as expected according to the
sizes of the atoms. Nevertheless, the uniform decrease seen in
the volume values is not as uniform when it comes to shape. As
was previously mentioned, a perfect cubic structure is not
retained except in the cases of pure iodine and bromine perovs-
kites, and the partially substituted ones are slightly distorted
into a tetragonal shape. For structures with high concentrations
of iodine the crystals adopt a progressively shortened (a/c lower
than 1) tetragonal form, with the minimum a/c value equal to
0.935 when x = 0.33, while at high concentrations of bromine
the crystals become stretched tetragonal cells (a maximum a/c
value of 1.065 at x = 0.66). Thus, a/c value decreases upon x
increasement for lower (x = 0.00-0.33) and higher (x = 0.66-
1.00) bromine concentrations. On the contrary, for intermediate
x concentrations (x = 0.33-0.66), a/c value increases with x. The
main lattice constant also shows a non-uniform decrease of

This journal is © the Partner Organisations 2021
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nearly 6% as x changes from 0 to 1. The concentration ranges
where the a/c parameter decreases also relate to slight changes
in the lattice constant (x = 0-0.33 and x = 0.66-1), while for the
range where the a/c ratio increases (x = 0.33-0.66), a rapid
decrease occurs. Thus, it could be said that these variations
balance out the non-uniform shape change trend, giving room
for the resulting uniform volume decrease.

Besides basic distortions of the volume and shape of the
structure, the relative atom positions, i.e., the distances between
bonded atoms, are important in terms of the structural stability
of the perovskite. The Goldschmidt tolerance factor has been
extensively used to easily assess the stabilities of perovskites in
similar terms, ensuring that the sizes of the different atoms are
balanced so as not to distort the structure in excess, which
could lead to bond breaking and different structures. The
bonding strength also determines how easily the structure
could collapse based on the distances between different atoms.

The Goldschmidt factor graph is presented in Fig. 3a.
Values between 0.8 and 1 are supposed to be associated with
perovskites that have a good chance of be formed, with all ana-
lyzed structures lying within these limits.®> This preliminary
check is useful for gaining a perspective of the magnitude of
the shape distortions observed above, showing that these are
not large enough to cause structural instability. In this case
the effect of b modification is greater than that of x modifi-
cation; this is because the main use of this parameter is to
evaluate the equilibrium in size between both types of cations,
and therefore the radius of the halogen is less important. This

a) 0:899
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c
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b concentration
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Fig. 3 (a) The Goldschmidt tolerance parameter [dimensionless] and

[dimensionless]  values  for

Sun's
CsPby_pSny(l1_xBry)s perovskites. For more details on the calculated
numerical values as a function of the chemical composition, see the ESL}

improved  (b) parameter
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fact is shown by the formula, where halogen atom radius is
present in both terms, unlike the B atom radius. The highest
value, which means the most stable compound in theory,
belongs to CsSnBr; (0.90), while the minimum value corres-
ponds to CsPbl; (0.85), although this is still far from the fron-
tier of stability marked by a value of 0.8. From this point of
CsPbl;, a uniform increase with x is observed, while the same
trend occurs across the b range. As they depend exclusively on
the radii of the different atoms and, consequently, on the
chosen set of radius values, the Goldschmidt factor values for
the four ternary compounds agree well with previous results
taken from the literature when Shannon radii are also
used,’® although precise correlation is not observed because
of the different coordination environments considered. This
decision is discussed in more detail in the ESL.{

The Sun’s parameter values, presented in Fig. 3b, should
have better correlation with the thermodynamic stability of the
perovskites, and this will be assessed in the following discus-
sion. In this case it is observed that the most stable zone for
Sun’s parameter lies in the region of CsPbBr; because of the
octahedral factor influence. In this case, the influence of x on
the parameter is greater than that of b, and the maximum
value is obtained from the perovskite CsPbBr;.

Again, an increase as the x concentration changes from 0 to 1
occurs, but in this case the property value decreases as the b
value increases, mainly relying upon the octahedral factor, which
exhibits the same trend. Despite the opposing trends, both vari-
ations are essentially continuous within the studied range.

The bonding strength is defined as an isotropic quantity
that defines the resistance of a material to bond breaking. The
values of this parameter for the studied compounds are pre-
sented in Fig. 4.

As chemical intuition dictates, the presence of smaller atoms
in the perovskite leads to greater bonding strength, taking into
account that the valence charges of atoms in equivalent posi-
tions are the same. It is interesting to note that while the
Goldschmidt factor is mostly influenced by b, bonding strength
is more affected by x, which seems reasonable considering that
the halogen atoms have greater presence and are part of every
single bond. To the contrary, as previously mentioned, the

0.260
0.255
0.250
0245
0.240

X concentration

0235
0.230

0225

0.220
04 06 10
b concentration

Fig. 4 Bonding strength [dimensionless] values for CsPby_,Sn,(l1_,Br,)3
perovskites. For more details on the calculated numerical values as a
function of the chemical composition, see the ESI. ¥
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Goldschmidt factor indicates how balanced the sizes of both
cations are, being less affected by the halogens involved in the
bonds. In this case the variation along the x concentration
range involves an increase of around 13.1%, while the rise
along the b concentration axis is approximately 4.7%; both
trends are continuous. Small deviations from the linear trends,
falling in all cases within a negligible +0.5% range, are
explained based on the uncertainty of the calculations, corres-
ponding to insignificant displacements of the cell or the posi-
tions and, consequently, distances between atoms, or, directly,
to the averages of these distances for all atoms in the cell, result-
ing in differences of a few hundredths of an Angstrom.

Thermodynamic parameters

The most common way to assess the stability of a certain com-
pound is through studying its formation enthalpy. To do that
rigorously, it is necessary to evaluate the possible synthesis
and decomposition pathways of that compound, considering
both the fundamental elements and competitor binary or
ternary phases. These enthalpies can be calculated using for-
mulas (4.1) and (4.2), which detail formation enthalpy from
fundamental elements (Fig. 5a) and formation or synthesis
enthalpy from binary phases (Fig. 5b), respectively. As was pre-
viously mentioned, the calculations used to obtain all these
energies were carried out with the SCAN hybrid functional.
Herein, the studied perovskites fall way below the stability
limits defined by their constituent elements, which means
that their formation is plausible from a thermodynamic point
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Fig. 5 Formation enthalpies considering (a) constituent elements [eV
per atom] and (b) binary compounds [meV per atom] for
CsPb;_pSny(ly_4Br,)s perovskites. For more details on the calculated
numerical values as a function of the chemical composition, see the
ESL+
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of view. The very low values presented, in the range of 1-1.2 eV
per atom, imply that the perovskite structure is strongly
favored energetically. For the case of the enthalpies relating to
the binary precursors route, negative values also indicate good
stability, discarding in principle metastability with respect to
competitor binary compounds, except for perovskites with a
clear majority of Pb and I, which could present metastability
with very small positive values of less than 10 meV per atom.

The formation enthalpy AH evolves with a uniform decrease
of 29% as x is increased from one extreme to the other, while
the corresponding variation is observed when b is modified
from 0 to 1, with a uniform rise of 5%. In contrast to that vari-
ation, the enthalpy from binary compounds AH; presents a not
entirely uniform decrease as Br is introduced. That decrease is
progressive, being more pronounced as x increases. At the same
time, the effect of the introduction of Br is less significant as
the b concentration increases, with a decrease of —60 meV per
atom for pure Pb perovskites and —29 meV per atom for pure
Sn perovskites. In a similar way, there is a decrease in AH; as b
increases, although in this case it is uniform, with a more
marked variation for pure I perovskites (—45 meV per atom)
than for pure Br ones (—14 meV per atom), and with a progress-
ive change for intermediate examples. In addition, there is a
clear trend where highly mixed halogen compounds (x = 0.5)
exhibit a small deviation to higher values of formation energy
in the binary case, indicating that some instability originates
from lattice distortions; on the contrary, this is not seen in the
formation energy data based on constituent elements.

In summary, the higher bonding energies of lead binary
compounds when compared to tin compounds, as crystalline
lead is less energetic than tin, explain why CsSnBr; and most
closed perovskites are those with the lowest AH; values, ie.,
the most stable from a binary compound perspective, while
the area surrounding CsPbBr; contains the perovskites with
the lowest formation enthalpies from a constituent element
perspective. The total energy values obtained directly from the
calculations performed herein and the formation enthalpies
based on constituent elements calculated using eqn (4.2) agree
with reference values obtained from the Materials Project data-
base,®® within error margins of 1 and 4%, respectively, despite
different functionals being employed for the calculations, veri-
fying the results presented here.

At this point is useful to point out the correlation between
these two formation-enthalpy types and Sun’s parameter and
the bonding strength, respectively, as presented in Fig. 6. To
measure how good these correlations are, two important stat-
istical indexes are presented: the coefficient of determination
(R*) and the mean absolute error (MAE). Both values are also
presented in Fig. 6.

For the prediction of the formation enthalpy from funda-
mental elements using Sun’s parameter, the descriptor works
extremely well, with R* equal to 0.993 and a MAE of 6.8 meV
per atom. Meanwhile, for the formation enthalpy from binary
compounds, the R value of 0.896 is not that good, although it
is high enough to perform perfectly well, but the MAE is even
lower than the previous example, with a value of 4.5 meV per
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Fig. 6 Correlation between structural and thermodynamic parameters.
(a) Formation enthalpy [eV per atom] vs. Sun’s parameter [dimensionless]
and (b) formation enthalpy from binary compounds [meV per atom] vs.
the bonding strength [dimensionless] for all studied CsPb;_,Sn{l;_Br,)s
perovskites.

atom, which falls within the 5% threshold. As stated by Sun
et al.,>* the correction to the Goldschmidt factor made via the
inclusion of octahedral and atomic packing factors substan-
tially improves the correlation with the formation enthalpy
(given that no correlation could be appreciated using the
Goldschmidt tolerance factor in this case), as it takes into
account the main structural requirements of the perovskite in
terms of the relative sizes of the constituent atoms that are not
disrupted by excessively high interatomic forces. At the same
time, it makes a lot of sense that the bonding strength, as a
measure of the difficulty of breaking bonds, presents a well-
adjusted relationship with the formation enthalpy from binary
precursors, thinking of that as the usual decomposition
pathway of a perovskite and considering that the breaking of
bonds is what usually triggers the decomposition process. All
these factors confirm the correct performance of these two
structural parameters as predictors of perovskite thermo-
dynamics, both being much easier to obtain than a complete
thermodynamic study when numerous compounds are going
to be studied or multiple calculations are required.

Mechanical parameters

Having good mechanical properties is always an excellent indi-
cator of the suitability of a material for use in complex devices,
where it is subject to different stresses. As previously stated,
good mechanical stability is also needed by absorber materials
to retain absorptivity values and not to present large losses of
efficiency over time. Especially important in these cases is the
bulk modulus, which determines the stiffness of the material
toward compression forces, such as the ones seen in typical
multilayer devices, like solar cells, during the manufacturing
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process and operation. The values of this property for the
different studied compounds are presented in Fig. 7, calcu-
lated using the Birch-Murnaghan equation. The bulk modulus
has also been calculated from the elastic constants of the
materials (see the ESIT); both methods give similar results in
terms of trends, although the values are slightly lower when
calculated using the Birch-Murnaghan equation, with an
average ratio of 1.12 between the values calculated with each
method and a highest ratio of 1.22.

From Fig. 7 is possible to see that the maximum value
corresponds to the CsSnBry perovskite, as for the other para-
meters relating to stability, with a value of 22.38 GPa. The
minimum value corresponds to CsPbl, (17.46 GPa), which
means that the bulk modulus grows with increases in x and b,
with almost uniform growth rates of 23.5% and 4.0%, respect-
ively. Once again, all the structures with a halogen compo-
sition (x) of 0.5, i.e., the same amounts of I and Br, present an
anomalous decrease in the bulk modulus, which can probably
be explained, as in the previous case, by the greater distortion
of the crystal structure, which gives rise to a worse response to
stress, as all those anomalies are related to some type of
additional instability.

Some other mechanical properties, like the shear modulus,
which determines the shear stiffness, and the Young's
modulus, which measures the tensile stiffness, have been also
been calculated by means of strain-stress methodology, "
and the results are presented in Fig. 8.

Both parameters, the shear and Young’s moduli, present
similar trends when the chemical composition is changed. In
general, upon x modification, uniform increases at average
rates of 25.9% and 26.5%, respectively, from the pure-I to
pure-Br extremes are shown, whereas » modification leads to
much lesser changes. From & = 0 to b = 0.17, a rapid decrease
is observed, but from that point up to » = 1, the trend changes
and the value starts to rise quite uniformly until it reaches a
value within a range of +4% of the initial value for the pure-Pb
perovskite with the same x concentration. The minimum
values at b = 0.17 (except for x = 0.5, where it lies at b = 0.33)
for the Shear/Young's moduli show relative values of around
96%/95% of the initial values at » = 0, with a minimum value
of 94.6%/92.9% when x = 1/x = 0.

X concentration

04 06
b concentration

Fig. 7 Bulk modulus [GPa] values for all CsPbi_gSnp{l;_Br,)z perovs-
kites studied. For more details about the calculated humerical values as
a function of the chemical composition, see the ESLt
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Fig. 8 (a) Shear [GPa] and (b) Young's modulus [GPal values for all
CsPb;_,Sny{ly_,Br,)z perovskites studied. For more details about the cal-
culated numerical values as a function of the chemical composition, see
the ESLY

Poisson’s ratio, which measures the deformation in a direc-
tion perpendicular to the load, has been also calculated.
Poisson’s ratio yields an almost constant value of around 0.29
for the entire composition range. For the sake of simplicity, a
contour plot presenting Poisson’s ratio values has been
omitted (see the ESIT for more details).

All of the studied compounds meet the elastic stability cri-
teria, defined according to the elastic constants for the most
general case of symmetry, where: €14 > 0, ¢33 > 0, €33 > 0, C44 > 0,
C55 >0, Coe > 0, €11 + Cag — 2615 >0, €11 + €33 — 2613 > 0, €52 + €33
— 2¢5; > 05 and ¢y, + Cop + €33 + 2010 + 2013 + 2005 > 0.7° Pugh’s
criterion® is also met, locating all the compounds out of the
brittle area and classifying them as ductile materials.’

To measure the accuracy of these properties values is deli-
cate, because great differences far beyond the standard 3%
error limit in comparison with previously reported values can
be seen in the extensive literature in this area,** especially
those relying on different simulation programs. Moreover, the
high instability of these compounds when they are manipu-
lated makes it almost impossible to measure these properties
experimentally. In spite of that, looking at other works, trends
with regard to the four ternary compounds analyzed herein are
correctly reproduced in this work, and the property values fall
within a similar range to previously reported examples.?®9* 9%

Conclusions

Awhole set of properties for the CsPby_;Sn,(I;_,Bry); family of
all-inorganic perovskites is presented in this work. The main
structural, thermodynamic, and mechanical parameters
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related to some extent to the intrinsic stabilities of these
materials are properly described. It is expected that this set
can help researchers, guiding their experimental efforts
towards a specific compound depending on the precise pro-
perties desired. In this sense, the main parameters evaluated
here show that CsSnBr; is the most intrinsically stable perovs-
kite within the studied range, as indicated by the Goldschmidt
factor, the bonding strength, the formation enthalpy based on
binary components, and the bulk modulus. Nevertheless, all
the compounds studied herein fall within the intrinsic stability
region delineated by those parameters.

Regarding all the described properties and the changes that
they exhibit upon chemical composition modification, some
trends and anomalies are remarkable enough to be compiled
and highlighted below:

« Despite the cell volume presenting constant variations
when the chemical composition is modified based on the
atom radii, the lattice constant of the cell and, consequently,
its shape do not present that same trend, losing the cubic
structure when mixed halogens are introduced.

+ Although most of the properties present a linear depen-
dence on the chemical composition, the formation enthalpy
based on binary precursors presents a rather exponential
dependence because of the highest stability being shown by
lead binary compounds.

« Paying attention to the percentage changes of the
different properties, x seems to have considerably more influ-
ence than b, which seems logical when looking at the
stoichiometry.

« For many properties, especially for those most directly
related to stability, like Sun’s parameter, the formation
enthalpy AH,, and different mechanical parameters, an anom-
alous deviation from linear trends in the direction of
additional instability is observed for most compounds when x
= 0.5, indicating that the loss of cell symmetry could produce
significant but not conclusive instability in these compounds.

Correlation between some structural and thermodynamic
parameters is also presented. In one case, the linear depen-
dence of Sun’s parameter on the formation enthalpy of the set
of compounds studied herein has been confirmed. In another
case, new correlation, which has not been previously proposed,
between the bonding strengths of the compounds and their
formation enthalpies based on binary phases has been veri-
fied, with very high rates of correspondence.

Thus, this work offers fundamental insight in the search
for new all-inorganic perovskites with tailored structural,
thermodynamic, and mechanical properties and reduced tox-
icity, with a focus on suitable chemical compositions.
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Introduction

Perovskites became a mandatory line of research in any labora-
tory with interests in photovoltaic energy for a few years now,
with more than 3000 research articles per year since 2017 (data
from the Web of Science with the keyword perovskite solar
cell). Thanks to all the research devoted to these materials that
the promising 3% efficiency presented barely 15 years ago
turned into a really impressing power conversion efficiency
(PCE) of 25.5% (29.5% when used in tandem configuration
with Si cells) in record time."® These high efficiencies were
initially reported for the organic-inorganic hybrid methyl-
ammonium lead iodide (MAPI) perovskite. During the last
years, the vast majority of the efficiency records for organic-in-
organic hybrid perovskites have been obtained for MAPI and
formamidinium lead iodide (FAPI) perovskites or their mix-
tures. Thanks to their outstanding properties, such as a very
adequate direct bandgap,”® a high absorption coefficient,”*°
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intrinsic  stability, electronic properties, and absorption features,
Rb,Csy_2SnpPby_pl:Br (@ = 0.125 and 1 > b > 0.5) perovskites would be adequate candidates for photo-

pointing out that all-inorganic

voltaic applications with improved stability and reduced Pb concentration.

superior ambipolar charge mobility and long charge diffusion
length**™® and a small exciton binding energy,"*™® perovs-
kites are attracting great interest, leading the way for the new
generation of solar cells, cheaper and at least as efficient as the
present leader technology, silicon solar cells. Nevertheless,
besides all their strengths, organic-inorganic perovskites, par-
ticularly MAPI and FAPI, also present some important weak-
nesses, two of which are especially crucial in their way to com-
mercialization: their poor stability and toxicity."”*° Both stabi-
lity and toxicity related problems can be solved through the
adequate modification of the chemical composition.

There are several mechanisms by which perovskites gener-
ally suffer instability problems. The most common of them are
hydration, oxidation, polymorphic transition and direct
decomposition.”** Besides intrinsic instability of the corres-
ponding compound, these mechanisms can be induced by
different agents including UV light, heat, oxygen and moisture.
As a result of all these issues, perovskites present the highest
lifetimes of 10000/1000 h in storage/under illumination in
tests,> far below necessities to compete against silicon techno-
logy, which is used in devices that last for 25 years or even
more.'® This way, those mechanisms of degradation need to
be addressed in depth without delay. Looking at top-perfor-
mers MAPI and FAPI, one of their main problems is the weak
bond between the organic cations and the Pbl, octahedra.'”>®
The different degrees of freedom of rotational and transla-
tional motion of the organic cation provoke ion migration or
phase transitions that modify the properties of the
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compounds.>®?° Organic cations are also the most affected
under moisture conditions due to their high hygroscopicity.*®
For this reason, latest trends point towards substitution of the
organic molecules with inorganic cations, trying to solve these
problems.*'* In particular, the partial introduction of Cs sub-
stituting methylammonium or the corresponding organic
molecules was initially studied, resulting in slightly better
stabilities.***” Most recently, the focus has turned towards
total replacement of the organic molecule, leading to fully in-
organic perovskites,®® with CsPbl; gathering much
attention.>*™*? Unfortunately, all-inorganic CsPbl; perovskite
presents spontaneous phase transition from the photoactive
perovskite black a-phase to the light-inactive yellow 8-phase,
mainly because of distortions of the structure caused by the
small size of the cesium atoms to hold the Pbly octahedra.****
In order to overcome this issue, partial compositions of
different halides have been extendedly studied,*>*>™*° with
different compromise solutions between stability and suitable
bandgaps for photovoltaic applications, considering that
smaller halides result in compounds with larger bandgaps.
Among those solutions outstands the CsPbL,Br perovskite,
which exhibits an adequate bandgap but also phase stability at
room temperature, thanks to a lower phase transition tempera-
ture with the bromine addition.*>*°* In this line of using
chemical composition as a tool to solve stability problems,
many other options, aside from those previously mentioned,
have been studied and tested, with a myriad of different
elements at different levels of concentration.****** Among
them, the presence of small rubidium concentrations (around
0.05-0.1) has been proposed to improve the stability of cesium
perovskites, passivating grain boundaries and hardly changing
bandgap values.®* ®’

Toxicity problems are linked to the presence of lead atoms.
Replacing this element seems a logic solution.®®*”> However,
lead s and p-states comprise and shape the valence band
maximum and conduction band minimum in perovskites,”®
therefore being responsible for the high PCE values, because
of which it is difficult to get rid of this element without jeopar-
dizing efficiency. Structural variations of the simple perovskite,
like double perovskites or even more complex structures have
been suggested as an alternative to lead-based perovskites;
however, they present indirect bandgaps and very low mobili-
ties of charge carriers, leading to PCEs not exceeding
3%.°7777% Better results in terms of PCE have been presented
with tin perovskites, more similar to lead perovskites than
other options although with little worse stability, mainly
because of issues related to Sn>" oxidation.®>®" Fighting with
this issue, it has been reported that Rb introduction can also
help in reducing significantly formation of Sn*" vacancies.®®
For the case of pure tin perovskites PCEs of 14% have been
reached (10% for all-inorganic perovskites), while for mixed
lead-tin the rise is up to 21% for the moment.?* %

Following lines of design for new all-inorganic perovskite
solar cells with improved efficiency and stability and lower
lead-related toxicity issues, compounds with different Pb/Sn
ratios,  as Rb-doped  compounds,

well  as ie.,

1338 | /norg. Chem. Front., 2022, 9,1337-1353
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Rb,Cs;1_,Sn,Pb;_pI,Br (a = 0-0.125; b = 0-1), are explored by
Density Functional Theory (DFT).*>*” The usefulness of a com-
putational analysis through the DFT method is noticeable,
acting as a roadmap of properties for experimentalists, which
has much more difficulties in covering wide spaces of chemi-
cal composition with different concentration rates, in terms of
resources, time and cost of both.®® Information on intrinsic
stability and accurate description of the electronic structure,
and sun-light absorption features are presented.

Computational details

The step-by-step procedure to conduct this analysis consists of
three levels of DFT***” and beyond DFT calculations. First of
all, a structure optimization of all the compounds, to relax
atomic forces and total energies within a tolerance of 0.01 eV
A= and 107° eV, has been performed, followed by a static cal-
culation of the electronic structure with a very dense grid of
k-points to fully describe the reciprocal space. For the struc-
tural relaxation step, the PBEsol functional,®® with higher accu-
racies presented for this task when used in solids, has been
used in all the cases, while the standard PBE functional®® has
been chosen for the obtention of electronic structure in static
calculations.  Regarding  k-point meshes, I'-centered
Monkhorst-Pack grids® of 8 x 8 x 8 and 12 x 12 x 12 points
have been applied to these steps, respectively.

Due to the widely known underestimation of the bandgap
values of the GGA level of theory, a subsequent step or level of
calculation is required to obtain accurate electronic structures
and their dependent properties, like the bandgaps and the
dielectric constants. With this purpose, beyond DFT level cal-
culations using the Hubbard model for the electron corre-
lation, widely known as the DFT+U method,”™?> have been per-
formed. Other approximations, like different GW calculations
based on many body perturbation theory,”* the hybrid HSE06
functional® or a combination of both of them have also been
tested. In fact, as reported in previous works on the matter,
GW presents very precise results when used on top of PBE
relaxed structures when compared to experimental values of
inorganic perovskites,”>® excluding finite-temperature calcu-
lations to account for thermal effects, which are far more
expensive in terms of computational cost and for that reason
out of the scope of this work. Nevertheless, all those methods
dramatically fail when used on top of structures relaxed with
PBEsol (which in turn are more precise than those obtained
with PBE), especially for those compounds that show metallic
or almost metallic nature when calculated with PBE. Inclusion
of the spin-orbit coupling (SOC) effect’” in the calculations
has also been tested and properly discussed in the results
section of this work. All the calculations proposed here have
been performed with the projector-augmented wave scheme as
implemented in the Vienna Ab initio Simulation Package
(VASP)‘Qs—loo

All-inorganic ~ Rb,Cs;_,Sn,Pb,_,I,Br  perovskites with
different partial concentrations of the IV-group cations (a = 0.0

This journal is © the Partner Organisations 2022
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and 0.125; b = 0.0, 0.125, 0.25, 0.5, 0.75, 0.875, and 1.0) have
been studied in this work. The model system of
Rb,Cs;_,Sn,Pb;_,I,Br perovskites was built starting from the
2 x 2 x 2 supercell of CsPbI; with 40 atoms. Additionally, the
effect of lower Rb concentrations (a = 0.0625) on the bandgap
has been also studied using bigger 4 x 2 x 2 supercells with 80
atoms. Only cubic perovskite structures have been considered
for this work, as those with solar application considering non-
perovskite phases exhibit larger bandgaps with no interest for
this work.'*"'%2 Configuration of the IV-group and Rb atoms
for the different concentrations has been defined by looking
for the highest space group symmetries, using the combinator-
ial methodology implemented in the SOD (Site Occupancy
Disorder) program.*®?

Results and discussion

The study of all-inorganic Rb,Cs,;_,Sn,Pb,_,1,Br perovskites is
divided into three sections aimed at assessing their main
structural and electronic features as a function of the chemical
composition. Firstly, in an analysis of the most important
structural parameters, distortions and intrinsic stabilities are
given. The second section is devoted to selecting an adequate
DFT method, which should provide accurate electronic band
structures and absorption properties bearing in mind a good
compromise between accuracy and computational effort.
Finally, electronic structure properties and absorption coeffi-
cients are assessed.

Structural and thermodynamic parameters

A detailed structural analysis to assess the structure distortion
(i.e., changes in the unit cell structures when Cs and/or Pb are
atoms are replaced in relation to the pristine compound,
CsPbI,Br) can throw relevant information on intrinsic stability.
Lattice constants, bond distances, inner angles of Pbls octa-
hedra - or BXg, generalized for different chemical compositions -
and Goldschmidt’s tolerance factor offer an overview of the
perovskite cubic phase predominance over other structures
like orthorhombic, the crystal quality or intrinsic stability,
paying special attention to tilting or rotation of the octahedra,
which we already know leads to deterioration of conductivity
properties among others.>**® Also, total energies from static
calculations allow for obtaining formation enthalpies, consid-
ering at least fundamental elements, binary compounds from
typical decomposition pathways and pure ternary perovskites
to account for phase segregation.

To gain some insight into the structure of all-inorganic per-
ovskites, the CsPbX; perovskite structure is depicted in Fig. 1,
paying special attention to the bond-generated octahedral con-
figuration (BXs and XCs,B,), whose proportions and dimen-
sions are related to the structural stability. As seen for
CsPblL,Br, the pseudo-cubic structure comes from the combi-
nation of two halogens in the X position, where bromines
occupy opposite corners in the octahedra along one same
direction with a consequent shortening of that lattice vector.

This journal is © the Partner Organisations 2022
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Fig. 1 Structure of a CsPbl,Br perovskite crystal with the different octa-
hedra generated by atom bonding highlighted: (a) BXg octahedron and
(b) XCs4B, octahedron.
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Fig. 2 Lattice constant (blue lines) and shape factor (purple lines) vari-
ations as a function of the chemical composition. Continuous lines
correspond to CsSn,Pb;_pl,Br compounds, while dashed lines corres-
pond to Rbg.125Csp.875SN,Pb1_pl2Br.

First of all, the size and shape of the pseudo-cubic cells corres-
ponding to the perovskite structure for the different compo-
sitions are presented in Fig. 2, where the main lattice constant
and shape factor are depicted. The ratio between that shor-
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tened vector modulus and that of the other identical two is
what here called the shape factor, which measures deviation
from that perfect cubic shape. In all the studied cases, those
two non-shortened lattice vectors remain equal even after
relaxation. Also, orthogonality between lattice vectors of the
unit cell is perfectly preserved, with the only exceptions of Rb-
doped compounds with partial concentrations of Pb and Sn
other than 0.5 (Rbg.155CS.g755n,Pb;_pI,Br with b = 0.125, 0.25,
0.75, or 0.875), where maximum deviations of 0.23° are
observed. This way unit cell angles are not considered as a rele-
vant parameter here. From Fig. 2, it can be observed that the
lattice constant decreases linearly in coherence with the size of
the divalent cations with the concentration of tin and lead. On
the contrary, for the compounds with rubidium a significant
reduction of the unit cell size is observed, except for the qua-
ternary cases (b = 0 or b = 1), in which no substantial effect is
noticed. That reduction is more acute in comparison to com-
pounds without rubidium for higher concentrations of lead.

Meanwhile, shape factor hardly changes with b concen-
tration for compounds without rubidium and for those with
rubidium an additional shortening occurs in the same com-
pounds where a reduction of the lattice parameter occurs,
leading to smaller volumes of the cells in comparison. The
same trend occurs again with introduction of tin softening
that reduction, as we can see comparing the volumes of the
compounds with the same b concentration with and without
rubidium, where volume ratios of 0.9688 and 0.9813 are
observed for b equal to 0.125 and 0.875 respectively, and inter-
mediate values following the trend too.

In those compounds where both Cs and Pb ions are par-
tially replaced, the variety of distance values between the same
kind of two ions (Cs-X, Rb-X, Pb-X, and Sn-X, where X =1 or
Br) due to different surrounding environments is a good indi-
cator of the crystal structure distortion. Fig. 3 presents average
distances between different ions for all the compounds, as
well as standard deviations from those mean values. Both AX
(Fig. 3a) and BX (Fig. 3b) distances confirm that there are no
distortions of the perovskite structure besides the shortening
along the Br string direction for compounds without rubi-
dium. Note that both CsPbI,Br and CsSnL,Br present a well-
defined perovskite structure, with the exception of the shor-
tened lattice vector on the Br string direction. Introduction of
low rates of Rb (1/8 of total monovalent cations) is not enough
to distort PbI,Br, octahedra and the cells are this way able to
dilute the effect of the small size of the Rb atom and preserve
its shape. This fact can be noticed mainly from zero standard
deviations among different distances presented. Pure tin and
lead structures with rubidium present almost identical dis-
tances to their equivalents without rubidium, which means no
substantial distortions either, as confirmed from lattice para-
meters and inner angles. For all these compounds the larger
standard deviation is 0.01 A, which represents a variation
below 0.4% of the total bond distance. Regarding the remain-
ing distorted structures (those with rubidium and b = 0.125,
0.25, 0.5, 0.75, and 0.875), great differences between Cs-X and
Rb-X are good evidence of unbalanced structures, apart from
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Fig. 3 Average bond distances of the different cations and anions in the
cell, including standard deviations grouped in (a) AX distances and (b) BX
distances.

larger standard deviations from mean distances than the pre-
vious cases. Compounds with b concentrations equal to
0.125 and 0.875 are those with more accused distortions,
especially for Sn-Br, Cs-I and mostly for Cs-Br distances,
where standard deviations of 0.26 and 0.38 A respectively are
reached, more than 25 times higher than those for the inter-
mediate structures with b equal to 0.25, 0.5 and 0.75. A fact
that is worth noticing is that despite the smaller size of the
distorted cells, the BX, octahedra increase their size in these
distorted structures, as can be seen in their longer BX dis-
tances. This could be one possible reason for deviations
from trends in their optical properties that will be explained
later.

In Fig. 4 the different angles defined by X-B-X bonds are
presented. For simplicity, only deviations from original right
and straight angles are shown and just for the perovskites with
rubidium, as those without it present no deviations at all from
the orthogonal directions. This way four different angles are
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Fig. 4 Averaged inner angle deviations from ideal right and straight
angles within the BXg octahedra for Rbg125Cs0.8755n,Pb1_pl2Br perovs-
kites, including standard deviations.

presented: Br-B-Br which ideally forms 180° angles, Br-B-I
defining 90° angles and theoretically coplanar I-B-1 angles
divided in straight and right angles. We opted for presenting
deviations from right angles in absolute values, to avoid com-
pensation for means of zero, and consequently deviations
from straight angles are presented in positive for convenience
when looking at the graph. One more time, structures without
rubidium present perfectly ideal values of 90° and 180° for
every inner angle, while for Rb155CSg75SnLBr and
Rby.125CS0.875PbIBr maximum deviations of 0.3° take place. In
contrast, quinary compounds (Rby 1,5CS¢ s755n,Pb;_5I,Br for
b =0.125, 0.25, 0.5, 0.75 and 0.875) present maximum deviations
up to 6° for the two more distorted compounds (those with a 1
to 7 proportion of divalent cations) and up to 2° for the other
three compounds, which is still a quite high value. To empha-
size distortion in those first two compounds is enough to look
at the enormous variability, represented by the standard devi-
ation, among all the angles which basically means that almost
every octahedron is different from the next one. The minimum
and maximum standard deviations for those two compounds
are 0.86° and 2.70°, with the maximum for the other three
compounds being 0.78°.

The Goldschmidt tolerance factor (¢) is widely used to
assess the stability within this cubic phase and the possibility
of a phase transition because of structure distortion,'*****
which is defined as

A +1x
‘ V2(rg +1%) @
where r,, rg and rx correspond to the elemental radii of the
ions occupying the corresponding position in the perovskite
structure as previously named, considering weighted radii
when needed because of mixed cations or anions (ie., rx =
1/3:1gy + 2/3:11, Ta = @-Trp + (1 — @) and rg = b-rgy + (1 — b)-rpp)-

As stated in the scientific literature,'®® those compounds
with Goldschmidt values between 0.8 and 1 are plausible to
exist in perovskite form, thanks to a well-balanced size of their
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atoms which allows for holding the BXy octahedra without
important distortions that subsequently lead to a phase tran-
sition. As expected, Goldschmidt parameter shows linear vari-
ations with composition, as it is defined exclusively by the
radii of the atoms occupying different positions in the perovs-
kite structure, weighted when more than one element occupies
equivalent positions. Values of all the compounds studied
here fall within that range, with the minimum and maximum
values being 0.850 and 0.887, corresponding to
RDy.125CS0.875PbLBr and CsSnl,Br respectively (see Fig. 5).

Finally, the intrinsic stability of studied compounds has
been also assessed from a thermodynamic perspective through
their formation enthalpies. Both formation enthalpies com-
pared to fundamental elements (AH¢) and binary compounds
(AHy), according to the standard route from minimal energy
binary compounds, have been defined as follows:

AHg = Eror [CS1_qRboPby_ SN, I, Br]
{0 —a) - ws+a-uy (2)
+(1=D) - uy + by + 2 1) + iy}

AHd = FEiot [CslfaRbanlbeanZBr]
—{(1 = a) - Evo[CsBI] + @ - Eot[RbBr] (3)
+ (1= D) - Eeoe[Pbly] + b - Eeoe[SNL]}
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Fig. 5 Goldschmidt tolerance factor (purple lines) and formation
enthalpies (blue lines) vs. (a) fundamental elements and (b) binary com-
pounds. Continuous lines correspond to CsSn,Pb;_,l,Br compounds,
while dashed lines correspond to Rbg 125Csg g755n,Pb1_pl2Br.
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where Eo[M] and 4{ stand for the total energy of M (M =
Rb,Cs,_,Sn,Pb,_;1,Br, CsBr, RbBr, Pbl,, and Snl,) and chemi-
cal potential of constituent element i (i = Rb, Cs, Pb, Sn, I, and
Br), ie., the total energy per atom in its corresponding bulk
phase, respectively.

Fig. 5a and b display AH; and AHj, respectively, in both
cases contrasted to Goldschmidt tolerance factor displayed in
the right axis. Fundamental element enthalpies are below —1
eV per atom for all the compounds. In general, negative AH;
values determine the range of chemical potential within which
the studied material would be thermodynamically stable,
being negative values an essential although not sufficient on
itself requirement for synthesizability of the materials. In this
case, this metastability criteria is accomplished by far, proving
the stability of the perovskite structure and the suitability of
the elements chosen, being compounds with lead those with
lowest values. Except for CsPbI,Br and CsSnl,Br, the substitu-
tional doping with Rb leads to slightly lower AH values.
Another limit to be considered for the compounds to be stable
would be also negative values of AH,. In this case, the same
linear trend as the one observed for the Goldschmidt para-
meter is also observed for all the studied perovskites without
rubidium, while for those with Rb linearity disappears because
of the distortion of the structure. Introduction of Sn improves
the stability versus these binary compounds as indicated by
lower values. This way, the maximum value is observed for
Rby.155CS0.875PbL,Br with 11.69 meV per atom and the
minimum of —34.31 meV per atom is for CsSnl,Br, slightly
lower than that of Rbg155CSg.5755N¢.575Pbg.1251,Br. Positive
values indicate certain leaning to decomposition through that
pathway, although as we previously commented all the com-
pounds fall within the metastability limit and those with posi-
tive values are reasonably below 15 meV per atoms, which is
not higher enough to discard them for synthesizability. When
comparing compounds with and without Rb, higher formation
enthalpies are observed for pure tin and pure lead compounds
where there is no significant distortion of the structure, but
when distortion takes place the opposite happens. This way,
it's very interesting to see that distorted structures, as pre-
viously catalogued, are counterintuitively those with more
negative values and therefore those with less probabilities to
decompose this way. Paying attention to the comparison
between both parameters, Fig. 5b shows clearly that
Goldschmidt parameter results in a very good descriptor of
thermodynamic stability, as trends of both parameters per-
fectly match for non-distorted compounds, but fail at the time
of describing those structures farthest from the canonical per-
ovskite structure.

DFT methods for electronic structures

One of the most important properties when evaluating the
photovoltaic potential of a material is its bandgap, because it
is the main parameter which defines its absorptivity of the
solar light, which in turn determines PCE together with mobi-
lity and recombination. Besides bandgap values, the type of
bandgap, direct or indirect, has also a direct impact on absorp-
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tion, mobility and recombination, being this way of huge
importance. For the case of all the compounds studied within
this work, bandgaps are in all cases direct, thus increasing
absorption.

To obtain precise bandgaps of all the studied compounds,
considering underestimation associated with GGA calcu-
lations, different methods have been tested as previously com-
mented (see the Computational details section). Those
methods have been preliminarily tested in quaternary com-
pounds CsPbI,Br and CsSnL,Br, from which we have experi-
mental bandgap values,””? as well as for CsSn, sPb, sI,Br, to
check also a compound with mixed cations in the B position.
Bandgap values of these compounds and for the different
methods tested are presented in Table 1. All the tested
methods fail to overcome the initial underestimation from
PBE. As seen in Table 1 for CsSnl,Br, the initial guess from the
PBE functional shows a metallic behaviour which cannot be
corrected in any subsequent calculation with GW approxi-
mation nor the hybrid functional with an error of at
least 0.97 eV. Despite not knowing previous values for
CsSny sPby sI,Br, a bandgap somewhere between the values of

Table 1 Bandgap values with the different theoretical methods tested
compared to experimental values

CsPbI,Br CsSng 5Pbg sI,Br CsSnl,Br
PBE 1.26 0.66 0.10
GoW, 1.79 0.95 0.13
GW, 1.86 1.03 0.17
HSE06 1.73 1.04 0.40
HSE06 + GoW, 2.22 1.21 0.35
Experimental 1.91¢ — 1.37°

@ Experimental value taken from ref. 54. ”Experimental value taken
from ref. 72.
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Fig. 6 Calculated bandgap using PBE+U (continuous lines}) and
PBE+U+SOC (dashed lines) for CsPbls (blue), CsPbBrs (green), CsSnls
(yellow), CsSnBrz (red), CsPbl,Br (cyan) and CsSnl,Br (orange).
Horizontal dotted lines stand for experimental bandgap values (taken
from ref. 32, 54, 72 and 111-113); diamonds signal final values used for
each compound.
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the other two compounds should be expected, as although
could not be linear the introduction of tin depicts a descent
trend in the gap. Nevertheless, the highest value obtained is
0.16 eV lower than the experimental value of CsSnI,Br. In the
case of CsPbI,Br an acceptable underestimation of 0.05 eV is
achieved with the GW,, calculation, even though it could not be

Inorganic Chemistry Frontiers

considered very precise to obtain accurate optical absorption
spectra. The inclusion of the SOC would also tend to reduce
bandgaps even more when separating degenerate states in the
valence band.'*®'% Thus, its inclusion has been discarded.
This way PBE+U turns out to be the only available solution to
obtain accurate electronic structure results.
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Fig. 8

CsBBr3

(a) Calculated absorption coefficients with PBE+U (blue lines) and PBE+U+SOC (orange lines); (b) area under the curve (AUC) for the absorp-

tion coefficients. U values of 5.6/11 eV for Pb/Sn without SOC and 15.2/14.2 when SOC is used.
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Finally for PBE+U, different U values have also been
checked to obtain experimental bandgaps of the previous test
compounds, but also of ternary perovskites with the anions (I
and Br) and cations (Pb and Sn) studied here (see Fig. 6).
Taking as a frame of reference the two compounds with only
one divalent cation and with the relative concentration of
halides studied here, CsPbI,Br and CsSnl,Br, experimental
values of the bandgap have been achieved with values of 5.6
and 11 eV applied to p-type orbitals of Pb and Sn respectively,
and thus those have been chosen for the rest of the com-
pounds with I,Br concentration in the anion positions.

SOC effect inclusion. As stated before, PBE+U turned out to
be the only available solution to present accurate electronic
structure results. However, due to the presence of heavy atoms
(Pb), electronic structure calculations with SOC should be
carried out, ie., PBE+U+SOC. This method was tested for
ternary compounds (CsBXz, B = Pb and Sn; X = I and Br), qua-
ternary (CsBI,Br) and those with mixed cations at the B posi-
tion (CsSny sPby sI,Br). For comparison purposes and seeking
to compensate for the narrowing effect of SOC inclusion in the
bandgap value, higher values of U have been used to obtain
the same bandgap values as when SOC is not applied. This
way, U values increase to 15.2 and 14.2 eV for Pb and Sn
atoms, respectively, when the SOC effect is added (in compari-
son with the 5.6 and 11 eV in the absence of SOC). Bandgap
value trends with some of the U-values tested for the different
compounds are presented in Fig. 6.

Band structures of the reference compounds are depicted
in Fig. 7, with a comparison side to side between calculations
with and without the SOC effect. In those comparisons, the
effect of SOC on the VB and CB of the compounds can be
clearly seen. In all of them, p-type states of the cation, located
near the CB minima, split in two branches pushing all but one
states to higher energies. That way the CB is even less dense in
the cases of the SOC effect included, which will be seen also
in the absorption spectra in the form of a decrease of the
absorption coefficient. On the contrary, VB states are a bit
more compressed than without SOC, mitigating to some
extent that effect, which is perfectly noticeable in compounds
with higher concentration of Pb and slighter in those with
more Sn.

As seen, accurate bandgap values can be easily achieved
through an adequate selection of U values over p-type states of
the B cation, regardless if SOC is included or not. In addition,
the effects of SOC have been also checked for absorption
coefficients. Fig. 8 shows a comparison of the calculated
absorption coefficients with and without the SOC method-
ology. As can be seen, since the bandgap is accurately obtained
by fine-tuning U values, the absorption coefficient yields a
similar profile for both PBE+U and PBE+U+SOC methods,
wherein the absorption edge starts to increase from the
bandgap value. The main difference upon SOC inclusion is
noted for the total absorption, which has been quantified
through the area under the curve (AUC), that defines the inte-
gral of a curve that describes the absorption as a function of
the energy. Fig. 8b displays AUC values calculated with PBE+U
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and PBE+U+SOC methods. As seen in Fig. 8b, the substitution
of Pb by Sn leads to higher AUC values. If comparing differ-
ences between results with and without SOC for the com-
pounds with lead and for the compounds with tin, it can be
seen that SOC has a bigger impact for those compounds with
B = Pb. Nonetheless, both PBE+U and PBE+U+SOC methods
yield the same trend as a function of the chemical compo-
sition. Being one of the goals of this work to offer alternatives
to lead for perovskite, as we increase the concentration of Sn
in the compounds the use of SOC will have less and less
meaning. Therefore, PBE+U is an adequate method to yield
accurate bandgap values and related properties, such as
absorption coefficients. With all these results and taking into
account the increase of resources demanded by SOC included
calculations, around 3 times more memory and 5-10 times in
terms of computing hours according to our results, the
decision to not include the SOC effect in our calculations was
made, also considering that a respectable number of com-
pounds are being studied.

Electronic structure analysis and absorption properties

Fig. 9 depicts bandgap values for Rb,Cs;_,Sn,Pb,;_,I,Br per-
ovskites studied here. Its similarity to previously presented
figures like those for formation enthalpy vs. binary precursors
(Fig. 5b) and lattice parameter (Fig. 2) can be seen clearly,
meaning a strong correlation of these bandgap values with
structure distortion as well. An almost linear trend is observed
for non rubidium-doped perovskites with a decrease with tin
introduction from 1.90 eV for CsPbL,Br to 1.36 eV for
CsSnILBr. Bandgap is once again not affected by rubidium
introduction in those compounds where the perovskite struc-
ture is not distorted much because of it. On the contrary a pro-
minent increase of the bandgap is observed when introducing
Rb in those cases where a distortion of the structure is pro-
duced, even more pronounced for those two structures pre-
viously catalogued as highly distorted.
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Fig. 9 Bandgaps values for CsSnpPby_ploBr (red),
Rbo.125CS0.8755NPb1_pl2Br  (blue) and  Rbg 625CS0.93755N,Pb1_pl2Br
(green) compounds calculated using PBE+U (U = 5.6/11 eV for Pb/Sn
atoms).
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To go deeper in this question additional calculations have
been performed on bigger 80 atom cells with a monovalent
cation Rb/Cs ratio of 0.0625/0.9375. The bandgaps of those
compounds have been obtained using exactly the same meth-
odology and U values as for the compounds previously ana-
lysed, whether with or without rubidium. The resulting values
of the bandgap, with deviations in the bandgap value below
the 0.33% in comparison to the corresponding compounds
without Rb, confirm that distortion because of Rb, and not
introduction of Rb electronic levels, is the main cause of
bandgap changes.

Next, the electronic configuration of all the studied com-
pounds will be addressed, to get some chemical knowledge
on the effect of the different atom substitutions accom-
plished. The projected density of states (PDOS) is displayed
in Fig. 10. For the sake of simplicity, especially considering
that direct bandgaps are shown by all the compounds, elec-
tronic band structures are given in the ESI (Fig. S1.1-S1.14%).
From PDOS graphs presented in Fig. 10 we can see, as it is
already commonly known about perovskites, that CB minima
in all the compounds are mainly defined by lead/tin states,
while VB maxima are a combination of the same divalent
cation and the halide anion orbitals. Specifically, p-type orbi-
tals of Pb/Sn constitute the CB and hybridization of s-type
orbitals of Pb/Sn and p-type ones of I/Br constitutes the VB.
This way halide valence electrons also play a major role in
the bandgap width, defining the position of the VB,
although not much the shape of the bands. Monovalent
cations, like Cs or Rb here, have on the contrary no direct
effect on those border levels, as anticipated by previous ana-
lysis. Both CB and VB aren’t very dense, a fact that can be
seen even clearer in the band structures, with extreme levels
being quite uneven in energy along the main k-point
directions.

Comparing the different compounds and paying attention
to the effect of the different type of cation substitutions, we
can see how plots for pure Sn and Pb compounds with and
without Rb are practically identical, while when distortion is
introduced as previously explained some differences can be
noticed. In this line, compounds with Rb present the main
peak of states in the VB, generated by the halogen orbitals, a
bit closer to the VB maxima than the case of the compounds
without it. That difference is around 0.2-0.3 eV for the
different ratios of Pb/Sn. This fact could make those com-
pounds present stronger absorption spectra than their analo-
gous compounds without Rb, because of the additional elec-
trons with higher chances of being promoted to the CB.
Looking to Pb/Sn substitution, higher densities of states can
be observed in the CB minima level corresponding to Pb
atoms (p-type orbitals) than to Sn in the compounds with a
complementary ratio of Pb/Sn. This detail could suggest that
Pb compounds shall present higher absorption rates at ener-
gies close to that of the bandgap width than Sn compounds,
but that difference is not very pronounced and the arbitrary
units of the density of states don’t help to elucidate the impor-
tance of the fact. This way, no significant difference beside the
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displacement of the bands resulting in the bandgap width
change should be remarked.

Going beyond the electronic configuration of these com-
pounds, one of the main parameters targeted in solar cell
devices is absorption. The absorption coefficient of all these
compounds has been obtained by means of their dielectric
constant, according to the Kramers-Kronig relationship.™*
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Spectra for the whole series of b concentration without rubi-
dium are presented in Fig. 11a, while those of their analogous
compounds with 0.125 concentration of rubidium are dis-
played in Fig. 11b.

From these figures, the influence of distortion can be seen
too. Very linear shifting in bandgap energy can be seen here
from higher lead concentration compounds to higher tin com-
pounds for the case without Rb, agreeing with the results from
the previous section. Compounds with Rb don’t follow that
linear trend because of the distortion, with » = 0.125 being the
one with the lowest absorption because of its higher gap. It is
also seen that tin compounds present a higher absorption,
meaning a greater increase of the slope in the graph, for
higher energies than lead compounds in both cases with and
without Rb. From Fig. 11 it is observed that compounds with
and without rubidium where no distortion occurs present
identical spectra, which could be intuited from PDOS graphs
but clearly seen now. To quantify the absorption for every com-
pound AUC for each of them is presented in Fig. 12, where we
can see lower AUC values for distorted Rb compounds because
of the higher bandgap values. Rb,Cs;_,PbI,Br (a = 0, 0.125)
yields AUC =~ 11 x 10* eV em™. Tt also represents clearly the
improvement in the absorption properties of the compounds
as the Sn concentration grows, compared to Pb compounds. A
difference of almost 2 x 10" €V em™ can be noticed between
the pure tin compounds and the pure lead ones in that sense.
In coherence with the effects of Cs replacement by Rb on the
bandgap, except for pure Pb and Sn perovskites, AUC
decreases to ~2 x 10* eV cm™" upon Rb doping.

Based on the calculated bandgaps and absorption coeffi-
cients, the spectroscopic limited maximum efficiency (SLME)
of the studied compounds has been calculated, according to
Yu and Zunger’s method.'™® SLME has been obtained for a
fixed ambient temperature (293 K) and at different values of
thickness of the absorber layer ranging from few nanometers
to almost a micrometer. The results are presented in Fig. 13,
where it can be seen that maximum values of SLME
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change mostly with the bandgap of the compound, owning
those with lowest bandgaps the highest SLME. That
way pure tin compounds present a maximum SLME
of 30.17%, while a minimum value of 17.76% is for
RDy 125CS0.8755N0.125Pbg g751:Br. Very similar band structures
for all the compounds lead to differences in the absorption
spectra besides the absorption edge defined by the bandgap that
are not big enough to have an important impact on the SLME.

As said, the Pb dominated direct bandgap transition is
the key for an improved light absorption and therefore
improved PCE values. Thus, Rb,Cs,_,Sn,Pb;_;I,Br (a = 0.125,
0.5 < b < 1) would be an adequate chemical composition to
obtain AUC and SLME values higher than those obtained for
CsPbL,Br, i.e., improved sun-light absorption with a reduced
Pb concentration (which would allow a Pb-dominated tran-
sition) as well as an improved intrinsic stability due to Rb
presence.

Conclusions

Suitability of all-inorganic perovskites with the general
formula Rb,Cs;_,Sn,Pb,_,I,Br (@ = 0-0.125 and b = 0-1) to be
used as photovoltaic materials with improved intrinsic stability
and sun light-absorption properties has been studied here by
accurate ab initio methods. This way, a detailed picture of the
variation of key properties related to structural distortion,
thermodynamic formation enthalpies, electronic structure,
and sun-light absorption as a function of the chemical compo-
sition is provided. We hope that all this information could
guide experimental laboratories in the search of new all-in-
organic perovskites with the desired properties, as well as with
a reduced Pb-concentration. The main conclusions extracted
from the results presented above are emphasized as follows:

» For mixed Sn-Pb perovskites, introduction of Rb leads to
a distortion in the structure due to the smaller size of the Rb
cation compared to the Cs one, which doesn’t occur in the
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pure Sn and Pb perovskites. Higher rates of structural distor-
tion lead to more negative formation enthalpies, meaning
higher intrinsic stability. This could be an interesting effect
looking at the well-known problems of stability of perovskites,
if controlled and fine-tuned propitiously upon chemical
composition.

« To study cation substitution effects on the electronic
structure and absorption features, several ab initio methods
(PBE, PBE+U, HSE06, GW, and spin-orbit coupling effects)
have been assessed bearing in mind a good compromise
between accuracy and computational efforts. Thus, we prove
that PBE+U is a very cost-effective method to describe correctly
the optical properties of these perovskites, especially Sn based
compounds.

+ For CsSn,Pb,_,I,Br perovskites, replacement of Pb by Sn
leads to lower bandgap values. Lower bandgaps of Sn based
perovskites are responsible for their improved sun-light
absorption features, as we saw with AUC up to 2 x 10* eV em™*
higher than that of pure Pb perovskite. For pure Pb and Sn per-
ovskites (i.e., CsPbl,Br and CsSnl,Br), introduction of Rb in
the perovskite structure has no direct effect on the band gap of
the compound. Nonetheless, Rb concentration rates higher
than 6.25% (among monovalent cations) lead to a significant
increase of the material band gap.

In summary, this paper reports an intensive analysis
aiming to quantify distortions in all-inorganic perovskites with
chemical composition, linked to changes in stability- and
absorption-related properties. Thus, our results evidence that
all-inorganic Rbg 155CSg 87550,Pby_pI,Br (0.5 < b < 1) perovs-
kites with Rb doping and reduced Pb concentration would be
excellent candidates to be used in high-efficiency photovoltaic
devices, as active materials with improved stability, reduced
toxicity and enhanced sun-light absorption features.
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